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Dear Colleagues, 

On behalf of the Association of Greek Chemists (AGC) and the IUPAC Interdivisional Committee on 

Green Chemistry for Sustainable Development (ICGCSD), we would like to welcome you to the 9th 

IUPAC International Conference on Green Chemistry (9th ICGC), which is taking place on 5-9 

September 2022, in Athens, Greece, at Zappeion Megaron, offering the choice of virtual participation. 

The 9th ICGC is endorsed by IUPAC, EuChemS, ACS, the Hellenic Green Chemistry Network, the Green 

Sciences for Sustainable Development Foundation, and the Departments of Chemistry of Aristotle 

University of Thessaloniki and of National and Kapodistrian University of Athens. The 9th ICGC is the 

ninth of a series of ICGCSD/IUPAC successful conferences on Green and Sustainable Chemistry that 

started 16 years ago in Germany (2006), followed by the conferences in Russia (2008), Canada (2010), 

Brazil (2012), South Africa (2014), Italy (2016), Russia (2017) and Thailand (2018). 

The IUPAC ICGC conferences offer the opportunity to discuss the latest developments in green & 

sustainable chemistry, to expand existing and establish new relations among academia and industry, 

and to disseminate the philosophy and principles of sustainable development and circular 

(bio)economy. The topics of the 9th ICGC cover the broader field of green chemistry and technology 

with more emphasis on green solvents, sustainable catalytic and synthetic processes, biomass 

conversion to fuels, chemicals and polymers, CO2 utilization, alternative fuels and green energy, benign 

low-energy chemical processes, nanomaterials for energy and the environment, pollution prevention 

and remediation, computational chemistry, green chemistry metrics and environmental assessment, 

sustainable industrial processes, waste recycle and valorization, and circular (bio)economy. 

The conference program consists of 9 Plenary and 17 Keynote Lectures, ∽200 Oral and ∽300 Poster 

presentations. Five Special Issues will be dedicated to the 9th ICGC, in the journals Pure and Applied 

Chemistry (De Gruyter), ACS Sustainable Chemistry & Engineering (ACS), Green Chemistry (RSC), 

Sustainable Chemistry and Pharmacy (Elsevier), and Catalysis Today (Elsevier), featuring selected high-

quality papers presented at the conference. 

We would like to thank the Plenary and Keynote speakers for accepting our invitation to deliver a 

lecture, all the authors who have dedicated important time in preparing their abstracts and 

presentations, as well as all session chairs for ensuring a smooth flow of the programme. We would 

also like to thank all the organizations and companies that supported the 9th ICGC financially and 

offered the means for organizing a high-quality conference. 

We look forward to welcoming you at the 9th ICGC in Athens or on-line and have a fruitful and 

enjoyable conference!  

On behalf of the Organizing Committee, 

Konstantinos Triantafyllidis 

Chair of the 9th ICGC 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

4 
 

Committees 
 

ICGCSD/IUPAC Members 
Buxing Han, Chinese Academy of Sciences, China – Committee Chair 

Pietro Tundo, Ca' Foscari University of Venice, Italy – 
Committee Secretary 

Michelle Rogers, Cargill, Inc., USA 

Jonathan Forman, Pacific Northwest National 
Laboratory, USA 

Tim Wallington, Ford Motor Company, USA 

Klaus Kümmerer, Leuphana University Lüneburg, 
Germany 

Quirinus B. Broxterman, InnoSyn B.V., The 
Netherlands 

Natalia P. Tarasova, D. Mendeleev University of 
Chemical Technology, Russia 

Srivari Chandrasekhar, CSIR-Indian Institute of 
Chemical Technology, India 

Florent Allais, URD ABI – AgroParisTech, France Sylvia Draper, The University of Dublin, Ireland 

Aurelia Sorina Visa, Institute of Chemistry Timisoara 
of the Romanian Academy, Romania 

Elisaveta H. Ivanova, Bulgarian Academy of Sciences, 
Bulgaria 

Jane Wissinger, University of Minnesota, USA Jian Pei, Peking University, China 

Ana Aguiar-Ricardo, Universidade NOVA de Lisboa, 
Portugal (President of the EuChemS – Division of 
Green and Sustainable Chemistry) 

Elena Poverenov, Agricultural Research 
Organization, Israel 

Nadia Kandile, Ain Shams University, Egypt Adriana Tafrova-Grigorova, University of Sofia, 
Bulgaria 

Liliana Mammino, University of Venda, South Africa Supawan Tantayanon, Chulalongkorn University, 
Thailand 

 

International Scientific Committee 
Pietro Tundo, Ca' Foscari University of Venice, Italy – Chair 

Donato A. G. Aranda, Universidade Federal do Rio de 
Janeiro, Brazil 

Santiago V. Luis, University Jaume I, Spain 

Katalin Barta, University of Groningen, The 
Netherlands 

Jeremy Luterbacher, Ecole Polytechnique Fédérale 
de Lausanne, Switzerland 

Hassan S. Bazzi, Texas A&M University at Qatar, 
Qatar 

Michael North, The University of York, UK 

Pieter Bruijnincx, Utrecht University, The 
Netherlands 

Vasile Parvulescu, University of Bucharest, Romania 

Emilio E. Bunel, Pontificia Universidad Catolica de 
Chile, Chile 

Elsje Alessandra Quadrelli, Université de Lyon/CNRS, 
France 

Juan Carlos Colmenares, Polish Academy of Sciences, 
Poland 

Daniel Garcia Rivers, University of Havana, Cuba 

Fernando Colmenares, Universidad Cooperativa de 
Colombia, Colombia 

Thomas Schaub, Catalysis Research Laboratory, 
BASF SE, Germany 

Claudia Crestini, Ca' Foscari University of Venice, 
Italy 

James Sullivan, University College Dublin, Ireland 

Nicholas Gathergood, University of Lincoln, UK Andreia F. Sousa, University of Aveiro, Portugal 

Richard Gosselink, Wageningen University and 
Research, The Netherlands 

Charlotta Turner, Lund University, Sweden 

Roger Gläser, University of Leipzig, Germany Luigi Vaccaro, University of Perugia, Italy 

Oliver Kappe, University of Graz, Austria Dionisios Vlachos, University of Delaware, USA 

Arjan Kleij, Institute of Chemical Research of 
Catalonia, Spain 

Dirk De Vos, KU Leuven, Belgium 

David Kubicka, University of Chemistry and 
Technology Prague, Czech Republic 

Feng Wang, Dalian Institute of Chemical Physics, 
Chinese Academy of Sciences, China 

Carol S.K. Lin, City University of Hong Kong, Hong 
Kong 

Vadim Yakovlev, Boreskov Institute of Catalysis SB 
RAS, Russia 

Ekaterina S. Lokteva, Lomonosov Moscow State 
University, Russia 

Ning Yan, National University of Singapore, 
Singapore 

Julie Zimmerman, Yale University, USA  

 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

5 
 

 
Local Organizing Committee 

Konstantinos Triantafyllidis, Aristotle University of Thessaloniki – Chair 

Panayotis Siskos, National and Kapodistrian 
University of Athens– Vice Chair 

Ioannis Katsoyiannis, Aristotle University of 
Thessaloniki, President of Association of Greek 
Chemists (AGC) 

Konstantinos Poulos, University of Patras, 
Coordinator of Hellenic Green Chemistry Network 

Athanasios Papadopoulos, International Hellenic 
University and AGC 

Panagiotis Spathis, Chair of Dept. of Chemistry, 
Aristotle University of Thessaloniki 

Christiana Mitsopoulou, Chair of Dept. of Chemistry, 
National and Kapodistrian University of Athens 

Victoria Samanidou, Aristotle University of 
Thessaloniki and AGC 

Eleni Deliyanni, Aristotle University of Thessaloniki 
and AGC 

Adamantini Paraskevopoulou, Aristotle University of 
Thessaloniki and AGC 

Vasileios Koulos, Association of Greek Chemists 
(AGC) 

Yannis Vafeiadis, Association of Greek Chemists 
(AGC) 

Ioannis Sitaras, Association of Greek Chemists (AGC) 

Emmanouil Daftsis, Association of Greek Chemists 
(AGC) 

Georgios Iakovou, Aristotle University of 
Thessaloniki 

Dimitrios Giannakoudakis, Aristotle University of 
Thessaloniki and AGC 

Kyriazis Rekos, Aristotle University of Thessaloniki 
and AGC 

Konstantinos Moustakas, National Technical 
University of Athens 

Antigoni Margellou, Aristotle University of 
Thessaloniki 

Christina Pappa, Aristotle University of Thessaloniki Dimitrios Giliopoulos, Aristotle University of 
Thessaloniki 

Soultana Ioannnidou, Aristotle University of 
Thessaloniki 

Eleni Psochia, Aristotle University of Thessaloniki 

Eleni Salonikidou, Aristotle University of Thessaloniki Stylianos Torofias, Aristotle University of 
Thessaloniki 

 
 

Local Scientific Committee 
Anastasios Zouboulis, Aristotle University of 
Thessaloniki (AUTH) 

Ioannis Lykakis, Aristotle University of Thessaloniki 

Christiana Mitsopoulou, National and Kapodistrian 
University of Athens 

Christoforos Kokotos, National and Kapodistrian 
University of Athens 

Angeliki Lemonidou, Aristotle University of 
Thessaloniki 

Michael Terzidis, International Hellenic University 
and AGC 

George Kyzas, International Hellenic University Dimitrios Bikiaris, Aristotle University of Thessaloniki 

Stella Bezergianni, Centre for Research and 
Technology-Hellas 

Angelos Lappas, Centre for Research and 
Technology-Hellas (CERTH) 

Eleni Iliopoulou, Centre for Research and 
Technology-Hellas 

Eleni Heracleous, International Hellenic University 
and CERTH 

Panagiotis Kougias, Hellenic Agricultural 
Organisation DEMETER 

Andreana Assimopoulou, Aristotle University of 
Thessaloniki 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

6 
 

TABLE OF CONTENTS 

 

Plenary Lectures ................................................................................ 28 

Circular Chemistry: Catalyzing the Green Economy .......................................................................... 29 

Reaction Mechanisms and Energy Profiles: How Green Chemistry Complies with them. The Case of 

Dimethyl Carbonate .......................................................................................................................... 30 

Green Chemistry, “…to solve most of the world’s problems.” ......................................................... 31 

Emerging technologies for a sustainable conversion of lignocellulosic biomass into biobased 

products ............................................................................................................................................ 32 

Conversion of CO2 and Biomass into Chemicals and Fuels ................................................................ 33 

EU perspective for biofuels and bioenergy under the European Green Deal and REPowerEU ........ 34 

How CO2-Switchable Materials can Help in Biomass Conversion and Greener Coatings ................. 35 

Green Synthesis of Metal Nanoparticle Embedded Soft Hybrid Gel from Plant-based materials. ... 36 

Enhancing the Circular Economy in the Water Sector by Addressing  the Chemical Contaminants of 

Concern Present in Wastewater ....................................................................................................... 37 

Keynote Lectures ............................................................................... 38 

Sustainable Cross-Couplings: Demetallation of Organometallic Reactions ...................................... 39 

Biowaste valorisation: the waste-to-wealth concept ....................................................................... 40 

DES, ES AND ILS: Tailoring Solvents for Sustainable Applications ..................................................... 41 

Unlocking the potential of crustacean waste: solvent-free pathways to added-value materials .... 42 

Teaching global perspectives: Connecting Green Chemistry, the UN SDGs, and Sustainable 

Polymers ............................................................................................................................................ 43 

On the Efficient Transformation of Co2 to Chemicals and Fuels ....................................................... 44 

Chemicals from lignin: feasible, safe and sustainable ....................................................................... 45 

European Sustainable Biobased Nanomaterials Community (BIOMAC). From biomass pretreatment 

for monomers and additives extraction to the synthesis of biobased composites .......................... 46 

Towards Scalable Synthesis of Furanics: Products Purification and Comparative Environmental 

Assessment ........................................................................................................................................ 48 

Design of Biomass Waste-Derived Biochar Catalyst for Glucose Oxidation ..................................... 49 

Alternative technologies for the selective conversion of bio-based feedstocks to specialty 

chemicals ........................................................................................................................................... 50 

Solar Fuels: from Mechanistic Understanding to Device Engineering .............................................. 51 

The quest to a circular approach to (furanic) polymers .................................................................... 52 

Biocatalytic solutions for industrial waste glycerol valorization ....................................................... 54 

Green Analytical Chemistry and Circularity: towards more sustainable processes, materials and 

outcomes ........................................................................................................................................... 55 

Green chemistry and computational chemistry: a wealth of promising synergies .......................... 56 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

7 
 

Oral presentations............................................................................. 57 

Alternative & benign chemical processes .......................................... 58 

Organic Synthetic Photochemistry: Embracing the Needs of Green and Sustainable Chemistry .... 59 

Photocatalytic clevage of lignin C−C bonds by Z-scheme nanocomposite ....................................... 60 

Reduction of alkenes to alkanes by ammonia under high frequency ultrasound ............................ 62 

A new concept for the sustainable coupling of catalysis processes: {2-phases 2-reactions 1-

catalyst}ϯ ............................................................................................................................................ 64 

Merging photoflow and Pd-catalysis to synthesized new aminocyclopentenes .............................. 66 

Chiral metal organic frameworks for electrocatalytic water splitting .............................................. 67 

A roadmap towards the development of a scalable continuous flow process for the synthesis of a 

Raf kinase inhibitor, BAY 43-9006 ..................................................................................................... 69 

Alternative fuels & biofuels – Green energy ..................................... 71 

Light-induced production of biobased fuels and lubricant oils from conjugated dienes ................. 72 

Bio-crude oil production via hydrothermal liquefaction of agricultural biomass ............................. 73 

Continuous hydroprocessing of nitrogen-rich biocrudes from municipal solid wastes in a graded 

catalyst bed: Synergetic effect of oxygenates and nitrogenates ...................................................... 75 

Catalytic hydrodeoxygenation of lignin pyrolysis bio-oil towards transportation fuels ................... 76 

Biomass to hydrogen: Understanding the factors affecting hydrogen production rate via reforming 

of bio-oil. ........................................................................................................................................... 78 

A flexible and integrated process for treating multiple waste biomass to produce high-value 

bioproducts and advanced transportation fuel ................................................................................ 80 

Transformation of natural triglycerides into green diesel over Ni-Mo catalysts supported on titania

 ........................................................................................................................................................... 81 

Fluidized bed gasification of solid digestate from anaerobic digestion plants – The 

THERMODIGESTATE project .............................................................................................................. 84 

Design approaches and mechanistic insights of molecular metal chalcogenides as H2 evolution 

catalysts ............................................................................................................................................. 86 

Flame Spray Pyrolysis as a Synthesis Platform to Assess Metal Promotion in In2O3-Catalyzed CO2 

Hydrogenation ................................................................................................................................... 88 

Combustion induced multicomponent Cu based catalysts for CO/CO2 hydrogenation to methanol 

in three-phase system: Experimental and Theoretical Insights ........................................................ 90 

Plasma assisted conversion of CO2 and CH4 over promoted catalysts: Comprehension of surface 

effects ................................................................................................................................................ 92 

Tuning the structural and catalytic active sites of TiO2/CeO2 for CO2 conversion to synthesize a 

green fuel additive ............................................................................................................................ 94 

Single step synthesis of bio-inspired NiO/C as Pd support catalyst for direct ethanol fuel cell 

application ......................................................................................................................................... 95 

Methane oxidation using earth abundant metals anchored on nodes of a metal-organic framework

 ........................................................................................................................................................... 96 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

8 
 

Heterotrophic production of biofuels in marine diatoms ................................................................. 98 

Biobased monomers, polymers & composites .................................. 99 

Innovative Structural Modification Process of Kraft Lignin Using Flow System Approach ............. 100 

UV degradation of poly(lactic acid) materials through copolymerisation with a sugar-derived cyclic 

xanthate .......................................................................................................................................... 102 

Itaconic acid as renewable building block for UV-curing polymer resins ....................................... 104 

Recyclable, degradable, and high Tg bio-based Polybenzoxazine vitrimers ................................... 105 

Lignin as a renewable resource – a deep dive into structure-property relationship. ..................... 106 

Epoxy - Organosolv lignin composites with enhanced properties .................................................. 107 

Preparation of lignin-based vinylogous urethane vitrimer materials and their potential use for 

removable adhesives ....................................................................................................................... 108 

Lipase-catalyzed selective (meth)acrylation of lignin-derived monomers for the protection-group 

free synthesis of polymers with strong antioxidant properties ...................................................... 109 

Synthesis of biobased polymers based on isohexide building blocks ............................................. 110 

Fully lignocellulose-based PET analogues for the circular economy ............................................... 111 

Greener Enzymatic Synthesis of Levoglucosenone-based Polymers .............................................. 112 

Degradable Cross-linked Polyesters: Resins to be Cheerful ............................................................ 114 

D-xylose for a versatile class of bioplastics with tunable properties .............................................. 115 

Synthesis, aging and antibacterial tests of di(meth)acrylate composites ....................................... 117 

Biobased monomers and polymers from lignin and cellulose ........................................................ 119 

Synthesis of renewable diblock copolymers by aqueous RAFT polymerisation induced self-assembly 

of lactic acid-based monomers ....................................................................................................... 120 

Biobased Boronic Ester Vitrimer Resin from Epoxidized Linseed Oil for Recyclable Carbon Fiber 

Composites ...................................................................................................................................... 121 

Bio-catalysis & bio-processes .......................................................... 122 

Silymarin derivatization using biocatalytica system based on cold-active lipase biocatalyst ......... 123 

Enzymatic Preparation of Lipophilic Derivatives of Hydroxytyrosol with Enhanced Oxidative 

Stability ............................................................................................................................................ 124 

Synthesis of novel rearranged stemodane diterpenoids and their biotransformation by Exophiala 

lecanii-corni ..................................................................................................................................... 126 

DES-based biocatalysis for menthol derivatization ......................................................................... 127 

Reactive natural deep eutectic solvents as essential reaction media for lipase catalyzed 

carbohydrate esterification ............................................................................................................. 128 

Biomass and renewables valorization ............................................. 130 

The Use of Cellulose Nanocrystals  as Scaffolds for Nanodevices, Photoreversible  and 

Antimicrobial Self Assemblies;  Supramolecular Chemistry Using Nature’s Most Abundant Template

 ......................................................................................................................................................... 131 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

9 
 

Crosslinking of Sugar-Derived Polyethers and Boronic Acids: Synthesis of Functional Films and 

Organogels ...................................................................................................................................... 133 

Green dual crosslinking treatments to produce chitosan microspheres based on tripolyphosphate 

and vanillin: a comparative study of two strategies ....................................................................... 135 

FucoPol-based cosmetic creams: Formulation design, stability evaluation, rheological and texture 

assessment ...................................................................................................................................... 137 

One-Pot and Biomass-Agnostic Syntheses of Biodegradable and Non-Ecotoxic Surfactants from 

Algal Polysaccharides and Pectins ................................................................................................... 138 

Pretreatment of brewers’ spent grains via non-thermal plasma for poly(3-hydroxybutyrate) 

production ....................................................................................................................................... 139 

Antibacterial activity of porous hydrogel films from renewable raw materials and their carrier 

ability for controlled release of flavoring compounds .................................................................... 141 

Strategies for the production of biorefinery enzymes by the valorisation of lignocellulosic waste142 

Lactic and succinic acid production from lignocellulosic biomass .................................................. 144 

Indigenous plants as a source for discovery and synthesis of pharmaceutical products and 

industrial materials .......................................................................................................................... 146 

. BlueBio mass valorization through analytical techniques for the quest of biostimulants in plant 

growth ............................................................................................................................................. 147 

Solid dispersions as food colorant solutions: a systematic study adressing different natural 

polymers .......................................................................................................................................... 149 

Electrochemical C-H Functionalization of Quinolizidine Alkaloids .................................................. 151 

Biobased vitrimers - novel dynamic materials from vegetable oils and their applications ............ 152 

Biomass to chemicals ...................................................................... 153 

Metal free heterogeneous catalyst for one pot conversion of fructose/carbohydrate feedstocks 

into 2,5-diformylfuran ..................................................................................................................... 154 

Predictive model of the biocatalytic synthesis of butyl levulinate from levulinic acid in a continuous 

flow microreactor ............................................................................................................................ 155 

Butyl-5-(Dibutoxymethyl)-2-Furoate (BDMF): a New Bio-sourced Furanic Platform Molecule for the 

Green Production of Biodegradable Surfactants and Industrial Chemicals .................................... 157 

Selective condensation of small sugars by reconstructed Hydrotalcite towards the synthesis of 

polyol-based flame retardants ........................................................................................................ 158 

Efficient conversion of sucrose to methyl lactate with Sn-USY: the role of water ......................... 159 

Catalytic dehydrative decarbonylation of tall oil-derived fatty acids to linear alpha-olefins ......... 161 

Bio-Waste Valorization & Circular economy ................................... 162 

Influence of supercritical CO2 pretreatment of spent coffee grounds on the yield and composition 

of polar molecules extracted by subcritical H2O extraction under microwave irradiation ............ 163 

Biphasic green solvents system for a fast “one-pot” simultaneous extraction at room temperature 

of valuable compounds from tomato pomace waste ..................................................................... 164 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

10 
 

Re-circulation of spent coffee grounds for ‘awaking’ epoxy resins cross-linking and stimulating 

properties ........................................................................................................................................ 166 

Biovalorization of by-products from olive leaf and olive pomace obtained through green extraction 

methodology. .................................................................................................................................. 167 

High-performance or Functional Plant oil-based UV-curable Materials: Green Synthesis, properties, 

and applications .............................................................................................................................. 170 

The effects of hydrogen peroxide and bleach on cellulose in oxidised sugar beet pulp ................ 171 

Bio-waste valorization ..................................................................... 173 

How the physio-chemical properties of char from the pyrolysis of Automotive Shredder Residue 

(ASR) influences its future uses. ...................................................................................................... 174 

Nitrogen-rich waste step gasification: evolution of fuel-nitrogen during the different stages ...... 176 

Simultaneous nutrient ions recovery from anaerobic digestates of different origin by using 

Selective Electrodialysis .................................................................................................................. 177 

Hydrolysis of poly(ethylene terephthalate) using a wide range of Low-Cost Ionic Liquids for 

chemical plastic recycling ................................................................................................................ 179 

Optimization of ultrasound-assisted extraction of natural antioxidants from rapeseed cake using 

deep eutectic solvents..................................................................................................................... 180 

Extraction of bioactive compounds from fisheries waste streams using natural deep eutectic 

solvent systems for their therapeutic application .......................................................................... 182 

Adsorption from the liquid and gas phase on biocarbons obtained from residue after supercritical 

extraction of raw plants .................................................................................................................. 184 

Biochar and Activated Carbon Derived from Oil Palm Kernel Shell as a Framework for the 

Preparation of Sustainable Controlled Release Urea Fertilizer ....................................................... 186 

Catalysis for biomass & sustainable synthesis ................................. 189 

Selective photo-catalytic oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-Diformylfuran (DFF) 

over reduced graphite oxide-titanate nanotubes composites........................................................ 190 

Sustainable one-pot syntheses of functional dyes based on 5-(hydroxymethyl)furfural ............... 192 

Catalytic conversion of biomass-derived compounds to high added value products using an acid 

treated natural mordenite .............................................................................................................. 194 

A green chemistry approach to catalytic synthesis of ethyl levulinate ........................................... 196 

Application of copper-containing minerals in preparative organic chemical reactions as catalysts.

 ......................................................................................................................................................... 197 

A Comparison of In-situ Reduction of Copper and Nickel-rich Mixed Oxides for Effective Organosolv 

Lignin Fractionation ......................................................................................................................... 198 

Development of Cr-free hydrogenolysis catalysts .......................................................................... 199 

Mesoporous metal phosphates and zeolites as solid acid catalysts: Stability and catalytic 

performance in oleic acid esterification .......................................................................................... 201 

Catalysis for biomass ....................................................................... 204 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

11 
 

Recovery of monoaromatic compounds from Kraft lignin toward the production of a potential 

green bisphenol A replacer ............................................................................................................. 205 

From biomass-derived furans to aromatic compounds catalyzed by WNb-O mixed oxides with 

controlled acid properties ............................................................................................................... 206 

Heterogeneous catalytic conversion of 5-Hydroxymethyl furfural to Methoxymethylfurfural ..... 208 

Catalytic conversion of tetroses to methionine hydroxy analogues ............................................... 210 

Synthesis of semi-aromatic polyamides based on renewable 2,5-furandicarboxylic acid (FDCA) . 212 

Conversion of biomass derived levulinic acid into γ-valerolactone using methanesulfonic acid: An 

optimization study using response surface methodology .............................................................. 214 

Promotion of hydroxy bond hydrogenolysis versus aromatic ring hydrogenation by selective 

poisoning with chlorine of heterogeneous Cu-Co catalysts ............................................................ 215 

CO2 utilization ................................................................................. 217 

Effect of Ni Particle Size in the Low-Temperature CO2 Hydrogenation Over Highly Active Ni/CeO2-

Nanorods ......................................................................................................................................... 218 

Low temperature CO2-assisted ethane dehydrogenation for ethylene production: ...................... 221 

chemical looping vs cofeeding ........................................................................................................ 221 

Reducing Energy Demand by Capturing Carbon in Green Solvents ................................................ 224 

Multi-enzyme co-immobilization on Hierarchical Porous Carbon Nanoparticles (HPCs) for the 

bioconversion of CO2 to Formic Acid ............................................................................................... 226 

Solid Oxide Electrolysis for the production of green-energy carriers ............................................. 229 

Electrochemical reduction of uncaptured flue gas in a membrane electrode assembly electrolyzer

 ......................................................................................................................................................... 231 

Capture and reuse of CO2: from ionic liquids to structured 3DP printed devices........................... 233 

POSS-porhyrin-imidazolium crosslinked network as catalytic bifunctional platform for the 

conversion of CO2 with epoxides. ................................................................................................... 235 

Computational chemistry ................................................................ 237 

A Computational and Testing Toolbox Towards Safe and Sustainable by Design Chemicals ......... 238 

Experiment-based parameter estimation of an amine solvent for CO2 hydrogenation using hybrid 

Gaussian Process Bayesian Optimization ........................................................................................ 240 

Machine Learning Assisted Modeling of Interfacial Tension in the System N2/Brine ..................... 242 

Computational eco-design and screening of biodegradable renewable polyesters ....................... 244 

Developing Machine Learning Coupled with Group Contribution Models for the Prediction of 

Densities of Deep Eutectic Solvents ................................................................................................ 245 

Education, Society, UN Sustainable Development Goals ................. 246 

Sustainability in undergraduate practical classes: From green chemistry metrics to environmentally 

friendly process design .................................................................................................................... 247 

A rational dimension of Green chemistry and  bethical education towards  Sustainability ........... 248 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

12 
 

Pedagogic applications of systems-oriented concept map extension (SOCME) in the education of 

community college students for a green environment ................................................................... 250 

Green Chemistry in Secondary Education: Views of Greek Chemistry Teachers ............................ 251 

Green Chemistry Education and Promotion in Taiwan ................................................................... 254 

Environmental catalysis .................................................................. 255 

Efficient visible light driven photocatalytic degradation of perfluorooctanoic acid by Bi7O9I3 catalyst

 ......................................................................................................................................................... 256 

Photocatalytic degradation of Ciprofloxacin antibiotic by doped LaFeO3 nanopowders ............... 258 

Catalysis on demand for greening up the battle against agrochemicals: fast, sustainable and 

versatile ........................................................................................................................................... 260 

A Critical Revisit of Zeolites for CO2 Desorption in Primary Amine Solution Argues its Genuine 

Catalytic Function ............................................................................................................................ 262 

Rational Design of Manganese Dioxide Catalyst for the Preferential Oxidation of CO in Hydrogen 

Stream: from Theory to Practice ..................................................................................................... 263 

Nickel catalysts modified with TiC derived from organic precursor for resource recovery via dry 

reforming of waste plastics ............................................................................................................. 266 

Carbonized Bone Waste For Photothermal Desalination ............................................................... 268 

Studies of different ionic liquids as electrolytes for electrochemical reduction of CO2 ................. 270 

Green Analytical Chemistry-(Eco)Toxicology ................................... 271 

Green extraction and quantification of zeaxanthin and lutein in corn grains and their associated by-

products .......................................................................................................................................... 272 

A green analytical method to characterize unsaturated hydrocarbons in waste polyolefin pyrolysis 

oil using FTIR. ................................................................................................................................... 274 

Insights into ecotoxicity of flavonoids and their mixtures .............................................................. 276 

bio-Profiles of Chemical Reactions .................................................................................................. 278 

Transformation Products of Sulfonamides in aquatic Systems: What can we learn from available 

environmental Fate and Behaviour data? ....................................................................................... 279 

Determination of olive oil aroma profile using Hisorb-TD-GC/MS ................................................. 281 

Mapping VOCs from different soils of Cyprus vineyards using HS-SPME-GC/MS analysis ............. 282 

Evaluation of efficacy of ZnO nanparticles as nanofertilizers: An alternative agriculture approach

 ......................................................................................................................................................... 283 

Green catalysis & synthesis ............................................................. 284 

Connecting sonication with photocatalysis to intensify a continuous flow photocatalytic processes: 

A disruptive alternative for lignin valorization ................................................................................ 285 

Key role of ultrasound on the synthesis of TiO2  nanomaterials and catalytic performance .......... 288 

Metal Nanoparticles and Metal-based Polymeric Materials as vehicles for Green Organic Synthetic 

Methodologies ................................................................................................................................ 290 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

13 
 

Tailor-made POLITAG-Pd0 catalyst for the low-loading Heck cross-coupling in γ-valerolactone as 

safe reaction medium ..................................................................................................................... 291 

The road to intrinsically dynamic materials: disulfide chemistry as a solution .............................. 293 

Chiral iron(II)-catalysts within valinol-grafted metal-organic frameworks for  enantioselective 

reduction of ketones ....................................................................................................................... 294 

Copper oxide supported on red-mud as catalyst for organic conversion reactions: model reactions 

employing H2O2 as an oxidizing agent in liquid phase oxidation: Selectivity and structure-activity 

relationship...................................................................................................................................... 296 

Green Chemistry and Sustainable industrial processes, Metrics, LCA

 ........................................................................................................ 297 

Green assessment of polymer microparticles production processes. Use of bio-based resists 

derived from renewable monomers for sustainable 3D fabrication of automotive components 

through two photon polymerization ............................................................................................... 298 

Use of bio-based resists derived from renewable monomers for sustainable 3D fabrication of 

automotive components through two photon polymerization ...................................................... 300 

Are Lignin-Derived Monomers and Polymers truly sustainable? An In-Depth Green Metrics 

Calculations Approach ..................................................................................................................... 302 

Life cycle costing for the production of lignin-based adhesives from softwood kraft lignin via base-

catalysed depolymerization ............................................................................................................ 303 

Fruit waste to wealth: Life cycle and Techno economic analysis to develop a sustainable pectin 

production process .......................................................................................................................... 305 

Green solvents & sustainable synthesis .......................................... 307 

A new synthetic approach to dialkyl carbonates and their use as green solvents for the preparation 

of PVDF membranes ........................................................................................................................ 308 

Waste minimized Copper Catalyzed Alkyne-Azide Cycleaddition with heterogeneous metallic 

Copper(0) and azeotrope CH3CN:H2O under batch and continuous flow condition ...................... 309 

Enabling nucleophilic fluorination in water .................................................................................... 311 

Preparation of aminals (and thioaminals) in aqueous media and their remarkable applications .. 313 

Synthesis and characterization of new BPA-free polycarbonates based on dimethyl carbonate and 

diphenylmethane derivatives .......................................................................................................... 314 

Amino Acid-Functionalized Metal-Organic Frameworks for Sustainable Asymmetric Catalysis .... 316 

Green Synthesis Promoted by Ionic Liquids .................................................................................... 318 

Natural Deep Eutectic Solvents as Versatile Tools for the Development of Green Processes ....... 319 

A New Example of Natural Deep Eutectic Solvents as A Green Approach to the Solubilization and 

Stabilization of Biomolecules .......................................................................................................... 320 

Affordable Ionic Liquids: A Thermal Investigation .......................................................................... 321 

Bio-derived ionic liquids: synthesis and biological activity ............................................................. 323 

Optimization of a green extraction method for the recovery of bioactives from cornelian cherry 

(Cornus mas L.) fruits using β-cyclodextrin as an extraction enhancer .......................................... 324 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

14 
 

Sorption of CO2 in Composite Cellulose Acetate – Ionic Liquid Membranes .................................. 326 

Organonitriles as complexing agents for the double metal cyanide-catalyzed synthesis of 

polyether, polyester, and polycarbonate polyols ........................................................................... 328 

Nanomaterials & Ionic liquids for advanced applications................ 329 

Electroless plating on 3D printed photocurable resin artifacts without the use of chromium and 

palladium solutions ......................................................................................................................... 330 

Robust flow synthesis of defect-incorporated ZnO quantum dots and investigation of their 

structure-property interlink ............................................................................................................ 332 

Development and Application of Chromogenic Ionic Liquid Crystals ............................................. 334 

Ionic Liquids-modified Metal Organic Frameworks: Preparation and Application in Adsorption .. 335 

Bioinspired Dendritic Polymer Composites Combining Adsorption and Catalysis for Water 

Purification ...................................................................................................................................... 336 

Tuning the surface chemistry of nanoporous activated carbons towards diesel fuel desulfurization

 ......................................................................................................................................................... 338 

Plant based fabrication of CuO/NiO Nanocomposite: A Green Approach for Low-Level 

Quantification of Vanillin in Food Samples ..................................................................................... 339 

Nanomaterials for energy & environment ...................................... 340 

Perovskite BaTaO2N: A Promising Candidate for Solar Water Splitting .......................................... 341 

Natural mineral lintisite as the base for the new range of functional materials ............................ 342 

Green synthesis of nanosized energy storage electrode materials for lithium-ion batteries ........ 344 

Galvanic-Replacement Enabled Synthesis of In(OH)3/Au/C Nanocomposite and Its Photocatalytic 

Degradation of Methylene Blue ...................................................................................................... 345 

Au-Cu2-xTe disk-on-dot Hetero-nanostructure Photoelectrocatalysts ............................................ 346 

Plastic waste recycle and valorization ............................................. 347 

Chemical recycling of plastic waste towards waxes and lubricants ................................................ 348 

Valorization of Polyhydroxyalkanoates as Circular Carbon Feedstock Beyond Bioplastics ............ 350 

Delamination of polyamide/polyolefin multilayer films by selective glycolysis of polyurethane 

adhesive .......................................................................................................................................... 352 

Back-to-monomer recycling of polycondensation polymers: opportunities for chemicals and 

enzymes ........................................................................................................................................... 354 

Debromination by soxhlet extraction and chemical recycling (pyrolysis) of various plastics collected 

from waste electric and electronic equipment ............................................................................... 355 

Pre-treatment to remove additives from plastic waste based on the use of biosolvents .............. 357 

Reductive Depolymerization of Polyesters and Polycarbonates with Hydroboranes by Using a 

Lanthanum(III) Tris(amide) Catalyst ................................................................................................ 358 

Poly(ethyleneterphtalate) and polyethylene targeted solubilization and recovery with green 

solvents ........................................................................................................................................... 360 

Pollution prevention & remediation ............................................... 361 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

15 
 

Sustainable Water Purification Processes using Ionic and Porous Materials ................................. 362 

Bisphenol A adsorption on Hydrophobic Activated Carbon ........................................................... 363 

The Influence of the Support and the Synthesis Method on the Activity of Pt-Catalysts for the 

Hydrogenation of Cl-Pollutants in Water. ....................................................................................... 364 

Nitrogen doped graphene efficiently promotes the reduction of vinyl chloride by nano zero-valent 

iron .................................................................................................................................................. 366 

Photocatalytic removal of methylene blue and thiabendazole by reduced ZnO: influence of oxygen 

vacancies on adsorption and photocatalytic degradation .............................................................. 368 

Landfill leachate treatment by using fixed bed columns packed with WWTP sludge porous carbons

 ......................................................................................................................................................... 370 

Asymmetric poly(ionic liquid)–ionic liquid membranes for gas separation .................................... 372 

Fast peroxydisulfate oxidation of the antibiotic Norfloxacin catalyzed by cyanobacterial biochar 373 

New biodegradable metal complex for photo-Fenton like processes at neutral pH ...................... 375 

Reduce Greenhouse Gas Emissions by optimizing Wastewater Treatment Plants ........................ 376 

Designing of thiourea-functionalized chitosan aerogels for deep cleaning of wastewaters 

containing heavy metal ions............................................................................................................ 378 

A potential biotechnological approach to recover technology-critical elements from complex 

aqueous mixtures ............................................................................................................................ 379 

Continuous Adsorption Process for Cr(VI) on  Hydrothermally Treated Chitosan/Polyvinyl Alcohol 

Beads ............................................................................................................................................... 382 

Effect of blending Methanol with Gasoline on the Exhaust Emissions ........................................... 383 

One-pot solvent-free synthesis of renewable plasticizer alcohols/bio-oil from wastewater grown 

microalgal biomass via. in-situ crystallization of hydroxyapatite ................................................... 385 

Effect of water to biomass ratio of hydrothermal carbonization on the adsorption properties of 

hydrochar from waste seaweed ...................................................................................................... 387 

Biochemical and antioxidant response modulation by plant growth promoting Bacillus spp strains 

to improve drought tolerance in maize .......................................................................................... 390 

Poster presentations ....................................................................... 391 

Alternative and benign chemical processes (microwaves, ultrasounds, 

photochemistry, electrochemistry, flow chemistry, etc.) ................ 392 

Electrochemical synthesis as alternative synthetic strategies for the Manganese phthalocyanine 

and its graphene quantum dot conjugate ....................................................................................... 393 

Microwave- and ultrasound-promoted greener synthesis of tolperisone derivatives and their 

biological evaluation ....................................................................................................................... 395 

Pre-treatment of beech wood using choline chloride-based deep eutectic solvents .................... 396 

Cocrystallization through green mechanochemical synthesis: An approach to improve solubility of 

drugs ................................................................................................................................................ 398 

Steroidal fused pyrroles: an environmentally friendly alternative to the synthesis of plant growth 

promoters ........................................................................................................................................ 400 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

16 
 

The radiation chemistry as a green alternative for the synthesis of graphene-supported gold 

nanoparticles ................................................................................................................................... 402 

Electrochemical Synthesis of Aryl Alcohols in Continuous-Flow ..................................................... 403 

Direct electrochemical oxidation of abietanes ............................................................................... 404 

Continuous Formation of Bioderived Cyclic Carbonates using Supported Ionic Liquid Based 

Catalysts and Supercritical Carbon Dioxide (scCO2) as Solvent and Reagent ................................. 405 

Microwave assisted one-pot synthesis of bridgehead bicyclo[4.4.0]boron heterocycles as DNA 

visible light photo-interacting molecules with possible theranostic applications .......................... 407 

Advancing flow chemistry through continuous API manufacturing: A Process route towards 

Celecoxib ......................................................................................................................................... 409 

Chalcones as alkyne surrogates for the synthesis of pyrazoles through sequential 

mechanochemical (3+2)-cycloaddition with nitrile imines and deacylative oxidation ................... 410 

A multistep microflow process towards Selective Serotonin Reuptake Inhibitor (SSRI), Fluoxetine.

 ......................................................................................................................................................... 411 

Microreactor based on TiO2 nanotubes for photocatalytic degradation of organic compounds in 

water ............................................................................................................................................... 413 

Alternative fossil fuels and biofuels, green bio-energy ................... 415 

A Comparison Study of Trace Metal Profiles of Biodiesel and Bioglycerol Produced From Heated 

and Unheated Canola Oil Using High Performance ICP-MS ............................................................ 416 

Pretreatment of nitrogen-rich hydrothermal liquefaction biocrudes by demetallization: 

Recalcitrant effect of basic nitrogenates and metalloporphyrins ................................................... 418 

Hydrodeoxygenation of oleic acid over Ni catalysts supported on Beta zeolite............................. 419 

Bio-based production of hydrogen and CO2 utilization .................................................................. 421 

Spent coffee grounds conversion to bio-crude oil via hydrothermal liquefaction ......................... 422 

The effect of kaolin and hectorite clay on the Fischer-Tropsch synthesis condensed hydrocarbon 

products .......................................................................................................................................... 424 

Photochemical dimerization of volatile conjugated dienes produced photobiologically ............... 426 

Biomass derived platform & fine chemicals, pharmaceuticals, 

monomers, polymers, materials ..................................................... 427 

Lignin model compounds hydrogenolysis over base metal catalysts ............................................. 428 

Lignin-based benzoxazines: a tunable key-precursor for various applications ............................... 431 

Comparative analysis of the biological activity of proanthocyanidins from fruit and non-fruit trees 

and shrubs of Northern Europe ...................................................................................................... 432 

Physicochemical changes of alginate/polyacrylic acid mixture induced by host-guest interactions of 

the appended units ......................................................................................................................... 434 

Development of olive oil and α-tocopherol containing emulsions stabilized by FucoPol: Rheological 

and textural analyses....................................................................................................................... 435 

Cellulose Nanocrystal Modification with Subberin Fatty Acids and Apllication in Additive 

Manufacturing Resins Reinforcement ............................................................................................. 436 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

17 
 

Bioproduction of 2-Phenylethanol by Acinetobacter soli ............................................................... 437 

Study of the modification of chitosan structure with 2-methoxy-4-vinylphenol for enhanced 

antioxidant activity .......................................................................................................................... 440 

Degradation and environmental impact of biodegradable plastics. ............................................... 441 

How to Design Single Atom Alloy Catalysts towards High-efficient Biomass Conversion .............. 442 

Development of Sugar-Derived Bioconjugates: A More Sustainable Alternative to PEGylation .... 443 

Durability in Sea Water of 3D Printed Materials based on Polyhydroxyalkanoate / Polybutylene 

Succinate Blends .............................................................................................................................. 445 

Lignocellulose Sustainable Material Preparation Strategy from Biomass Waste ........................... 446 

Biochars and activated carbons obtained from herbs as low-cost and regenerable adsorbents of 

polymers .......................................................................................................................................... 447 

Enzymatic modification of biopolymers with phenolic antioxidants .............................................. 449 

Taking advantage of side reactions: the example of furfuryl alcohol polymerization .................... 451 

Exploration of sulphur incorporation within sugar-derived cyclic monomers to predict reactivity 

and polymer properties ................................................................................................................... 452 

Green synthesis and characterization of novel furan-based oligoesters for organogel applications

 ......................................................................................................................................................... 454 

Xylose and hemicellulose sugar steams dehydration to furfural in aqueous and biphasic media . 455 

Production of value-added furanic compounds via photocatalytic selective oxidation of 5-

hydroxymethylfurfural .................................................................................................................... 456 

Use of V2O5 Sheets as an Efficient Catalyst for the Hydroxyalkylation Alkylation Reaction for the 

Production of Biofuel Precursors .................................................................................................... 458 

Metabolic engineering of Methylotuvimicrobium alcaliphilum 20Z for production of ectoine from 

methane and lignocellulosic sugars ................................................................................................ 460 

Laccase immobilization onto polymeric supports for synthetic dyes degradation ........................ 461 

Tailored pretreatment/fractionation of forest and agricultural biomass towards selective isolation 

of lignin, hemicellulose and cellulose.............................................................................................. 463 

Solid-catalyst assisted OxiOrganosolv pre-treatment of wheat straw for enzymatic and microbial 

conversion to bioactive food additives ........................................................................................... 464 

Production of bio-based gluconic acid from agro-industrial residues: Experimental analysis, process 

design and technoeconomic evaluation ......................................................................................... 466 

Depolymerisation of lignin in sugarcane bagasse by hydrothermal liquefaction to optimize catechol 

formation ......................................................................................................................................... 468 

Synthesis and color reduction of Lignin nanoparticles encapsulating CeO2 for safe, anti-oxidant and 

high SPF sunscreen .......................................................................................................................... 469 

Hydrothermal upgradation and mineralization strategies for synthesis of platform chemicals, 

pharmaceuticals and biomaterials-The ultimate wastewater grown algal biorefinery approach .. 470 

Hybridization of chemically modified cellulose and hydroxyapatite applicable to tough biomass 

materials .......................................................................................................................................... 471 

Synthesis and Characterization of Unsaturated Polyester Resins Based on Adipic Acid ................ 474 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

18 
 

Exploring the potential of itaconic acid based unsaturated polyester resins as high performance 

green materials for UV 3D printing applications ............................................................................. 475 

Bio-based P-F resins for wood-based panels by substituting phenol and formaldehyde with 

biomass-derived phenolics and furfural .......................................................................................... 476 

Development of an engineered methanotroph-based platform for methane-to-indole 3-acetic acid 

bioconversion for sustainable agriculture ....................................................................................... 477 

The effect of organic acids on the degradation of PLA/PBAT blends ............................................. 480 

Cellulose micro/nanoparticles as green polymer reinforcing agents ............................................. 481 

Glucose hydrogenation/hydrogenolysis towards sugar alcohols over Pt/Ru catalysts supported on 

micro/mesoporous activated carbon .............................................................................................. 482 

Synthesis and closed-loop recycling of plant oil-based polyamides ............................................... 483 

Use of tosylated glycerol carbonate for the preparation of new functionalized pyrazole compounds

 ......................................................................................................................................................... 484 

Enzyme-induced crosslinking to tailor chitosan/gelatin-based encapsulation carriers .................. 485 

Degradation Studies of PLA/PBAT Blends in Simulated Marine Environments .............................. 487 

Flow chemistry synthesis of a potential new class of biorenewable monomers, fuel oxygenates and 

bio-based lubricants ........................................................................................................................ 489 

A biorefinery approach for integrated recovery of anthocyanins and pectin from blueberry pomace

 ......................................................................................................................................................... 490 

Enzymatic modification of a polysaccharides-rich extract from green marine macroalgae Ulva sp. 

for the enrichment of its biological activity .................................................................................... 492 

Synthesis of profluorescent nitroxide-alginate bioconjugate for biocompatible scavenging and 

detection of ROS in bone tissue culture .......................................................................................... 494 

European Sustainable BIO-based nanoMAterials Community (BIOMAC) ....................................... 496 

The study of a natural antioxidant interaction with a biomaterial substrate ................................. 498 

Towards sustainability: Exploring the properties of novel vanillic acid-based polyesters .............. 499 

FDCA-based copolyesters modulate the properties of PLA-based blends ...................................... 500 

Synthesis and properties of poly(glycerol pimelate), a hyperbranched polyester for ocular drug 

delivery ............................................................................................................................................ 501 

Synthesis and analysis of bio-based epoxy resin from native lignin derived oligomers ................. 502 

Catalytic processes (homogeneous, heterogeneous and bio-catalysis)

 ........................................................................................................ 504 

Design of noble-metal-free molecular catalysts and photosensitizers for photocatalytic hydrogen 

production ....................................................................................................................................... 505 

Aluminum metal−organic framework-supported single-site nickel-catalyst for heterogeneous 

chemoselective hydrogenation of nitro and nitrile compounds ..................................................... 506 

Feruloyl esterase-catalyzed synthesis of a bioactive sugar ester based on phenolic compounds 

derived from the halophyte Salicornia spp. .................................................................................... 508 

Utilization of industrial residues as co-capturing agents for enzyme-accelerated CO2 capture ..... 510 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

19 
 

Mono-Phosphine Metal-Organic Framework- Supported Cobalt Catalyst for Efficient Borylation 

Reactions ......................................................................................................................................... 512 

Use of Magnetic Cross-Linked Tyrosinase Aggregates for Biocatalytic Processes in Deep Eutectic 

Solvents ........................................................................................................................................... 514 

Suitability of volcanic materials as green catalysts for environmental purposes ........................... 516 

Green Chemicals From Dehydration and Partial Dehydrogenation of Sugar Cane Fusel Oil .......... 518 

Optimization of furan-based oligoester enzymatic synthesis by design of experiments ............... 520 

Catalytic dehydration of 1,3-Butanediol into 1,3-Butadiene .......................................................... 521 

Boosting Bicyclic-Aziridines Potential Through Enzymatic Kinetic Resolution in Flow ................... 522 

Effect of Aqueous Choline Chloride-Based DES Solutions on the Biocatalytic Performance of 

Immobilized Hydrolases .................................................................................................................. 523 

Dry Reforming of Methane over Fe-Co Based Alumina Supported Catalysts ................................. 525 

Catalytic properties of Ni-Cu mixed oxides deposited on stainless steel meshes by plasma jet 

sputtering ........................................................................................................................................ 526 

Bioconversion of daidzin and genistin in seed and roots extracts of Korean wild soybean into 

daidzein and genistein by β-galactosidase from Thermoproteus uzoniensis .................................. 529 

Cobalt-copper oxide catalysts and their performance in total oxidation of ethanol ...................... 530 

Photocatalytic Degradation of Ceftazidime in Wastewaters and Landfill Leachate using Manganese 

Oxides Supported on TiO2–Graphene Nanocomposite Catalysts ................................................... 532 

Alternative and greener microwave assisted alkyl levulinate production. ..................................... 533 

Towards an artificial metalloprotein-controlled enantioselective allylic substitution reaction ..... 534 

Turning Green Ideas into Industrial Success ................................................................................... 535 

Manganese-Catalyzed Hydrogenation of Sclareolide to Ambradiol ............................................... 536 

Hydrogenative Depolymerization of Polyurethanes Catalyzed by a Manganese Pincer Complex . 537 

Diffusion and Adsorption Effects in TS-1/SAC Composites Catalysts for the Green Epoxidation of 

Methyl Oleate with H2O2 ................................................................................................................. 538 

Photocatalytic degradation of RB5 with modified graphitic carbon nitride (g-C3N4) as catalyst. ... 540 

A comparative study of the CO2 methanation efficiency of dispersed Rh, Ru and Ir nanoparticles: 

Effect of metal nature and supporting material ............................................................................. 541 

Fabrication of Au nanoparticles supported on one-dimensional (1D) La2O3 nanorods for selective 

Esterification of Methacrolein to Methyl Methacrylate with Molecular Oxygen ........................... 542 

TiO2-ZrO2 as supports of metal particles for the oxidation or reduction of pollutants in the Water

 ......................................................................................................................................................... 543 

Sustainable N-doped basic carbon catalysts for the synthesis of nitrogen heterocycles ............... 544 

New Strategies for the Conversion of Biobased Furanics into High-value Added Synthons .......... 546 

Development of Transition-Metal-Free Lewis Acid-Initiated Double Arylation of Aldehyde: A 

Sustainable Approach Towards the Total Synthesis of Anti-breast Cancer Agent.......................... 548 

Catalytic Activity of Cobalt Schiff-Base Complexes in  Hydrosilylation of Alkynes ......................... 550 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

20 
 

A study on the multicycle redox characteristic of La-Fe-oxide for chemical looping CO2 conversion 

to CO ................................................................................................................................................ 551 

Co-Ce supported SiO2 for preferential CO oxidation in hydrogen reach gases -influence of the 

preparation method ........................................................................................................................ 552 

Polyethylene Biodegradation by Bacillus Species from a Landfill Site ............................................ 554 

Biodegradation of polystyrene by bacteria from the soil in common environments ..................... 555 

Catalytic oxidation of propane and n-hexane over cobalt loaded hierarchical ZSM-5 zeolite ....... 556 

Catalytic hydrodeoxygenation (HDO) of lignin-derived phenolic compounds over zeolite-supported 

nickel catalysts................................................................................................................................. 559 

CO2 utilization ................................................................................. 560 

The effect of reaction conditions on CO2 Hydrogenation with Cu/ZnO/SBA-15 catalyst .............. 561 

Cu∥Ag tandem-operation for highly efficient CO2 conversion toward C2-3 products ................... 563 

Electrochemical In-situ Analysis of CO2 Reduction Reaction on Gold Grain Boundary ................... 564 

Nanosheets of lithium silicate with excellent CO2 capture kinetics and extraordinary stability at 

high temperatures ........................................................................................................................... 565 

CO2 valorization by sorption-enhanced reverse water-gas shift reaction for low-temperature CO 

synthesis: a kinetic study of the reaction and water adsorption .................................................... 566 

Nickel-NHC-complexes for CO2 Photoreduction using the Cooperative Effect of Ionic Liquids ..... 568 

New photocatalytic materials for carbon dioxide valorization in carbonylation chemistry using the 

cooperative effect of ionic liquids ................................................................................................... 569 

Syngas Production by Carbon Dioxide Conversion of Methane over Co-based Catalyst with High 

Stable Activity .................................................................................................................................. 570 

Upgrading biogas, produced from the anaerobic digestion of municipal wastewater treatment 

sludge, to biomethane by applying membrane gas separation ...................................................... 572 

Dynamic simulation of biogenic CO2 methanation in fixed and structured catalytic reactors for 

decentralized Power-to-Gas applications ....................................................................................... 574 

Coupling Reaction of CO2 with Epoxides by Highly Nucleophile 4-Aminipyridines......................... 576 

Development of Cu2O/BiVO4 heterojunction photocatalysts for sustainable artificial 

photosynthesis. ............................................................................................................................... 577 

Effect of Interaction between Ru and N dopant in N-doped Titanium Oxide supported 

Heterogeneous catalyst over CO2 Hydrogenation to Formate ....................................................... 579 

Design and application of catalytically active hollow-fiber membrane reactors ............................ 580 

Conversion of glycidol to glycerol carbonate using Halogen-free bio-based organic salts............. 582 

Preparation of CO2 sorption pellets from polyaniline using microwave heating ............................ 584 

Utilization of CO/CO2-containing industrial process gas  into valuable polyurethane building blocks

 ......................................................................................................................................................... 586 

Carbon Nanostructures Obtained through CO2 Utilization ............................................................. 588 

Hybrid energy storage based on CO2 capture and renewable energy sources (RES); Construction 

and operation of a novel flue gas storage and supply system ........................................................ 589 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

21 
 

Computational Chemistry towards greener chemical processes..... 590 

Betanidin zwitterionic and nonionic dimer conformers towards DSSCs application: A DFT 

investigation to optoelectronic and charge transfer properties ..................................................... 591 

Development of bioplastic disposable food packaging from starch and cellulose ......................... 592 

Phisiological Regulation of Antifungal Properties of Agaricomycetes Mushroom Schizophyllum 

commune ......................................................................................................................................... 593 

New bismuth titanates based photocatalysts: a comprehensive DFT and experimental insight ... 594 

Pd-catalyzed allylic substitution between C-based nucleophiles and Bicyclic Aziridines ............... 596 

Characterization of Giant Reed as a Potential Feedstock for Fast Catalytic Pyrolysis .................... 597 

Synthesis of new class dual functionalized ionic liquids and their performance for effective CO2 

capture: Properties and interaction mechanism analysis ............................................................... 599 

Education and societal awareness – UN Sustainable Developments 

Goals ............................................................................................... 600 

Green Chemistry for high school: methoxylation of alpha-pinene over ionic resins ...................... 601 

How green chemistry education can empower chemistry students to be promoters of sustainable 

substances-handling practices in their communities ...................................................................... 603 

Green analytical chemistry .............................................................. 605 

Determination of air pollutants in confined crowded places ......................................................... 606 

Impact of UV-B Exposure on Physicochemical Properties of Poly(ethylene terephthalate): On the 

way to microplastics formation ....................................................................................................... 607 

A novel device for on-line determination of ammonia/ammonium in ambient air ....................... 608 

Application of green solvents and procedures for analysis of pharmaceuticals in environmental 

samples ............................................................................................................................................ 610 

Green Analytical method for the assay of some selected drugs ..................................................... 611 

Activity-Guided Isolation and Identification of Metabolites from Endophytic Fungus using HPLC-

DAD, Mass Spectrometry and Multidimensional NMR Spectroscopy ............................................ 612 

Biochar as a green modifier for the development of electrochemical biosensors ......................... 614 

A protein-based free-standing transparent elastomer and its potential applications ................... 616 

Beeswax-based waterproof paper as a sustainable substrate for electrochemical sensing platforms

 ......................................................................................................................................................... 617 

Application of the SPA analytical method for the determination of tar in pyrolytic gases in the tyres 

pyrolysis process ............................................................................................................................. 619 

A new environmentally friendly method for the determination of mercury ................................. 621 

Green Chemistry & UN Sustainable Developments Goals ............... 622 

Chemistry in the question of human survival ................................................................................. 623 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

22 
 

Green Chemistry and entrepreneurship – Sustainable industrial 

processes ........................................................................................ 624 

Effect of NaCl concentration on protein production by submerged cultivation of Pleurotus 

ostreatus .......................................................................................................................................... 625 

A novel device for the carbonate determination, as carbon dioxide, during petroleum and natural 

gas exploration ................................................................................................................................ 628 

Renewable Reagents for Nucleophilic Fluorination ........................................................................ 629 

Curcumin solid dispersion particles as novel Pickering stabilizers .................................................. 630 

Green solvents – Safe reagents and chemicals – Sustainable organic 

synthesis ......................................................................................... 632 

Development of a biographene-polylactic acid hybrid material as support for enzyme 

immobilization ................................................................................................................................. 633 

Dimethyl isosorbide via dimethyl carbonate chemistry: scaling-up, purification and concurrent 

reaction pathways ........................................................................................................................... 635 

Acidic deep eutectic solvents-based  efficient oxidative extractive desulfurization of fuel oil ...... 636 

An Eco-Friendly Preparations of Pyridoxal Oxime Quaternary Salts in Deep Eutectic Solvents ..... 637 

Green Synthetic Transformation of Benzimidoyl-cyanides to the Valuable Intermediates Alkyl-N-

pyridin-2-yl-benzimidates ............................................................................................................... 638 

Multi gram scale synthesis of HMF and comparative environmental evaluation .......................... 639 

Nanoarchitectonics of phosphorylated graphitic carbon nitride for sustainable, selective and 

metal-free synthesis of primary amides .......................................................................................... 640 

A greener approach towards coumarin analogues via Natural Deep Eutectic Solvent-mediated 

Suzuki-Miyaura coupling ................................................................................................................. 642 

Development of bioactive chitosan-based hydrogels using Natural Deep Eutectic Solvents (NADES) 

as dissolution and gelating agents .................................................................................................. 643 

Natural Deep Eutectic Solvents (NADES) as green alternative solvents for the extraction of 

bioactive compounds from Greek wild rose (Rosa canina L.) rosehip shells (hypanthia) .............. 644 

Bioactive chemical space exploration via greener multicomponent reactions .............................. 646 

Synthesis of new succinimide derivatives with potential anticonvulsant activity .......................... 648 

DMAP-catalyzed synthesis of quinazolinedione and derivatives via alpha chloroaldoxime O-

methanesulfonates and 2-(benzylamino)benzoic acids .................................................................. 649 

Novel phosphate-containing imidazoles as potential green biologically active substrates............ 650 

Solubility of Moringa oleifera L. seed in SFE-CO2:  a response surface methodology analysis ....... 651 

Aerobic and Catalyst-free Oxidation of Aldehydes to Acids Promoted by Sunlight or UVA-light ... 654 

Natural product derivatives through organic synthesis as enhanced antioxidant agents .............. 656 

A Comprehensive Screening Investigation on using Group Contribution Models for Estimation of 

the Critical Properties of Deep Eutectic Solvents ............................................................................ 658 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

23 
 

In situ generated chloride, bromide and iodide as catalysts for the oxidation of benzyl halides to 

benzoic acids in alkaline water using TBHP as oxidant ................................................................... 659 

Nickel Phosphide Supported on Graphitic Carbon Nitride as Non-Noble Metal Catalyst for 

Reductive Amination of Carbonyl Compounds by Transfer Hydrogenation ................................... 661 

CO2/CH4 selective hollow fiber and flat sheet membranes based on green solvent ...................... 663 

Aerobic waste-minimized Pd-catalysed C–H alkenylation in GVL using a tube-in-tube 

heterogeneous flow reactor ............................................................................................................ 665 

Waste Minimized β-Azidation reaction of α,β-unsaturated carbonyl compounds catalyzed by 

POLITAG-M-F in azeotrope CH3CN:H2O under batch and continuous flow condition. ................... 666 

Density and Refractive Index of Binary Ionic Liquid Mixtures with Common Cations/Anions: 

Measurement and Modelling .......................................................................................................... 668 

Total synthesis of (-)-agelastatin A via photochemical transformation of pyridinium salt and early-

stage enzymatic resolution ............................................................................................................. 669 

‘On-Water’ directing groups assisted C–H bond functionalization of ferrocene derivatives ......... 670 

A novel approach towards expanding the utility of Deep eutectic solvents as a biocompatible co-

solvent for α-chymotrypsin. ............................................................................................................ 672 

Nano-materials for energy and environmental applications ........... 674 

Ecological Treatment Processes for Leathers Intended for Medical Applications .......................... 675 

Mixed metal oxide nanoparticles for organic solar cell applications .............................................. 678 

Green synthesis of tin sulfide films and effect of annealing ........................................................... 679 

Surface functionality role in the conductivity of microwave synthesized CQDs thin films ............. 681 

Effect of Surface Functionalization and Doping of Graphitic Carbon Nitrides on Carbon Dioxide 

Fixation to Cyclic Carbonates at Atmospheric pressure under Solvent-Free Conditions ............... 683 

Portable paper sensing platform using novel histidine-stabilized gold nanoclusters for fast naked-

eye detection of Fe ions from water ............................................................................................... 685 

Nature-inspired nanocomposites with exceptional isotropic mechanical and magneto-responsive 

properties ........................................................................................................................................ 687 

Metabolic response of Murine Fibroblast cells exposed to Green synthesis mediated Silver 

Nanoparticles .................................................................................................................................. 689 

Biomass derived nanoporous carbons for diesel deep desulfurization .......................................... 691 

Synthesis and Applications of Cu2O Nanoparticle Functionalized TiO2 for Photocatalyzed Glaser 

Coupling ........................................................................................................................................... 692 

Synthesis and effect of calcination temperature on the physicochemical properties of porous clay 

heterostructures (PCH) material ..................................................................................................... 694 

The Role of Morphology on the Controlled Crazing of Biopolymer Systems .................................. 696 

Bimetallic sulfides derived from bi-metal–organic frameworks as sodium anode material with long-

term cycling stability ....................................................................................................................... 698 

Iron-based catalytic materials as energy carriers for carbon dioxide valorization ......................... 700 

Lignocellulose-based membranes for lithium-ion battery separators ............................................ 702 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

24 
 

Synthesis, Characterization and UVC-activated Photocatalytic Activity of Superparamagnetic Iron 

Oxide Decorated Indium Hydroxide Nanocomposite ..................................................................... 704 

Phosphonated Polyetheramine-Coated Magnetic Nanoparticles: A Sustainable Approach for 

Oilfield scale Management .............................................................................................................. 705 

Recyclable Magnetic Nanoparticles Coated-Poly(4-styrenesulfonic acid-co-maleic acid) for Oilfield 

Scale Control.................................................................................................................................... 707 

Synthesis and characterization of Metal-organic framework of Zn (II) modified by magnetic 

nanoparticles and multi-walls carbon nanotubes for dispersive solid phase extraction of some 

benzophenones in water samples ................................................................................................... 709 

An Electrochemical Oxidation of Wastewaters through Graphene Oxide Coated Electrode ......... 711 

Green Nanopesticides: An approach for the control of Tea pest, Oligonychus coffeae ................. 713 

Environmentally friendly, electrically conductive, and versatile emulsion-based ink of carbon 

nanotubes and silver flakes for distributed tactile sensing ............................................................. 714 

Investigating the growth profile of different microalgae strains in nanoemulsion based growth 

media ............................................................................................................................................... 715 

A novel Green-Chemistry-inspired approach for lignin-based model compounds valorization by 

exploiting photocatalytic-microflow reactor .................................................................................. 716 

Surface chemistry of new CQDs produced using a microwave-assisted approach as an effective 

organic pollution removal agent in water medium ........................................................................ 718 

Synthesis of zinc oxide nanoparticles using Japanese knotweed extract ....................................... 720 

Synthesis of Ag/Ag2O nanoparticles on cellulose paper and cotton fabric using Eucalyptus globulus 

leaf extracts: toward the clarification of formation mechanism .................................................... 721 

Investigation of photocatalytic properties of titanium dioxide nanoparticles onto ceramic roof tiles

 ......................................................................................................................................................... 724 

Harvesting of hot holes and hot electrons generated on plasmonic nanostructures for amine 

photooxidation reaction .................................................................................................................. 726 

Versatile synthesis of graphene materials for the removal of copper ions from aqueous solutions

 ......................................................................................................................................................... 727 

Synthesis and characterization of modified TiO2 nanoparticles with enhanced visible-light 

photocatalytic properties ................................................................................................................ 731 

Engineering of Au/p-C3N4 nanosheets with Enhanced Charge Separation for Photocatalytic 

Hydrogen Evolution ......................................................................................................................... 732 

Synthesis of film Cu,F-TiO2 NTs photocatalysts with a highly ordered structure for wastewater 

treatment ........................................................................................................................................ 734 

Size and shape-controlled synthesis of well-defined iron oxide nanocrystals by investigation of the 

reaction path mechanism ................................................................................................................ 737 

Investigating the structural and mechanical properties of innovative polypropylene/nanoadditive 

composites for heating/cooling pipe systems ................................................................................ 739 

Catalyst nanoparticles stabilization and/or redispersion: A new anti-sintering strategy based on the 

effect of the Oδ- electric double layer account of metal-support interactions. .............................. 740 

Cobalt-manganese catalysts supported on ion exchanged clinoptilolite for n-hexane oxidation .. 742 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

25 
 

Photocatalytic removal of persistent organic pollutants using immobilized titanium dioxide ...... 744 

Pollution prevention and remediation ............................................ 745 

Fatty acids-based Eutectic Solvents Liquid Membranes for Removal of Sodium Diclofenac from 

Water ............................................................................................................................................... 746 

Energy Balance of a Thermophilic Biological Fluidized Bed Reactor During Exothermic Reactions of 

Sludge Minimization ........................................................................................................................ 747 

Removal of pharmaceuticals on functionalized activated carbons ................................................ 749 

Effect of competing anions on chromate and arsenate adsorption by polyethylenimine 

functionalized silica-based material ................................................................................................ 750 

Oxidation and removal of As(III) and organic contaminants from wastewaters and groundwaters 

using nano-modified biochar .......................................................................................................... 752 

Pilot scale continuous photocatalytic reactor for removal of emerging contaminants from 

leachates ......................................................................................................................................... 753 

Novel diketopyrrolopyrrole-rhodamine conjugates with sensing ability ....................................... 754 

Visible light-driven degradation Trichloroethylene in aqueous phase with Vanadium-doped TiO2 

photocatalysts ................................................................................................................................. 755 

Absorption of Pollutants by CsPbBr3 Perovskite ............................................................................. 757 

Investigation of the degradation of trace substances by combined oxidative-enzymatic wastewater 

treatment ........................................................................................................................................ 760 

Poly(ionic liquid)s as efficient adsorbents for dyes removal from water streams .......................... 762 

Removing Sulfur Dioxide (SO2) by Nanoparticle Piperine Extracted From Piper Nigrum L. ............ 763 

Methane combustion over Pd-MeOx/Al2O3 (Me= Co, Ni or Ce) catalysts ...................................... 765 

Commercial photocatalytic paints for environmental remediation ............................................... 767 

Toxicology and Ecotoxicology of Chemicals and Products............... 768 

Inventory of pesticides used by farmers on paddy fields in peatland area: A case study in Indonesia

 ......................................................................................................................................................... 769 

Valorization of renewable and natural resources ........................... 770 

Synthesis and characterization of polysaccharide- and protein-based edible films and modification 

with zein bilayer coatings ................................................................................................................ 771 

Photocatalytic transformations of quinic acid derivatives .............................................................. 774 

Phenol-formaldehyde resins based on lignin functionalized with succinic anhydride ................... 775 

Polyolefin-lignin blends: Assessing lignin properties on post-consumer recycled polypropylene . 778 

Valorization of limonene in the presence of heterogenous catalysts ............................................ 781 

Valorization of ruminant animal dung fiber: A sustainable natural resource of non-wood material 

for various applications. .................................................................................................................. 783 

Reinforcement and protection of marbles with composite epoxy-based adhesives using cellulose 

micro/nano-particles ....................................................................................................................... 785 

Structural and morphological characterization of xerogels based on agar and gelatin. ................ 786 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

26 
 

Lignin-containing polymer coatings – synthesis and characterization ........................................... 787 

Glycerol-based UV-curable resins for synthesis of vitrimers .......................................................... 788 

From ferulic acid and lignin to vanillin and other platform chemicals by hydrogen peroxide ....... 789 

Augmenting the performance of eco-friendly greases using synergistic natural resources .......... 790 

pH indicator films based on renewable biodegradable polymers for food packaging applications791 

Thermally insulating air- and ice-templated plant-based foams .................................................... 792 

Synthesis and characterization of poly(lactic acid)/poly(ethylene adipate) copolymers for paclitaxel 

controlled delivery .......................................................................................................................... 793 

Waste recycle and valorization – Circular economy (food waste, 

hazardous waste, municipal waste, plastic waste) .......................... 794 

Effect of a compatibilizer on the structural and mechanical properties of recycled HDPE/hemp 

composite materials ........................................................................................................................ 795 

Laccases catalyzed dephenolization of raw wine lees and wine lees extract ................................. 796 

Laccase production using wine lees by submerged cultivation of Pleurotus ostreatus .................. 798 

Lab-scale production of grid-grade biomethane via supercritical water gasification of biowastes 

and sequential gas phase conversion according to a catalytic tandem approach .......................... 799 

Modified cross-linked pectin hydro-films for biomedical applications ........................................... 802 

Optimization of enzymatic hydrolysis for utilization of food waste ............................................... 804 

Investigation and optimization of heat and enzymatic pretreatments of OFMSW and its 

combination with beechwood pulp ................................................................................................ 806 

Supercritical fluid extraction as a tool to isolate phytochemicals from rice ................................... 808 

(Oryza sativa L.) by-products ........................................................................................................... 808 

Towards a kiwi waste valorization: optimization of extraction of phenolic compounds assisted by 

green chemistry tools ...................................................................................................................... 810 

New Compatibilizers from PET Residues ......................................................................................... 811 

Techno-economic evaluation and life cycle assessment for sustainable production of bio-based 

polyurethanes from the organic fraction of municipal solid waste ................................................ 813 

Tertiary treatment of municipal wastewater by microalgae technology for utilization in cooling 

towers of thermal power plants...................................................................................................... 814 

Harnessing the potential of seaweed Sargassum spp. by treatment in acidic medium and anaerobic 

digestion .......................................................................................................................................... 815 

A new HPLC method for the detection and quantification of chemically recycled PET monomers in 

protic ionic liquids ........................................................................................................................... 817 

Circular Economy Electrochemistry: Utilizing recycled materials for the development of 3D-printed 

electrochemical devices .................................................................................................................. 819 

Catalytic upgrading of end-of-life tyre pyrolysis vapours for the production of highly aromatic 

pyrolysis oils .................................................................................................................................... 821 

Synthesis, ageing tests and flammability characterization of composites based on epoxy resin with 

different curing agents and flame retardant compounds ............................................................... 824 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

27 
 

From water for the water: food-waste based hydrogels for adsorption and photo-degradation of 

pollutants. ....................................................................................................................................... 826 

Assessment of the H2S adsorption capacity of carbonaceous solids produced by pyrolysis of the 

major organic components of manure digestate ............................................................................ 828 

Determining antibacterial effect of liquid soaps from recycled cooking oil and distinct essential oils

 ......................................................................................................................................................... 830 

Sustainable resource recovery from waste printed circuit boards using green solvents ............... 832 

Transforming CO2 and Sea Water to Green HYDROGEN & Green CEMENT Using Magnesium Waste 

Scrap ................................................................................................................................................ 834 

Regulation of lignin-modifying enzymes production in lignocellulose fermentation by new white-

rot basidiomycete Trametes lactinea .............................................................................................. 836 

Bio-based thermoset derived from epoxidized soybean oil and agri-waste .................................. 838 

Bio-based PLA/PHB plasticized blend films with eugenol for active food packaging applications . 839 

Optimization of production, antioxidant activity and stability of plant-based emulsions.............. 842 

 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

28 
 

 

 

 

 

 

 

 

Plenary Lectures   



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

29 
 

Circular Chemistry: Catalyzing the Green Economy 

 
Javier García-Martínez 

Department of Inorganic Chemistry. University of Alicante, 03690, Alicante, Spain. e-mail: j.garcia@ua.es  

 

Circular Chemistry is a new concept based on the design of molecules and processes from the very beginning so 

products can be recovered, recycled, and reused in an economical and efficient way. [1] During my presentation, 

I will describe some examples of how this not only possible but also urgently needed and, in many cases, profitable.  

During the last months, our group has published a series of papers [2-4] on the design and fabrication of 

nanostructured catalysts with controlled porosity using interzeolite transformation, surfactant-templating and 

control growth that yield outstanding conversion and selectivity towards highly desirable chemicals, biofuels, and 

pharmaceutics. More specifically, catalysts prepared by partial zeolite show a 6-fold increase in TOF in the 

Friedel−Crafts alkylation of indole using a bulky alcohol as alkylating agent over the conventional zeolite. Similar 

results were obtained in the Claisen−Schmidt condensation. In this case, the best performing hierarchical catalysts 

displayed a 3-fold enhancement in TOF.  

 

An important advantage of this strategy is that the physicochemical properties and, therefore the performance, of 

the hierarchical catalysts can be finely tuned by simply stopping the interzeolite transformation at different times. 

[2] In another example, the evaluation of our self-pillared pentsil zeolites in the Friedel–Crafts alkylation reaction 

of methylene with benzyl alcohol results in higher conversion and an approximate twofold increase in the 

selectivity to the desirable product. Similarly, we observed in the MTH reaction that SPPs extend catalyst lifetime 

and markedly enhance turnovers, as much as fourfold relative to conventional ZSM-5. [4] 
 

 
 

Figure 1.  Scheme of linear (transformation) and circular (reuse) chemistry and some examples of the conversion of waste 

into raw materials using novel catalysts prepared by interzeolite transformation, surfactant-templating and control growth.  

 

Finally, I will briefly mention some of the initiatives we are doing at the International Union of Pure and Applied 

Chemistry (IUPAC) to teach, promote, and support Green Chemistry, especially in the context of the International 

Year of Basic Sciences for Sustainable Development. [5] The IUPAC Interdivisional Committee on Green 

Chemistry for Sustainable Development (ICGCSD) plays a critical role in our efforts to integrate Green Chemistry 

into all our activities and is leading some important projects that I will briefly present. 
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Reaction Mechanisms and Energy Profiles: How Green Chemistry Complies with them. 

The Case of Dimethyl Carbonate 

 

Pietro R. Tundo  
Research Associate, Institute of Chemistry of Organometallic Compounds - ICCOM 

National Research Council – CNR and President of Green Sciences for Sustainable Development Foundation, Venice – 

tundop@unive.it  

 

An important task for organic chemists toward a sustainable development is to discover and develop new reaction 

pathways in syntheses; they, coupled with metrics measurement, are the fundamental bases of green and 

sustainable chemistry. 

 

Due to its benign nature, interest on Dimethyl Carbonate (DMC) has been enormously increasing in the last few 

decades: it is currently used in many chemical reactions as DMC can substitute chlorine-based chemistry. Green 

preparations of anti-inflammatory drugs, polymers, fragrances and solvents are widely reported. DMC peculiar 

reaction outcomes are based on its anisotropic electrophilic nature and because it follows exemplarily the Pearson’s 

HSAB theory; in doing that, DMC and Dialkyl Carbonates (DACs) give unprecedent selectivity.  

Comparison among Esters and Carbonates reaction pathways is dramatic in nucleophilic attach as it proceeds very 

differently: in methyl acetate the reactions take place almost exclusively at the carbonyl sp2 because SN2 

substitutions on the methyl sp3 have a higher activation energy; in the dimethyl carbonate, instead, the nucleophilic 

attach to the sp2 carbon is more difficult, while the attach to the alkyl carbon is easier; the activation energy of the 

SN2 reaction pathway is further decreased by entropic factors if formation of cycles is involved (Figure). 

 
 

 

Figure. Activation energies in Esters and 

Carbonates; only BAc2 and BAl2 reaction 

mechanisms are shown. 

Ingold’s terminology is adopted for esters 

and carbonates. 

 

 

 

 

 

 

So, while in esters only sp2 carbon is susceptible of a nucleophilic attack, in DACs Ea of BAc2 and BAl2 are almost 

comparable; moreover, because the reagent is modified during the reaction, different reactions can take place in 

sequence in the same pot. Thus, tandem reaction, cascade, and intertwined reactions are possible in carbonates. 

This cannot occur in esters and wasn’t ever reported.  

 

SN2 Nucleophilic substitution reactions at saturated and acylic carbons will be discussed; they take place either in 

basic and acidic-catalyzed conditions and allowed to get > 99% in mono-methylation reactions at the methylene 

carbon. Heterocycles of 5 and 6 atoms were obtained in quantitative yields, thus opening the way to novel 

compounds through a green chemistry pathway. 

 

Limitations and new results will be presented: when the formation of cycles occurs, and when it doesn’t. Moreover, 

also unimolecular substitutions take place.  

 

Energy constraints and the dual electrophilic character of DACs originate unexpected reactivity and give results 

which are impossible for Esters. 
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Green Chemistry, “…to solve most of the world’s problems.” 

 
Paul T. Anastas 

Center for Green Chemistry and Green Engineering, Yale University, New Haven, CT, USA 06511 

*Paul.anastas@yale.edu 

 

Over thirty years, green chemistry has revolutionized how we design, develop, implement, teach and 

commercialize the chemistry that we do [1].  As we look forward to the future of chemistry, it is important to 

expand our understanding that green chemistry is not simply about how we design things to avoid problems, but 

instead to create new molecules, synthetic/manufacturing methods, new materials, new commercial products, new 

conceptual frameworks that allow us to achieve the broader goals of our society and civilization.[2] This 

presentation looks at what is possible (but not practiced) today, and the power and potential of green chemistry in 

designing a sustainable future for the coming generations.[3] 
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Emerging technologies for a sustainable conversion of lignocellulosic biomass into 

biobased products 

 
Solange I. Mussatto 

Department of Biotechnology and Biomedicine, Technical University of Denmark, Kongens Lyngby, Denmark  

*e-mail: smussatto@dtu.dk 

 

Innovation and technology are key points in the transition to a greener and more sustainable economy. In this 

sense, the development of new processes able to result in reduced emissions and levels of CO2 in the atmosphere 

are essential to support this transition and, at the same time, promote economic growth. Lignocellulosic biomass 

has a huge potential to be used as feedstock for a sustainable production of fuels and chemicals by fermentation. 

However, the recalcitrance of these materials is one of the major hurdles in their efficient utilization. In addition, 

due to the complexity of the media generated from lignocellulosic biomass, achieving a successful fermentation 

performance from such complex substrates is a challenge. Process intensification is a promising strategy to 

improve the techno-economic potential of biobased production. Within this area, different emerging technologies 

have been proposed, among of which, the use of greener pretreatment methods, the application of high solid 

loading for biomass saccharification, as well as the development of robust microbial strains and/or application of 

microbial co-cultures for fermentation are seen today as promising approaches able to accelerate the development 

of innovative and sustainable biobased processes [1].  
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Conversion of CO2 and Biomass into Chemicals and Fuels  

 
Buxing Han1,2 

1. Institute of Chemistry, Chinese Academy of Sciences, 100190, Beijing, China 

2. Shanghai Key Laboratory of Green Chemistry and Chemical Processes, School of Chemistry and Molecular Engineering, 

East China Normal University, Shanghai 200062, China 

*Email: hanbx@iccas.ac.cn 

 

Carbon dioxide (CO2) is the main greenhouse gas, and it is also a renewable, abundant, and cheap C1 feedstock. 

Biomass is abundant renewable carbon resource. Use of CO2 and biomass as carbon source to produce fuels and 

value-added chemicals is of great importance for the sustainable development of our society and achieving the 

goal carbon neutrality. In recent years, we are very interested in catalytic conversion CO2 and biomass. In this 

presentation, I would like to discuss some of the recent results in our group on design of green solvents, green 

catalysts and their application in conversion of CO2 and biomass into valuable chemicals and fuels [1-18].  
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EU perspective for biofuels and bioenergy under the European Green Deal and 

REPowerEU 

 
Maria Georgiadou 

1European Commission, Directorate General Research and Innovation, 21 Rue du Champ de Mars, 1049 Brussels, Belgium, 

*maria.georgiadou@ec.europa.eu 

 

EU perspective for the role of advanced biofuels and bioenergy under the European Green Deal supporting green 

and digital development as well as the REPowerEU promoting EU energy security and reducing dependence of 

fossil fuel imports. The EU policies, the R&I strategy and financing support through the EU programmes will be 

presented. International cooperation opportunities will be addressed. 
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How CO2-Switchable Materials can Help in Biomass Conversion and Greener Coatings  

 
Philip G. Jessop1* and Michael F. Cunningham1  
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Waste CO2 can be harnessed to lower the environmental and economic cost of important products and processes 

without the CO2 being converted into any product. The examples to be presented include A) biomass conversion 

and B) protective coatings utilize, and utilize CO2 as a trigger for CO2-switchable materials (1).  

 

How Can CO2-Switchable Materials Help Biomass Conversion? 

Why does biomass have trouble beating fossil fuels as a feedstock for more products? In many cases, biomass 

conversion to organic products is more expensive AND more environmentally harmful than fossil fuel conversion 

to the same products. Why? The energetically-costly removal of water! Biomass contains water, is often grown in 

water, is often converted in water, and emits water during dehydration reactions to lower the O/C ratio. Thus water 

removal can be necessary during feedstock preparation, feedstock conversion, and post-reaction separation steps. 

Life cycle assessments have shown repeated examples where water removal is so environmentally and 

economically costly that biomass-derived products cannot compete economically OR environmentally against 

petrochemicals. This situation must change if we are to attain a sustainable society in the future.  

 

I will describe several new processes by which CO2-switchable materials can help separate organics from water, 

including high pressure switchable water (2) and solvent-assisted switchable water (SASW). Examples will 

include the separation of water from 1,3-propanediol obtained from biomass through biocatalysts, and the 

separation of water from ethanol and acetone.  

 

How Can CO2-Switchable Materials Help Make Greener Protective Coatings? 

Water-based latex coatings are much less harmful than oil-based coatings, because during application of the 

coating, the 100% of the solvent is released into the environment. Obviously releasing water is environmentally 

preferable to releasing organic solvents. However, water-based latex coatings suffer from significant drawbacks 

that limit their use in industry and society. First, surfactants are necessary in latex coatings during the emulsion 

polymerization step and during storage, but become a liability once the coating is applied to a surface. For example, 

if the coating is applied to a metal in order to protect the metal from oxidation, then the surfactants will typically 

concentrate at the coating/metal interface. Their presence there helps water to seep in between the coating and the 

metal and thereby cause the coating to lift off and allowing the metal to rust. Using CO2-switchable surfactants 

makes it possible to make latex formulations that have active surfactants during emulsion polymerization and 

formulation storage and yet have the surfactant “turn off” when the formulation is applied to a metal surface.  

 

As another example, the use of CO2-switchable solvents will be described for the preparation of latex coatings 

from biopolymers rather than fossil-fuel derived polymers.  
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The unique optical and electronic properties of metal nanoparticles and tunable properties of the organic templates 

encourage the scientific community to generate metal nanoparticle embedded soft hybrid materials for various 

novel utilities. The generation of hybrid materials from renewable resources and their utilization in basic and 

applied areas has been at the forefront of research in recent years for sustainable development. Here, we discuss 

the in-situ synthesis of metal nanoparticle embedded soft hybrid materials via eco-benign approach which exclude 

the use of toxic reducing/capping agents or toxic reaction media. In this protocol, the gel matrix composed of 

benign organic templates act as reducing as well as stabilizing agent for the in-situ generation and stabilization of 

metal nanoparticles. As the incorporation of metal salts (as nanoparticle precursor) in the gel medium is required 

in this process, in most of the cases aqueous media were used for the generation of metal nanoparticle embedded 

soft hybrid materials. This discussion includes interesting findings from our laboratory where hybrid gel matrix 

composed of renewable chemicals was utilized for the in-situ synthesis of palladium nanoparticle embedded soft 

trihybrid material. The hybrid gel matrix rich in polyphenols/flavonoids was exploited to generate palladium 

nanoparticle embedded trihybrid gel through in-situ reduction of doped Pd (II) salts to stable PdNPs. The xerogel 

of this trihybrid material was utilized as recyclable heterogeneous catalyst for C-C coupling reaction in air under 

phosphene free condition and reduction reaction. [1,2]. 

 

 

 

Figure 1.  Green synthesis of metal nanoparticle embedded soft hybrid which is used as recyclable heterogeneous catalyst. 
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Even though wastewater reuse is a strategy that is rapidly expanding, there are still several issues to be addressed 

with respect to the presence of contaminants of emerging concern (CEC) in treated wastewater. The need to look 

beyond the conventional contaminants when assessing the potential risks of wastewater reuse with respect to 

ecosystems and human health is recognized as a priority issue in all policy areas at the EU level and beyond. CEC 

include pharmaceuticals and personal care products’ compounds, disinfection by-products (DBPs), etc., as well as 

their transformation products (TPs) originating during treatment through biotic/abiotic processes [1]. 

 

Conventional activated sludge (CAS) currently applied in urban wastewater treatment plants (UWTPs) is 

inefficient in eliminating CEC, with their removal being highly variable. Membrane bioreactors have been shown 

to be more effective than CAS in removing only CEC susceptible to biodegradation. In recent years, considerable 

efforts have been made regarding the application of advanced treatment technologies, such as membrane filtration, 

adsorption on activated carbon and advanced chemical oxidation processes (AOPs), capable of improving the 

effluent quality with respect to the presence of CEC. Concerning filtration and separation processes, while the 

pores in micro- and ultra-filtration are too large to reject CEC, the lower pore sizes used in nanofiltration and 

reverse osmosis, have been shown to effectively reject significant amounts of CEC. However, the membrane 

technologies generate a residual stream, thereby creating a need for further proper management. Adsorption using 

activated carbon has been effectively used for the removal of various CEC, which after reaching its maximum 

adsorption capacity, should be regenerated, and further reused. AOPs (e.g., UV-C/H2O2, solar photo-Fenton, 

ozonation) have gained popularity over the past few decades in pilot-scale applications for their high efficiency in 

removing CEC, while also providing disinfection of the wastewater. Noteworthy is that several TPs may be formed 

during the application of AOPs, which may exhibit their own biological effects. Soluble microbial products in 

wastewater constitute the main precursors to the formation of DBPs which often are biologically potent [2,3]. 

 

Recent scientific evidence revealed that the extent of crops’ uptake of CEC is mainly influenced by the 

physicochemical properties of the compounds, the physiological properties of the crop and the soil properties. To 

date, it is difficult to draw concrete conclusions on the effects of soil and wastewater properties on the uptake of 

CEC, since data in the literature are available for different plant-growth methods and for different plants and CEC 

in each study. Moreover, there is lack of data on the health risks associated with the consumption of wastewater-

irrigated crops, while predictive models to accurately estimate the concentration of CEC in crops grown in different 

environmental/agronomic practices would be useful for risk assessment [4].  

 

Summarizing, there are several knowledge gaps and open questions related to the potential effects that the 

wastewater discharges and reuse practice might induce regarding the CEC. It has become clear that new strategies 

consistent with the precautionary principle and the “One Health” approach are needed to assess the overall quality 

of wastewater intended for reuse. Knowledge regarding risks that relate to low-dose exposure of CEC to non-target 

organisms, the additive/synergistic behavior of various CEC in mixtures, crops’ uptake, and antibiotic resistance 

is only now starting to shape. This talk aims at addressing these important issues.   
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The construction of new carbon-carbon bonds is the cornerstone of organic chemistry. Organometallic reagents 

are amongst the most robust and versatile nucleophiles for this purpose. Polarization of the metal-carbon bonds in 

these reagents facilitates their reactions with a vast array of electrophiles to achieve chemical diversification. The 

dependence on stoichiometric quantities of metals and often organic halides as feedstock precursors, which in turn 

produces copious amounts of metal halide waste, are the key limitations of the classical organometallic reactions. 

Inspired by the classical Wolff-Kishner reduction converting carbonyl groups in aldehydes or ketones into 

methylene derivatives, our group has recently developed strategies to couple various alcohols, aldehydes, and 

ketones with a broad range of both hard and soft carbon electrophiles in the presence of catalytic amounts of 

transition metals, via the hydrazone derivatives: i.e., as Organometallic Reagent Surrogates. This this talk will 

discuss this concept in our research group, leading to a novel carbon-carbon bond-forming strategy. The strategy 

has been demonstrated by the employment of carbonyl-derived alkyl carbanions in various transition-metal 

catalyzed chemical transformations, including 1,2-carbonyl/imine addition, conjugate addition, carboxylation, 

olefination, cross-coupling, allylation, alkylation and hydroalkylation.1 

. 
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Society urgently needs to cope with increasing energy demands, extensive pollution concerns and most importantly 

resource scarcity (water, food) already predicted for the years to come. In order to become a more sustainable 

society, scientists have to embrace such urgent challenges in the 21st Century, coming up with suitable alternatives 

for the betterment of humankind. Waste valorisation, going well beyond traditional waste management practises, 

has the potential to become an alternative for the harvesting of valuable compounds (chemicals, materials, fuels, 

energy carriers), generating wealth from biowaste, circumventing at the same time environmental hazards and 

concerns such waste feedstocks have inherently associated. 

 

This contribution is aimed to frame the waste-to-wealth concept as illustrated in a number of biowaste valorisation 

examples from sewage sludge to coffee waste grounds, slaughterhouse and construction waste as effective sources 

of valuable chemicals, biomaterials and biofuels. 
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The need to develop new solvents and materials with tailored properties to afford more sustainable and circular 

processes as prompt a large number of research in recent years. In particular, the establishment of Deep Eutectic 

Solvents (DES) as a new class of solvents was essentially grounded on naïve comparisons with Ionic Liquids (ILs), 

since the first DES were composed of solid at room temperature ionic liquids, such as choline chloride. The 

easiness of DESs preparation afforded the quick preparation and utilization of a massive number of solvents and 

their use in wide variety of applications with a minimal fundamental knowledge of their thermophysical properties 

and phase equilibria studies. As time went by, the understanding of DES nature lead to the thermodynamic 

definition of DES and consequently to its differentiation from other classes of solvents. 

 

This talk aims at dispelling some myths about DES and establish fair comparisons with other classes of solvents, 

such as ILs, eutectic solvents and volatile organic compounds (VOCs), so that clear and sound conclusions can be 

withdrawn. Several important parameters typically used to characterize solvents and that have been much used to 

justify DESs wide range of applications, such as vapor pressure, thermal stability, polarity, toxicity and water 

miscibility, were accessed for these different solvents and comparisons were established.  

 

Several examples will be used to illustrate the application of each one of these classes of solvents and to 

demonstrate that the specific properties of each solvent determine their role in advancing the sustainability of 

chemical processes. 

 

 

Acknowledgements  
This work was funded by national funds through FCT - Fundação para a Ciência e a Tecnologia - under 

the projects CQE (UIDB/00100/2020 and UIDP/00100/2020) and PTDC/EAM-AMB/2023/2021. 

 
 

 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

42 
 

Unlocking the potential of crustacean waste: solvent-free pathways to added-value 

materials 

 
Tony Jin,1 Juliana L. Vidal,1 Faezeh Hajiali,1 Tracy Liu,1 Edmond Lam,2 Audrey Moores1,3 

1Centre in Green Chemistry and Catalysis, Dept. of Chemistry, McGill University, 801 Sherbrooke St. West, Montréal, H3A 

0B8, Canada  
2Aquatic and Crop Resource Development Research Centre, National Research Council of Canada, 6100 Royalmount 

Avenue, Montreal, Quebec, H4P 2R2 Canada  
3Department of Materials Engineering, McGill University, 3610 University Street, Montreal, Quebec H3A 0C5, Canada 

*audrey.moores@mcgill.ca 

 

Chitin, the second most abundant biopolymer after cellulose, is present in the shell of crustaceans, in the cuticle 

of insect and even in some fungi.1 It can be converted into chitosan, a highly praised material with application as 

a fertilizer, water treatment flocculant, biomedical fibers and food additive. Yet today's technologies for chitin 

extraction and chitosan production rely on the use of corrosive treatments, high energy input and large quantities 

of by product effluents. Herein we are presenting our group's effort to tackle this question, through the use of 

solvent-free methods, and the road map we have established to access several exciting added-value polymers and 

nanomaterials. Mechanochemistry is becoming an established method for the sustainable, solid-phase synthesis of 

scores of nanomaterials and molecules, ranging from active pharmaceutical ingredients to materials for cleantech.2 

Beyond its ability to trigger reactivity through energy delivery to chemical systems, mechanochemistry is also a 

way to activate precursors and mix reagents that may react further in a subsequent aging phase.3 We showed that 

mechanochemistry and aging could be used effectively for the deacetylation of chitin using solid NaOH as 

reagent.4 This process yielded high molecular weight chitosan with minimal use of energy and solvent. Moving 

upstream, we have explored the extraction of chitin from crustacean shells, and demonstrated effective extraction 

of high quality chitin using milling with various solid acids.5 Chitin, like cellulose, is a crystalline material, 

granting access to nanocrystals via acid or oxidative partial hydrolysis.1 Classic methods being water and chemical 

intensive, we have developed a mechanochemical version, in which aging done under high humidity in a shaker 

was needed to afford high yields of excellent quality chitin nanocrystals.6 This method can be extended to cellulose 

nanocrystals synthesis. Finally, we have also extended the use of mechanochemistry to the fabrication of chitosan 

nanocrystals from chitin nanocrystals.7 We developed hydrogels from chitosan and chitin nanocrystals, with 

exceptional gelling properties and demonstrated their applicability for slow drug release. 

 
Figure 1.  Overall synthetic scheme for access to chitin and chitosan derivates from crustacean shells by mechanochemistry, 

as developed in the group.4, 5, 6, 7 
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Abstract text:  

This presentation will share how the UN Sustainable Development Goals (UN SDGs) and systems thinking were 

incorporated into an upper division green chemistry course and sustainable polymer laboratory experiments in 

order to build awareness and provide an appreciation for the vast opportunities a chemistry degree offers to 

contribute to a sustainable future. Early introduction of these topics provided a platform to use for discussion 

throughout the course curriculum. The lecture course begins with the U.S. environmental movement through the 

birth of green chemistry and sets the stage for how green chemistry and sustainable chemistry will be essential for 

attaining the UN Sustainable Development Goals. These concepts are then reinforced as a breadth of units are 

taught including green metrics, alternative reaction mechanisms, chemical toxicology, design for hazard reduction, 

and use of renewable feedstocks and green energy. The theme then transitions to more specific consumer products 

such as pharmaceuticals, sustainable polymers, nanomaterials, and dyes where life cycle thinking and systems 

thinking apply. Special emphasis is placed on the dire need to develop more environmentally friendly polymeric 

materials and recent advances made by the University of Minnesota NSF Center for Sustainable Polymers. A 

portfolio of experiments engaging students in modern advances in green polymers is shared. Guest lecturers from 

academia, government agencies, and industry provide real world context for students as they look ahead to the 

potential impact of their future careers for a sustainable future. 
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The increasing global CO2 levels has led to a massive thrust in research on both Carbon Capture and Storage (CCS) 

and Carbon Capture and Utilization (CCU). It has been posited that, in terms of volume, the contribution of CCU 

will be significantly less as compared to CCS for avoiding CO2 emissions and achieving the “2 degree scenario” 

(2DS) goals.  However, what cannot be denied is that the immediate economic potential of CCU far outweighs 

that of CCS especially considering the fact that large scale capital investment is required in case of the latter. 

 

While it is clear that CCS does need to be implemented in order to realistically achieve the 2DS goals, what is not 

commonly considered is that instead of approaching CCS and CCU as two separate methods of carbon mitigation, 

we should think of how CCU can, in fact, help address the problems faced for the implementation of CCS. With 

research intensifying on CCU, it is not impractical to think of an economic cycle where the profits gained from 

CCU can help to offset the costs of CCS if an integrated system of CCSU (Carbon Capture Storage and Utilization) 

is implemented. The reuse of stored CO2 can become beneficial if consumption of fossil fuels is greatly reduced 

over the next century and the stored CO2 becomes the chief feedstock for carbon-based chemicals.  

 

In this presentation, we will present several routes based on careful choice of catalytic components and reactor 

configuration to increase selectivity and productivity in the direct hydrogenation of CO2 to methanol, light olefins, 

aromatics and liquid fuels.  
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Biomass offers a sustainable source of carbon for synthesizing chemicals. In this context, a lot of progress at the 

level of the biorefinery to disentangle complex lignocellulosic biomass into various fractions has been made 

recently. Given the high mass content of carbohydrates in the biomass composition, focus of most traditional 

biorefineries is on isolating those and do useful (material) chemistry with it. However lately, use of lignin, instead 

of burning it, becomes a massive focus point in recent biomass research as a means to valorize as much as possible 

of the green carbon [1].  

 

New methods are becoming available and developed giving access to lignin fractions of various sorts. Chemical, 

structural and physical properties may be different, determining their usages in chemical application later on. A 

most progressed methodology relies on the lignin-first principle, in which fractionation of lignocellulose in the 

biorefinery relies on a specific lignin stabilization strategy, either as the polymer itself, or as stable lignin fragments 

if lignin depolymerization in the refinery conditions is allowed [2, 3]. These lignin-first fractionation strategies 

allow for selective fractionation and depolymerization of lignin into monomeric phenolics and oligomers [4, 5].  

A very successful approach in this aspect is the reductive catalytic fractionation, also called RCF. This lecture will 

show that the RCF lignin-derived chemicals can potentially be viewed as a new chemicals’ platform, originating 

from a green carbon source, to produce both drop in chemicals, e.g. by applying a chemical funneling concept [6, 

7], or to novel chemicals. Especially for the latter, safety of the phenolic chemicals will be highlighted, showing 

that phenolic alternatives derived from lignin are not only functional, for instance as structural core for additives 

(plasticizers, flame retardants) and polymers (epoxyresins, polycarbonates, PUR) and sustainable with respect to 

its green carbon content, but importantly they also are significantly less harmful as a chemical [8 - 11]. This safety 

aspect is currently underused and underexplored as a motivator in the carbon feedstock transition, despite its 

importance for the society and the environment. 
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In recent years, the synthesis of biobased polymers and additives from biomass has received great attention. This 

is because biomass is produced in abundance from plants every year through photosynthesis, using only CO2 and 

water. However, the chemical energy that is stored in biomass in the form of glucose or sugars, is lost during the 

annual cycle of seasons. Different pretreatments can be applied to convert glucose or other biomass ingredients to 

building blocks for polymer production or to extract additives for nanocomposite production. Aliphatic monomers, 

like lactic and succinic acid or diols like ethylene, propylene and butylene glycol are such high added value 

monomers that can be produced during solvolysis or hydrothermal pretreatment of biomass. They can be used for 

the synthesis of poly(lactic acid) (PLA), poly(butylene succinate) (PBSu) and other polymer and copolymers.   

 

PLA is a very promising biobased polymer, both because of its biodegradation and its physical characteristics that 

resemble those of synthetic plastics [1]. PBSu is also an important biobased polyester since it is produced from 

biobased succinic acid and butanediol by two stage melt polycondensation [2]. Both polyesters are thermoplastic 

materials, commercially available with completely different physical properties, since PLA can be taken 

completely amorphous while PBSu is a semicrystalline polyester due to its fast crystallisation rate. They are 

biodegradable polyesters under specific environmental conditions, fully recyclable and can be used in food 

packaging applications, single used items, agriculture, automotive, etc., replacing traditional non degradable 

polymers in many applications.   

 

To improve their properties, two different types of biobased additives i.e., lignin, in its neat, extracted form from 

biomass and in the form of nanolignin, and biochar were used as reinforcing agents. Two series of polymer-based 

composites were prepared by melt mixing, using lignin or nanolignin in contents 0.5, 1, 2.5% and 5 wt% in the 

PLA matrix. Additionally, PBSu nanocomposites with 1, 2.5% and 5 wt% of Miscanthus biochar (MSP 700) [3] 

were prepared by in situ polymerisation. All composites were characterised by FTIR and NMR spectroscopies, 

DSC and TGA thermal methods, XRD, mechanical properties and SEM.   

 

From the SEM micrographs it was found that in both polymers a fine dispersion of the additives was achieved, 

which affects the physical properties of the used polymers. In all cases, a reinforcing effect of additives was 

observed since tensile strength (Figure 1) and Young’s modulus increased by increasing additive content.  
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Figure 1. Tensile strength of PLA/lignin-nanolignin composites and b) PBSu/Biochar composites at different 

additive content. 
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5-Hydroxymethylfurfural (HMF) is an archetype of bio-based platform chemicals, molecules derived by biomass 

that are the focus of Biorefinery research field.[1] HMF can be easily prepared from D-fructose via acid-catalyzed 

triple dehydration. This synthesis was carried out in the presence of numerous catalysts such as mineral and Lewis 

acids, metal chlorides, metal oxides, heteropolyacids and ion-exchange resins to mention just a few. [2] Although 

all these catalysts lead to an efficient conversion of D-fructose into HMF, typical reaction drawbacks include harsh 

reaction conditions and difficult isolation of the target molecule from the reaction media. Furthermore, despite the 

large number of publications reported in the literature, only limited attention has been focused on the separation 

of HMF from the reaction mixture. As 

a result, most of syntheses leading to 

HMF and furanics are based on small 

scale reactions where separation and 

isolation strategies are rarely 

addressed.  

 

Figure 1. Furanics from biomass 

 

Our interest into furanics is related to 

their upgrading into a variety of value-

added derivatives, such as chemicals, 

materials, bio-based polymers and 

fuels. In this prospect it is pivotal to 

develop simple synthetic approaches 

addressing both isolation and 

purification of these compounds. In 

recent years we have investigated gram to multi-grams scale syntheses of HMF,[3] 5-bis(hydroxymethyl)furan 

(BHMF), 2,5-bis[(alkoxycarbonyl) oxymethyl]furan (BAMF),[4] 2,5-Bis[(alkoxycarbonyl)oxymethyl] furan 

(BCMF)[5], 2,5-furandicarboxylic acid dimethyl ester (FDME)[6] and more recently 5,5 '(oxy-bis(methylene)bis-

2-furfural (OBMF) and its derivatives. Most of the abovementioned compounds have been achieved employing 

commercially available catalysts, green solvents, mild reaction conditions and the products were isolated as pure 

via simple purification procedures. Furthermore, for specific examples green metrics and materials efficiency 

performance of the reported procedures have also been investigated taking into account E-factor and PMI green 

metrics.   
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As a major renewable and carbon-neutral resource, biomass attracts increasing attention due to fossil resource 

depletion and carbon emission concerns. Pyrolyzing biomass waste to produce biochar would reduce the 

environmental pollution and greenhouse gas emission compared to conventional combustion. By varying pyrolysis 

conditions and introducing active sites, the characteristics of biochar can be manipulated. Furthermore, biochar is 

a carbon-negative material compared to activated carbon [1], indicating its great potential as support of catalyst. 

Biomass valorization to chemicals is an important utilization of this renewable resource. This study reports the 

production of two value-added organic acids, i.e., gluconic acid (GOA) and glucuronic acid (GUA), from biomass 

waste-derived glucose via microwave-assisted catalytic oxidation. They are versatile in multiple fields, such as 

food and pharmaceuticals, biodegradable polymers, and construction materials [2]. Noble metal-based catalysts 

have been extensively investigated for glucose oxidation, where an unfavourable base addition is generally 

required to achieve ideal performance in a green chemistry sense. Herein, a series of novel wood waste-derived 

biochar-supported Cu-based catalysts were prepared by varying synthesis conditions (i.e., pyrolysis temperature 

of 600/800°C and purging with N2/CO2) for tuning CuOx species and functionality of biochar support. The catalytic 

performances and mechanisms were studied with a view to facilitate glucose conversion and improve product 

selectivity. The yield of GUA and GOA could reach up to 39.0% and 30.7% within 20 min at 160°C over the 

CuBC600N catalysts (shown as r1 in Figure 1b). By analyzing the microwave-catalyst interactions, the enhanced 

catalytic performance and reduced energy consumption (Figure 1a) are mainly attributed to a high percentage of 

active Cu2O species and abundant O-containing functional groups as well as the less π-π conjugated area of the 

biochar support. The synergistic effects of Cu/Cu2O sites (i.e., adsorption and catalysis) and the reaction pathways 

towards GUA were elucidated by density functional theory (DFT) calculation. In addition, it was found that the 

catalytic performance was still 70% higher than bare biochar catalysts in the third run of the reaction (Figure 1b), 

demonstrating the importance of the CuOx species stabilized on the biochar support for catalytic activity 

improvement. This study can provide valuable information for the rational design of carbon-negative and 

microwave-sensitive biochar catalysts for high-efficiency glucose oxidation.  
 

 
Figure 1.  (a) Energy consumption of Cu biochar catalytic systems during glucose oxidation reaction, and (b) Recyclability 

and stability of CuBC600N and CuBC600C: glucose conversion and GOA and GUA yield in 3 runs (control: reaction 

without catalyst; reaction conditions: 200 mg glucose, 50 mg biochar, and 1 equiv. H2O2 in 10 mL DI water; 160 °C, 20 min). 
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With the growing concerns of our society about climate change, a strong political impulsion has been given to the 

defossilization of our industry. In this context, the production of chemicals from biomass waste has become of 

particular interest. A very important part of the academic and industrial work, during the last 25 years, has focused 

on the transformation of biobased building blocks (monosaccharides, fatty acids, glycerol ...) to existing bulk 

chemicals. This approach has the advantage of not disrupting the downstream processes, but it is in conflict with 

the low cost of fossil-based processes, which often makes these biobased products economically uncompetitive 

for the end users. A more recent and original approach consists in taking advantage of the chemical functionality 

and diversity present in biomass to access biobased chemicals with new properties and thus improved 

performances as compared to existing fossil-based chemicals. Despite of interest, this promising approach requires 

chemists to revisit catalytic reactions. 

 

Biomass waste is mainly composed of sugars. In the context of chemicals manufacturing, the activation and 

conversion of sugars at low temperatures is mandatory. Indeed, at temperatures higher than 100°C, sugars are 

readily degraded in an uncontrolled way, thus lowering the selectivity and reactor productivity but also rapidly 

deactivating catalysts. Being able to convert (selectively) concentrated feed of biomass to a targeted chemical is a 

challenging and difficult scientific task that will be partly addressed in this lecture. 

 

First, we will focus on the synthesis of relevant renewable aromatics from bio-based furfural derivatives and cheap 

alkenes, through a Diels-Alder/aromatization sequence.1 The prediction and the control of the ortho : meta 

selectivity in the Diels-Alder step was achieved through a combined experimental-theoretical approach. In 

particular, we will show that the ortho : meta selectivity at the reaction equilibrium stems from a subtle interplay 

between charge interactions, favoring the ortho products, and steric interactions, favoring the meta isomers. 

 

In a second part, we will show that the massive electrification of our society now opens new rooms for the 

development of alternatives technologies, in particular to access biobased chemicals that are hardly obtainable 

with traditional routes. We will illustrate it through the synthesis of biosurfactants directly from recalcitrant 

cellulosic biomass.2 The proposed process, named mechanocatalysis and firstly introduced by Blair and Rinaldi, 

is based on a synergistic effect between an acid catalyst and mechanical forces. The impact of water and minerals 

present in biomass on the mechanocatalytic process efficiency will be discussed as well as a life cycle assessment 

to shed light on the contribution of this technology as compared to the current industrial process. Turning now to 

reactions in water, an essential solvent for biomass, we will highlight the contribution of ultrasound for the catalyst 

free biomass processing. We will show that high frequency ultrasound is capable of generating •OH radicals 

(homolytic dissociation of water inside cavitation bubbles), and thus to initiate chemical reactions at a nearly room 

temperature with sugars. Transposition of this technology for the activation and conversion of NH3 (future H2 

carrier) will be also discussed, particularly for the metal free hydrogenation of biobased alkenes in water.3 
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Utilizing solar energy and achieving artificial photosynthesis are vital process to building a sustainable society and 

an effective way to achieve the goal of carbon neutrality. This report presents our research progress in the 

construction of bias-free water splitting systems and the optimization of CO2 reduction systems. We have proposed 

a strategy to spatially decouple the light absorption site from the surface reaction site and developed a method to 

regulate the bending degree of the energy band, thus constructing an efficient charier transport channel to achieve 

efficient conversion of solar energy to hydrogen energy. In addition, we have combined theoretical calculations 

and in-situ spectroscopic techniques to clarify the relationship between active site structures and CO2 conversion 

pathways, leading to the development of a series of site-controlled construction methods. By introducing the basic 

roles of hydrodynamics into the design of reaction systems, we have elucidated the matching principle between 

solar energy and electrolyzer power. Through modulating the temperature, velocity and concentration fields in the 

CO2 reduction system, we have initially achieved the stable production of multi-carbon products under scaling-up 

conditions. 
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Polymeric materials, commonly known as plastics, are ubiquitous in our daily lives. They can be used in making 

simple household objects as food packages and on more sophisticated materials among biomedicine or electronics. 

Despite their exceptional properties (e.g., lightweight, durability, and versatility), they are predominantly 

synthesised from fossil resources, they are overused, and, moreover, they commonly have a non-circular fate after 

use, hence, raising severe pollution and climate changes issues [1]. In this context, Sousa team started a burgeoning 

surge for more sustainable approaches to polymers, both in terms of their origin [2–5] and fate via chemical 

recycling [6]. 

 

Figure 1.  PEF continuous circular recycling method by using a small amount of U : ZnAc2, as DES, and mild conditions to 

catalyse glycolysis (a) and polyesterification (b) reactions [6], reproduced by permission of The Royal Society of Chemistry. 

 

Noteworthy, the basilar work on poly(ethylene 2,5-furandicarboxylate) (PEF) by Sousa [7]  relies primarily in the 

renewable origin of PEF monomers, 2,5-furandicarboxylic acid (typically obtained from C5 or C6 sugars) and 

ethyleneglycol. To the best of our knowledge, Sousa team, disclosed for the first time the potential of urea : zinc 

acetate deep eutectic solvent (DES) to assist the continuous, eco-friendly and closed-loop approach for recycling 

PEF directly into its starting repolymerized polymer (rPEF), without the need of intermediate steps of isolation 

and purification of monomers and using mild conditions (Fig. 1). Further studies with (furanic) polyesters 

evidenced even more the suitability, greenness and straightforward of this continuous recycling approach. The 

whole-value chain of furans has attracted EU funding through the COST Action FUR4Sustain (CA18220). 
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Arguably, the last 10 years have represented the era in which biocatalysis has been best regarded as a tool to serve 

the needs of green processes. Endorsed by an ever-increasing number of biocatalytic processes applied in the 

industry, and the surge of innovative technologies for new or improved biocatalysts, there is an intense focus in 

the field to address less green or impractical processes. Although advancements in line with more sustainable 

biocatalytic processes have been significant in the last years, many challenges remain in the design and engineering 

of biotransformations for effective translational biotechnology sustainable solutions. Innovative tools and 

strategies to overcome biocatalysts limitations are key to enabling intensified processes with substantial 

improvements in terms of cost, environmental footprint, processing volume and overall safety of the process, 

compared to purely chemical alternatives.  

 

Crude glycerol is the main by-product of the biodiesel industry, generated in a 10:1 ratio. It is heavily 

contaminated, reaching maximum purity levels of 60-80%. Due to its large supply and low demand, crude glycerol 

has an inferior market value. In turn, obtaining pure glycerol from this residue for use in the chemical or food 

industries (> 99%) is very expensive. Moreover, due to market fluctuations, glycerol prices frequently drop 

dramatically, forcing companies to take extreme actions such as disposal via incineration generating contamination 

issues.  This presentation will summarize efforts made by our group to intensify the crude glycerol microbial 

biotransformation into dihydroxyacetone, glyceric acid and serinol, all valuable compounds obtained from this 

feedstock. Attention to many aspects of process improvement to increase productivity and stability of the 

biocatalysts has been addressed, including tools and strategies such as biocatalysts immobilization, media 

simplification, volume reduction and coupling of other biocatalysts for the implementation of biosynthetic 

cascades.  

 

Acknowledgements 

This work was funded by Agencia Nacional de Investigación e Innovación (ANII), Uruguay 

(POS_NAC_2019_1_158182, FMV_1_2021_1_167184), Programa de Desarrollo de Ciencia Básicas 

(PEDECIBA) and Universidad ORT Uruguay. 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

55 
 

Green Analytical Chemistry and Circularity: towards more sustainable processes, 

materials and outcomes 
 

Vânia G. Zuin Zeidler1-3 (Prof. Dr. Dr.) 
1 Institute of Sustainable Chemistry, Leuphana University Lüneburg, Universitätsallee 1, 21335, Lüneburg, Germany. 

2 Green Chemistry Centre of Excellence, University of York, Heslington, York, YO10 5DD, UK. 
3 Department of Chemistry, Federal University of São Carlos, Rod. Washington Luís (SP-310), Km 235, 13565-905,  

São Carlos, SP, Brazil. 

*vania.zuin@leuphana.de 

 

Green analytical chemistry can be understood as the design and use of analytical methods that provide qualitative 

and quantitative chemical information in a safe socio-environmental manner, with adequate accuracy and precision 

to prevent, identify and solve problems in complex contexts or systems (for instance, of environmental, medical, 

pharmaceutical or agro-industrial origin) [1]. Sample preparation has been identified as one of the main steps 

negatively impacting both the analytical performance and greenness of the methods, which usually entails using 

renewable resources, eliminating or reducing chemicals, minimising energy consumption, as well as analytical 

waste. Currently, the generation of more sustainable processes and materials – including analytical information – 

requires that green analytical chemistry should be adapted to the circular economy. Thus, aiming at discussing 

what can and should be circulated and what can and should not be from a chemical point of view [2,3], some 

selected cases based on greener and more sustainable methods to obtain bioactive organic compounds from agro-

industrial waste will be presented, emphasising the fundamental role of sustainable separation.  
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The green chemistry principles [1] envisage the design of substances and production processes that are benign for 

human health and the environment, where ‘benign’ refers to the entire life of a substance, from production through 

usage and to final disposal. The design of new substances entails the design of new molecules, and the design of 

more benign processes may entail the design of other substances (besides reactants and products) facilitating the 

process’ ‘greenness’, from catalysts to green solvents. Computational chemistry is the area of chemistry that has 

made molecular design rational by being able to predict the properties of not-yet-synthesized molecules, what 

enables the selection of the promising ones for synthesis and experimental testing, with enormous cost-savings. 

Synergies between the two areas would appear a natural outcome. On the other hand, their extent remains below 

their actual potentialities. The presentation proposes to underline the variety of possible synergies and the benefits 

of each of them, within a perspective considering that ‘knowing about each other’ is the main key to make new 

interchanges possible. It is also considered that it is important to pursue the ‘knowing about each other’ objective 

both at the educational level, in the preparation of chemistry experts, and at the professional level, to facilitate the 

recognition of the synergies that can be useful for specific purposes.  

 

The presentation integrates information from extensive literature review, interactions with specialists in both areas, 

and the presenter’s direct experience with computational chemistry, green chemistry education, and attempts to 

explore synergies’ themes and routes [2]. It highlights the importance of fostering cross-disciplinary attitudes at 

education level and facilitating them within chemistry practices. Already-tested and new potential educational 

approaches are outlined. The consideration of research-and-practice concrete cases includes examples of themes 

that are currently focuses of great attention in each of the two areas (e.g., the interest in the action of catalysts) and 

outlines the advantages that can derive from interchanges of information about needs, approaches and results. The 

possible roles of typical computational chemistry focuses (such as the study of interactions between molecules, 

and several others) within green chemistry research are also explored. 

 

Overall, the presentation aims at furthering cross-area interchanges by enlarging the scope for knowing what to 

“talk to each other” about.  This objective is pursued through the selection of expectedly-interesting information 

and through the ways in which it is presented (which, among other features, do not assume any prior computational 

chemistry knowledge). The content considers the molecular design requirements directly associated with each of 

the green chemistry principles, as well as those associated with their implications, both for the production stage 

and for predictions of significant aspects concerning the useful life of produced substances and their ultimate fate.   

 

The expected take-home messages comprise: increased awareness of the importance and benefits of synergies 

between the two areas; increased acquaintance with approaches to foster students’ familiarization with the possible 

synergies (including the confidence inherently deriving from the consideration of concrete illustrative examples); 

and sufficient information to serve as background reference in the identification of the cross-area themes that could 

be more constructive for each individual ongoing or planned research.  
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The introduction of novel reactivities and new platforms of activation is the ultimate goal in Organic Synthesis. 

During the last years, Chemistry is continuously seeking new ways to embrace the principles of Green and 

Sustainable Chemistry. Photochemistry, the use of light to promote organic transformations, is a concept that 

provides access to alternative activation modes, compared to polar chemistry, and is fully in line with Green 

Chemistry. In recent years, photoredox catalysis has become a powerful strategy for the activation of small 

molecules. Photoorganocatalysis, the use of small organic molecules as photocatalysts, is a low-cost and 

environmentally friendly alternative, which further increases the sustainability options of photochemistry. 

 

Very recently, our group introduced in literature a photochemical protocol that is easy to operate employing cheap 

household lamps as the source of irradiation and phenylglyoxylic acid as the photoinitiator. Along these lines, very 

recently, we introduced a sustainable and photochemical protocol for the hydroacylation reaction of unactivated 

olefins,[1] the C-H functionalization of heterocycles [2-4] and the synthesis of disulfides from sulfides.[5] 
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Selective cleavage of recalcitrant C−C linkages in lignin, the largest aromatic feedstock in nature, represents a 

highly attractive but challenging approach to providing added-value aromatics. Photocatalysis can generate 

reactive intermediates under mild conditions, and thus is a potential tool for lignin C−C bond cleavage. Here, we 

demonstrate an effective photocatalytic system based on Z-scheme nanocomposite that can break C−C bonds in 

lignin model compounds at room temperature under simulated solar light irradiation. Our mechanistic study has 

shown that the primary pathway for C−C bond cleavage involves an electron-hole coupled photoredox process. 

The construction of the Z-scheme heterojunction structure endows the catalyst with strong reduction and oxidation 

capability, which is key for the electron-hole coupled C−C bond cleavage. 

1. Introduction 

Lignin is a major component of lignocellulosic biomass and a natural aromatic biopolymer, and thus, it is the most 

abundant source of renewable aromatics.1 Through selective breakage of lignin C−O, C−C bonds, added-value 

aromatic compounds can be obtained.1,2 Great efforts have been devoted to the study of lignin C−O bond cleavage 

in past decades and considerable success has been achieved.1-3 In contrast, only a few research progress has been 

made in the selective cleavage of lignin C−C bonds. The cleavage of recalcitrant C−C bonds remains one of the 

key challenges for the valorization of lignin. Current studies on lignin C−C bond cleavage are mainly focused on 

thermocatalysis under relatively severe reaction conditions.4 The conventional methods not only limit the activity 

but also lead to low product selectivity. Moreover, additional additives such as expensive oxidants or bases are 

needed in most cases.4 Photocatalysis, which utilizes solar energy to drive chemical reactions as nature does for 

photosynthesis, is a promising method to challenge highly difficult reactions by conventional thermocatalytic 

approaches.5,6 However, as a newly emerging and challenging topic, only a few reports have succeeded in breaking 

lignin C−C bonds by photocatalysis. Moreover, the current understanding of the reaction mechanisms and the 

knowledge about the photocatalyst structure-performance relation are very limited. It would be highly desirable to 

develop efficient photocatalytic systems and systematically investigate the key to effective catalysts for the 

cleavage of lignin C−C bonds. 

2. Results and discussion 

We examined photocatalytic performances of some typical semiconductors including BiVO4, Cu2O, CeO2, BiOCl, 

BiOI, CdS, and PCN for the conversion of 1,2-diphenylethanol (DPol), a lignin β-1 model compound, at room 

temperature. Limited activities with conversion lower than 5% were observed for most catalysts. Interingtly, PCN 

is very unique in catalyzing the cleavage of the Cα−Cβ bond in DPol, benzaldehyde is the major product with a 

high selectivity of 68% and yield of 15% after 6 hours under simulated solar light irradiation. To increase the 

photocatalytic performance of PCN, we have synthesized a series of Ag3PO4−PCN heterojunction 

nanocomposites. Among these nanocomposites, 40Ag3PO4−60PCN (40wt% Ag3PO4−60wt% PCN) showed the 

highest benzaldehyde yield, reaching 86%, which was about 5.7 times higher than that of PCN. 40Ag3PO4−60PCN 

nanocomposites were powerful catalysts for photocatalytic cleavage of lignin Cα−Cβ bonds. Aromatic aldehydes 

with high yield 

s of 66%-95% were obtained from the conversion of various β-1 lignin model compounds (Table 1). 

Characterizations of the catalysts led to structural details of the Z-scheme within Ag3PO4−PCN composites. 

Control experiments with different atmospheres, i.e., O2 and N2, and additives, i.e., Na2C2O4  as a hole scavenger, 

NaIO3 as an electron scavenger, i-PrOH as a hydroxyl radical scavenger, and BQ (p-benzoquinone) as a superoxide 

radical scavenger, were performed (Figure 2a). These control experiments have revealed three reaction pathways 

for the conversion of DPol (Figure 2b). The relation between the energy band structure and the reaction 

mechanisms was studied and clarified. The primary pathway involves an electron-hole coupled photoredox process 

(Figure 2b, pathway III), which requires both holes and electrons with strong oxidation and reduction ability, 

respectively. The Z-scheme structure allows the Ag3PO4−PCN catalyst to have strong redox capacity and this is 

essential to the electron-hole coupled C−C bond cleavage.  
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Table 1. Products from photocatalytic conversions of β-1 

lignin models. 

 

Substrate t (h) Conv. 

(%) 

Yield (%) 

 

6 99 

 

(93) 

 

(93) 

 

6 99 

 

(70) 

 

(81) 

 

6 99 

 

 

(76) 

 

 

(76) 

 

6 99 

 

(82) 

 

(82) 

 

10 97 

 

(95) 

 

(80) 

 

10 99 

 

(72) 

 

(78) 

 

12 98 

 

(66) 

 

(66) 
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Proposed reaction pathways. 
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When a liquid is subjected to an ultrasonic irradiation at a high frequency, cavitation bubbles are formed. Inside 

the cavitation bubbles, extreme conditions of temperature and pressure are reached. As a result, gaseous molecules 

diffusing inside cavitation bubbles are instantaneously pyrolysed, leading to the formation of radicals. At the 

bubble collapse time, these radicals are propelled into the solution where they can be recombined or react with 

other compounds in the solution to initiate chemical reactions. 

 

In a previous work, we demonstrated the possibility to use high frequency ultrasound for the activation of ammonia 

and its subsequent conversion to hydrazine.[1] Here, we extended this concept for the reduction of alkenes, which 

is usually performed by hydrogenation with gaseous hydrogen in the presence of a catalytic amount of transition 

metal catalyst. We demonstrated that under high frequency ultrasound, it is possible to use ammonia as a source 

of hydrogen for the reduction of olefins in water, through the formation of diimide N2H2. 

 

A typical experiment was performed using a 5 wt% aqueous solution of ammonia containing a non-activated 

alkene (1-octene for model reactions) supported on activated charcoal. The solution was subjected to an ultrasonic 

irradiation at 525 kHz in a high frequency ultrasound reactor. The solution was maintained at 30 °C. The reduction 

of 1-octene to n-octane was monitored by GC-FID. Under these conditions, the hydrogenation reaction occurred, 

and n-octane was formed in 52% yield after 6 hours of sonication. The n-octane yield was increased up to 87% 

after 28 hours of reaction. (Figure 1) In the same system but with gaseous H2 bubbled in water instead of an 

ammonia solution, less than 5% of 1-octene was reduced. This is partly due to the low solubility of hydrogen in 

water, which makes it less available for the hydrogenation reaction. This demonstrates that ammonia can be used 

as a hydrogen source for an efficient hydrogenation of alkenes in these conditions.  

 

  
Figure 1.  Kinetics of 1-octene reduction with ammonia 

 

To maximize the yield of the hydrogenation reaction in this system, the influence of different parameters was 

studied: the amount of ammonia, the charge of the alkene on the activated charcoal and the amount of activated 

charcoal.  

 

Then, the mechanism of the reaction was investigated. Two pathways are possible for the reduction of alkenes 

from ammonia under high frequency ultrasound:   

1) according to our previous work, hydrazine N2H4 is formed when aqueous ammonia is submitted to high 

frequency ultrasound, then hydrazine can be oxidized to diimide N2H2 with molecular oxygen from air, and the 

formed diimide reduces the double bond and releases nitrogen;   

2) the pyrolysis of ammonia inside the cavitation bubbles generates the formation of NH radicals, whose presence 

was confirmed by sonoluminescence analysis[2]. Then, NH radicals recombine directly to diimide which reduces 

the alkene. The second pathway was determined as the main mechanism. Indeed, when the reaction is performed 

under argon atmosphere, the hydrogenation of 1-octene occurs at the same rate, which indicates that no oxygen is 

needed to perform the reaction, and the oxidation of hydrazine to diimide is less likely to occur.  

 

In this system, in the presence of activated charcoal as a support for olefins, the phenomenon of heterogeneous 

cavitation takes place: the cavitation bubbles produced under high frequency ultrasound are formed at the surface 

of the charcoal particles, grow and implode on the particles, propelling the radicals on the surface. NH radicals 

formed from the pyrolysis of ammonia in the cavitation bubbles recombine to form diimide N2H2 which reduces 

the alkene on the surface of the activated charcoal particles. (Figure 2) 
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Figure 2.  Proposed mechanism for 1-octene reduction with ammonia under high frequency ultrasound 

 

This reduction of olefin using ammonia under high frequency ultrasound was extended to other unsaturated 

compounds to study the scope of the reaction. Interestingly, other primary or secondary alkenes and alkyne were 

also successfully reduced in this system. 

 

The technology of high frequency ultrasound is of great interest for the reduction of olefins in water using 

ammonia, which is more difficult with molecular hydrogen due to its low solubility in aqueous solutions. It is 

possible thanks to the phenomenon of acoustic cavitation which enables the formation of a diimide that enables 

the hydrogenation of double or triple C-C bonds with nitrogen as only coproduct.  
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Polyoxometalates (POMs) are anionic metal-oxo clusters of nanometric size, consist of condensed 

polyhedral transition metal-oxo (mainly V, Mo and W) units and often contain a heteroatom-oxo (e.g. B, 

Si, P, etc.) unit.[1] POMs are well-known catalysts in diverse processes, such as acid-catalysis and 

multifunctional catalysis up to photocatalysis, cf. scheme 1.[2,3] Due to its low energy cost and simplicity, 

especially photocatalysis has gained high attention recently.[4]  

  

Excitation of oxidized POMs is achieved with light between 200-500 nm, producing POMs in an excited state.[5] 

The excited POM can initiate the oxidation of a substrate (Substrate1red to Substrate1ox,) by being reduced. This 

reduced species may catalyze a reduction reaction (Substrate2ox to Substrate2red), while the POM is re-oxidized 

closing the catalytic cycle.[6] A major drawback of such catalytic cycles is usually, that (re-)generation of the 

desired active catalyst species is achieved by a sacrificial reaction, e.g. generation of reduced POM species by 

oxidation of 2-propanol or reoxidation of the POM with O2/H2O2. This sacrificial procedure leads to complex 

mixtures in solution, i.e. catalyst, starting material, product, 2-propanol/acetone, H2O2 and produces a large 

quantity of side-products. 

 

Another remarkable property of low charge-density POMs, such as the α-PW12O403- (PW), is their strong 

association with (hydrated) polymers,[7] macrocyclic guest-molecules[8] and non-ionic surfactants[9,10] in 

aqueous solution. This binding phenomenon - called the (super-)chaotropic effect - was explained to arise from 

the partial dehydration of both, the POM and the interacting molecule.[11,12] Interestingly, PW turned out to be 

on the border between superchaotropic and hydrophobic anions.[13] Indeed, it was proposed that PW mainly 

distributes in the hydrophobic pseudo-phase of bicontinuous microemulsions.[14] This latter hydrophobic 

character of PW manifests in its self-assembling property in pure water, analogously to surfactants.[15,16]  

 

We exploit here the photocatalytic property of PW to change its total charge, consequently its charge density and 

therefore its distribution in a biphasic water-hydrophobic alcohol (liquid-liquid) system. For this purpose, we 

monitored the distribution of POM with inductively coupled plasma-optical emission spectroscopy (ICP-OES) and 

followed the oxidation state of PW oxidation by 31P-nuclear magnetic resonance (31P-NMR). Reactions were 

followed by common analytical methods, such as ultraviolet-visible (UV-VIS) spectroscopy and 1H-NMR. 

 

Figure 1a shows the distribution coefficient, log(KD) of POMs, log(𝐾𝐷
𝑃𝑂𝑀) = log(

𝑐(𝑃𝑂𝑀)𝑜𝑟𝑔.

𝑐(𝑃𝑂𝑀)𝑎𝑞.
), as a function of the 

initial PW/SiW (in their acidic forms (H3PW12O40, HPW and H4SiW12O40, HSiW)) concentration, c0, in the 

aqueous phase. The log(𝐾𝐷
𝑃𝑂𝑀) is presented in a logarithmic scale, and therefore a negative log(𝐾𝐷

𝑃𝑂𝑀) indicates 

the preferred distribution in the aqueous phase (below dark dashed line), while a positive log(𝐾𝐷
𝑃𝑂𝑀) refers to the 

preferred distribution in the organic phase, here 1-Octanol (above dark dashed line). For c0(HPW) ≥ 5 mmol L-1, 

HPW (threefold negatively charged POM) distributes mostly to the organic 1-Octanol phase, whereas HSiW 

(fourfold negatively charged POM) remains in the aqueous phase regardless of its concentration. The effect of 

UV-illumination (365 nm) on the distribution coefficient of HPW is shown in Fig. 1b for c0(HPW) = 10 mmol L-

1 with 1-Octanol as organic phase. Here, PW is reduced from PW12O403- to PW12O404-, while 1-Octanol is 

Scheme 1. Photocatalytic cycle of an α-Keggin POM. By irradiating, the oxidized POM species is excited. This excited species 

catalyses an oxidation reaction, while being reduced. The reduced species catalyses a reduction consecutively, while the POM 

itself is re-oxidized, which closes the catalytic cycle.
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oxidized as a counter reaction. In the starting system (t = 0 h) PW distributes mostly in the 1-OctOH phase 

(log(𝐾𝐷
𝑃𝑊)= 0.67, see Fig. 1a). After a period of 4 h, showing a constant log(𝐾𝐷

𝑃𝑊), log(𝐾𝐷
𝑃𝑊) decreases almost 

linearly down to -1.6 within 40 h. Therefore, PW is nearly fully transferred to the aqueous phase upon UV-

illumination, driven by its transition from PW12O403- to PW12O404-, as confirmed by 31P-NMR. Now, we have 

a system that enables to separate oxidizing (PW12O403- in the organic phase) and reducing (PW12O404- in the 

aqueous phase) environments with only one catalyst. We can use this system to exemplify our {2-phases 2-

reactions 1-catalyst} concept with different standard chemical reactions, such as the coupled oxidative degradation 

of dyes (organic phase) and reductive metal recovery (aqueous phase), which is schematically presented in Fig. 1c. 

Further useful coupled reactions are investigated within this study, such as classical oxidation of organic 

compounds (e.g. alcohol to aldehyde) and UV-light controlled metal-organic complexation reactions.  

 

The {2-phases 2-reactions 1-catalyst} concept can be extended to diverse catalysts, while its challenge lies in the 

rational choice of a pair of solvents, which are immiscible and allow to separate to active forms of a catalyst. The 

main advantages of the concept are the (i) self-regeneration of the catalyst, (ii) economy of one reactor and (iii) 

economy of the non-sustainable production of large amounts of side-products. 
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Figure 2. (a) Distribution of H3PW12O40 (HPW) and H4SiW12O40 (HSiW) between water and an 1-Octanol as an organic phase. 

(b) shows the evolution of 10 mmol L-1 HPW distribution in water/1-OctOH as a function of UV illumination (λ = 365 nm). 

Reoxidation of the reduced POM species is prohibited by excludingoxygen from the system. (c) Schematic representation of the 

{2-phases 2-reactions 1-catalyst} concept. Two different reactions, i.e. oxidation (dye degradation) and reduction (metal 

recovery), can be separated in two different phases. Both reactions are catalysed only by one catalyst which cycles between 

the two phases depending on its oxidation state. The concept can be applied to a vast number of reactions and catalysts.
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In 1972 Kaplan et al, reported a pioneer study in photochemical transformation of N-methylpyridinium chlorides 

to 6-methylazabicyclo[3.1.0]hex-3-en-2-ols (bicyclic aziridine).[1] In 2016, we described the photoreaction of 

several pyridinium salts 1 into the corresponding bicyclic aziridines 2 under batch conditions with low 

productivity. SN2 ring opening reaction of 2 in water with heteroatom-based nucleophiles allowed the synthesis of 

new trans, trans-aminocyclopentenes (Scheme 1-A).[2] This powerful photocyclization, stereo and regioselective 

SN2 aziridine ring opening sequence, was applied to the total synthesis of several natural and non-natural products, 

like (+)-mannostatin A and (+)-castanospermine.[3] Here will be presented the application of flow on 

photoreaction of N-butyl pyridinium salt 4 (Scheme 1-B) allowing to solve the scalability problem of this 

rearrangement and consequently producing bicyclic aziridine 5 on a gram scale.[4] Furthermore, palladium-

catalyzed ring opening of bicyclic aziridine 5 with active methylenes (Scheme 1-B) presented a new selectivity 

due to 3-allylpalladium complex formation and nucleophile addition anti to the allylic oxy group 6, resulting in a 

new aminocyclopentenes 7.[5] 

 

  

Scheme 1: A) Photoreaction of pyridinium salt followed by classical SN2 aziridine ring opening reaction. B) Photoflow of 

pyridinium salts and palladium catalyzed aziridine ring opening reaction. 
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Introduction 

Although researchers have studied  photocatalytic water-splitting extensively, the present methods are not efficient 

due to slow kinetics,  high overpotential and poor stability of the photoelectrodes [1] , they are also  expensive as 

they use noble metals [2] which are rare and expensive and in some instances the yield is not sustainable. This study 

seeks to develop an efficient photoelectrode that incorporates chiral metal organic frameworks (MOF) as 

electrocatalysts for improved hydrogen production from water splitting. Chirality was induced in the Metal organic 

framework, MIL-53(Fe) using (R-) Camphor Sulphonic Acid and (S+)Camphor Sulphonic Acid. Electrocatalytic 

water splitting using Linear Sweep Voltammetry yielded a reduction in the onset potential for hydrogen evolution 

from 1.9 V for bare titanium dioxide to 1.35 V  and 1.43V for the MIL-53(Fe) functionalized with R(-) Camphor 

Sulphonic acid and S (+) Camphor Sulphonic acid, respectively. 

 

Experimental 

Metal organic frameworks were synthesized according to the method reported by Liu [3] with terephthalic acid as 

a linker and Fe as the metal coordinating centre. Chirality was introduced during synthesis by substituting a portion 

of the terephthalic acid with the chiral linker during one pot synthesis of the chiral MOFs. The functional groups 

present in the MIL-53 were confirmed using FTIR analysis. The FTIR characterizations were carried out using a 

Thermo Scientific Nicolet 6700 FTIR machine. The analysis was done from 4000 cm-1 to 400 cm-1 on samples 

prepared by the KBr method.  The phase analysis was carried out using a Brucker D2 phaser XRD machine, which 

uses a copper tube with 1.5418 Angstroms as the X-ray source..  The scan mode was continuous PSD fast with 

scan type two theta/theta with detector Lynxeye XET. The scan step was 0.5 second with 3948 steps and the total 

time was 2180 seconds. Powdered samples were placed on a zero background sample holder and scanned from 4 

to 60, 2 theta positions.  

 

The electrochemical measurements were performed using a CH Instruments, electrochemical analyser Model 

608E. Water splitting was performed using TiO2 nano particulate films deposited on fluorine-doped tin oxide, FTO 

coated glass, using the electrophoretic deposition (EPD) technique. Chiral electrodes were fabricated by 

functionalizing 0.1mM slurry solutions on TiO2 coated FTO substrates. Linear Sweep voltammetry was conducted 

from 0 to 2.5V using a scan rate of 0.01Vs-1 in 0.1M Sodium Sulphate. All PEC measurements were carried out in 

a 3 electrode system using the Ag/AgCl reference electrode and a platinum counter electrode. 

 

     
 
Figure 1. (a) FTIR Spectra of MIL53, MIL- 53-R(-) Camphor sulphonic Acid, MIL-53- S(+) Camphor Sulphonic Acid 

 

 (b) XRD Spectra of MIL53,MIL- 53R(-) Camphor sulphonic Acid, MIL-53-S(+) Camphor Sulphonic Acid 

  

In the FTIR spectra, bands were noted at 549cm-1 which can be attributed to the successful formation of the Fe-O 

bond. The band at 749cm-1 can be attributed to the aromatic ring stretching, an indication that the terephthalic acid 

and ferric chloride had successfully reacted to give MIL-53(Fe). The bands at 1515 cm-1 and at 1659 cm-1 are due 

to the asymmetric stretching of the COO bond, while the band around 3200 cm-1 is due to the OH molecules 

adsorbed on the MIL-53(Fe) surface. 
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In the XRD pattern of the synthesized MIL-53(Fe) (Fig. 1b), the diffraction lines appeared at 2θ of 10, 12.7, 16, 

17.5, 25.5, were identical to those reported for standard MIL-53(Fe) [4], indicating that the MIL-53 (Fe) was 

successfully synthesized. 

 
 
Figure 2. Linear Sweep Voltammogram showing the onset of Hydrogen production 

 

From Linear Sweep Voltammetry, the voltage for the onset potential for hydrogen production was observed to be 

1.9 V for bare TiO2, 1.35 V  and 1.43 V for the MIL-53(Fe) functionalized with R(-) Camphor Sulphonic acid and 

S (+) Camphor Sulphonic acid, respectively. The marked reduction in the voltage at which there was an onset of 

hydrogen production, can be attributed to the presence of the chiral molecules which controlled the spin of the 

transmitted electrons, thereby minimising the formation of by-products such  as hydrogen peroxide. 

 

We have successfully synthesized chiral MOFs and demonstrated that their use in water splitting greatly reduces 

the over-potential required for the onset of hydrogen.  
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Introduction  
Over the past 30 years, the batch-based synthesis of chemical compounds has been intensively pursued with many 

synthetic methodologies and routes being developed, however the synthetic technologies with the capability of 

scale-up for industrial application in the preparation of important chemical compounds are often not well 

established. Aspects such as industrial application feasibility, their cost and/or environmental impact are often 

neglected although they are key issues for industrial scale-up. Continuous flow processing is one kind of synthesis 

technique that has been reported to enable direct scale-up of reaction processes from lab to plant scale with multi-

kilogram quantities of products generated in high throughput [1]. As such, this study is aimed at developing a 

scalable continuous flow lab-process for the synthesis of BAY 43-9006, a Raf kinase inhibitor used in the treatment 

of renal cell carcinoma, hepatocellular carcinoma and thyroid cancer [2-4]. Herein, we detail our strategy towards 

achieving the aforementioned.  

Experimental 
Unless otherwise mentioned, all reagents and solvents were obtained commercially and used without further 

purification. To attain compound 2 (Scheme 1), 2-picolinic acid was subjected to acylation and ring chlorination 

conditions following a protocol reported by Bankston et al. [5] The formed acid chloride was subsequently 

hydrolyzed, purified and thereafter characterized using 1H NMR. KF-Alumina was prepared by a simple 

impregnation method reported by Yamawaki et al. [6] 

Scheme 1. Synthetic route towards BAY 43-9006 

 
All reaction steps shown in Scheme 1 above were performed in batch mode prior to being translated into 

continuous flow systems, which included PTFE tubular reactors, a packed bed reactor and Chemtrix® glass chip 

reactors for the amidation, etherification and urea formation reactions respectively. Synthetic standards obtained 

from the batch syntheses were characterized by NMR and FTIR. Additionally, relevant reaction parameters such 

as temperature, residence time and mole equivalents of reacting species were screened and optimized in continuous 

flow systems and offline HPLC was used for reaction monitoring. The amidation of carboxylic acid 2  with 

methylamine was achieved via carbodiimide coupling in the presence of HOBt as an additive in tubular flow 

reactors (Total volume: 0.44 mL). Etherification of amide 3 with phenol 4 was extensively investigated under 

microwave conditions using the Monowave® bench-top microwave, after which the synthesis was translated to 

column flow reactor system. The last step comprising the synthesis of urea 1 was investigated using Chemtrix® 

glass chip reactors (Total volume: 20 µL). In all the three flow systems used in this study, Chemyx Fusion 2000 

syringe pumps were used to deliver reagents that were preloaded into luer lock glass syringes.  

Results and Discussion 
A carbodiimide amidation of carboxylic acid 2 was successfully carried out in PTFE tubular flow reactor system 

without any occurrence of blockages. An investigation of reaction parameters showed 60 °C as the optimum 

reaction temperature for the synthesis of amide 3 from which 96% yield of 3 was achieved. Ether 5 was thereafter 

generated from amide 3 and phenol 4 in the presence of a solid supported base (KF-Alumina) and a phase transfer 

catalyst. The reaction was investigated in batch mode under conventional and microwave heating to ascertain its 

feasibility. An excellent yield of 98% was attained from the batch microwave synthesis of ether 5 in 40 minutes 

using tetrabutylphosphonium bromide as a PTC catalyst. Despite the fact that microwave heating is superior to 

conventional heating, it was not a scalable approach for this reaction step. We thus attempted to translate these 

optimum conditions to a flow system comprising of a column packed bed flow reactor where on only 70% yield 
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was attained in 30 minutes. We noted there was a problem of mass transfer and the KF support instead acted like 

a chromatography purification column because the product was retained on the Alumina. As such, we are currently 

looking into different supports that can enable the efficient flow synthesis of ether 5. Finally, Raf kinase inhibitor 

BAY 43-9006 1 was synthesized from ether derivative 5 and isocyanate 6.  At 40 °C, 80% yield of urea 1 was 

attained in 6.34 minutes. The developed modular flow syntheses thus far have the capability of generating urea 1 

in a total synthesis time of less than an hour and with good atom economy. 

Table 1. A summary of the batch and flow conditions in the synthesis of BAY 43-9006 
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Reaction Step Batch Conditions Flow conditions

Amidation Conventional round bottomed flask Home-made PTFE tubular reactors

1 eq DIC, 1 eq amine , 1 eq carboxylic acid and 1.2 eq HOBt 1 eq EDC, 1 eq amine, 1 eq carboxylic acid and 0.7 eq HOBt

Reaction temperature: Room temperature Reaction temperature: 60 °C

Reaction time: 80 minutes, solvent: THF:DMF Residence time: 4 minutes, solvent: MeCN:DMF

Yield: 69% Yield: 96%

Etherification Conventional heating (oil bath) Column packed bed flow reactor

0.44 g  of 40% KF-Alumina, 1.5 eq phenol, 0.5 eq PTC and 1 eq amide

Reaction temperature: 120 °C

Reaction time: 24 hours, Solvent: MeCN

Yield: >90%

Microwave heating (Monowave®) 0.22 g  of 40% KF-Alumina, 1.5 eq phenol, 1 eq PTC and 1 eq amide

0.22 g  of 40% KF-Alumina, 1.5 eq Phenol, 1 eq PTC and 1 eq amide Reaction temperature: 150 °C

Reaction temperature: 150 °C Reaction time: 30 minutes, solvent: Acetonitrile

Reaction time: 40 minutes, solvent: MeCN Yield: 70%

Stirring rate: 1200 rpm

Yield: 98%

0.33 g  of 30% KF-Alumina, 1.2 eq Phenol, 0.1 eq PTC and 1 eq amide

Reaction temperature: 190 °C

Reaction time: 40 minutes, solvent: MeCN

Stirring rate: 1200 rpm

Yield: 98%

Urea Formation Conventional round bottomed flask Chemtrix glass chip reactors

1.1 eq isocyanate and 1eq ether 1.1 eq isocyanate and 1 eq ether

Reaction temperature: Room temperature Reaction temperature: 40 °C

Reaction time: 16 hours, Solvent: Dichloromethane Reaction time: 6.34 minutes, Solvent: MeCN

Yield: 80% Yield: 80%
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Abstract:  

Today, the production of high energy density fuels and lubricant oils are heavily dependent on hydrocarbons from 

fossil sources, yet their replacement for cleaner alternatives are challenging and hydrocarbons are the ideal 

compounds to be used in such applications.[1] Terpenes are good candidates as feedstock because of their high 

abundance in nature and due to their possible syntheses by metabolically engineered microorganisms.[2] We 

addressed the need of more sustainable routes to fuels and lubricant oils by developing light induced routes, using 

hydrocarbons obtained from renewable sources and converting them into drop-in oil surrogates through 

photosensitized dimerization reactions (Figure 1). 

 

 
Figure 1.  Light-induced production of fuels and lubricant oils from conjugated dienes obtained from renewable sources (e.g., 

cyanobacteria, industrial waste and rapid-growth forests). NHOC: net heat of combustion (important property of fuels). 

KV40: kinematic viscosity at 40 °C (important property of lubricant oils). 

 

The early work on the dimerization of conjugated dienes by Hammond et al. [3] has inspired our group to develop 

a route to jet fuel via the photosensitized dimerization of isoprene produced by photosynthetic microorganisms 

[4]. Herein, we expand the solvent free route to triplet photosensitized dimerization of monoterpenes and 

sesquiterpenes. Under irradiation at 365 nm, higher conversions in shorter times than previously reported were 

found (e.g. 96.1 wt.%, 12 h, for α-phellandrene dimerization). Remarkable results were obtained using simulated 

and natural sunlight (90.8 wt.% and 46.6 wt.%, respectively). Reasons for the lower reactivities of some 

monoterpenes were addressed and followed by a cross-dimerization strategy carried out to enhance their 

conversion and to explore routes from terpenes to C15 and C30 hydrocarbons. Selected dimers of monoterpenes and 

sesquiterpenes were hydrogenated and the cycloalkanes obtained showed physical properties compatible to those 

of diesel-like fuels and lubricant oils. Therefore, we propose a sustainable route to diesel-like fuels and lubricant 

oils by using sunlight to dimerize terpenes with a reusable photosensitizer.  
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Second generation biofuels are considered the future in energy and transportation fuels coverage due to the 

increased demand and the new government regulations[1]. For residual biomass conversion into liquid biofuel 

intermediates, there are two main thermo-chemical processes that can be applied, which are pyrolysis and 

hydrothermal liquefaction (HTL)[1]. HTL prevails over pyrolysis in many aspects, such as the absence of the 

costly drying step of the feedstock (necessary in pyrolysis), the optional use of catalysts, and the increased oil yield 

and properties. Also, HTL can convert various feedstocks, including municipal wastes, algae, forest, and 

agricultural residues which are largely available[1]. Thus, HTL appears as a very promising technology in the 

biofuel production chain.  

 

In the present study, olive tree branches and wheat straw (agricultural residual biomass) were studied as potential 

feedstocks for bio-crude oil production via HTL. These types of biomasses are lignocellulosic, meaning that their 

structure mainly consisted of cellulose, hemicellulose, and lignin. Also, glycerol and crude glycerol, which is a 

by-product from the transesterification reaction of lipids in the 1st generation biodiesel industry, were tested as co-

feed. The aim of the study was to find the optimal conditions of the process under which maximum oil yield was 

produced. The solvent used in the process was deionized water and the experiments were conducted without 

catalyst addition. The conditions investigated were temperature (280° - 350°C), residence time (10 – 60 min) and 

the biomass-to-glycerol ratio (from 1/0 to 1/1). The initial pressure of the reactor was 30 bar and the solid-to-liquid 

ratio was 1/10 in all sets of conditions. Each experiment was conducted twice for better accuracy of the results. 

The agricultural biomass was collected from Thessaly’s plain in Greece and was subjected to milling and sieving 

prior use to render small particles sized between 185 and 1000 μm. In order to perform a stoichiometric analysis 

per dry basis, the biomass was dried at 105°C to remove moisture. The results, which include elemental, proximate 

(moisture and ash) and structural analysis are presented in Table 2. Olive tree branches have higher concentration 

of cellulose and less lignin compared to wheat straw. Also, carbon content in olive tree branches is slightly higher 

than wheat straw, although in both types of biomasses it is lower in comparison with liquid fuels. 

 
Table 2: Results of biomass (olive tree branches and wheat straw) analysis 

** Olive Tree Wheat Straw  Olive Tree Wheat Straw 

Moisture  9.2 8.6 Acetyl Units 4.87 3.03 

Ash 3.01 3.04 Carbon 48.75 44.78 

Cellulose 48.45 33.08 Hydrogen 5.9 5.54 

Hemicellulose 14.9 25.73 Nitrogen 1.35 0.88 

Lignin 31.45 35.22 Oxygen* 44 48.8 

         *Calculated by difference      **All units are measured in wt.% 

 

All the experiments were conducted in a bench top, high-pressure stirred batch reactor with internal vessel volume 

of 250 mL (Parr 4576A). The reactor is coupled with a J-type thermowell for heating and a U-type cooling coil 

for rapid temperature dropping. In a typical run, the reactor was loaded with 10g of raw biomass or mix with 

glycerol and 100 mL of deionized water (for solid to liquid ratio of 1/10). Then, the reactor was sealed and purged 

3 times with nitrogen to remove air. Finally, the reactor inlets were compressed to 30 bar with nitrogen (to keep 

the water in liquid state), then it was heated and kept to the desired temperature, according to the set of conditions 

before finally cooling to room temperature. 

 

HTL of biomass yields solid, liquid and gas products. Upon decompression of the reactor, a gas sample was 

collected in a sample bag and analyzed via GC-FID. The collection of the products after the reactor cooldown 

includes vacuum filtration of the mix in a Buchner funnel with filter paper and the collected liquid is the aqueous 

phase product containing the solvent with some liquified organics. Then, the filter paper cake was washed with 

250 – 300 mL acetone to separate bio-crude oil from solids (hydro-char) and collected in the flask. The solids were 

dried and weighted, while the acetone was removed in a rotary evaporator at 40°C under reduced pressure to collect 

the final bio-crude oil product. 
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Figure 2: Effect of temperature and residence time on biocrude oil yield((a), (c)) and hydro-char yield ((b), (d)) 

The effect of each examined parameter is displayed in Error! Reference source not found.. The reaction t

emperature strongly affects the oil yield as lignin starts to liquefy from 280°C, while cellulose and hemicellulose 

start decomposing in lower temperatures[2]. Also, as the temperature rises, there is competition between 

depolymerization reactions, repolymerization (leading to solid products) and cracking or decarbonylation 

reactions, which lead to gaseous products[2]. Wheat straw generates higher oil yield due to its higher lignin content 

in comparison to olive branches. Also, judging by the oil and solid yield charts, the optimal temperature for oil 

production is 300°C for liquefaction of these types of biomass (27.46wt% and 31.95wt%). At 280°C the lignin is 

not fully liquified, while at temperatures above 300°C the conditions favor char formation and mainly gas CO2 

production leading to loss of organic products. 

 

Feedstock residence/reaction time also affects the yield of the products. Wheat straw optimal time is 20 min but 

the optimal time for olive tree branches is 10min possibly due to the lower lignin content. At longer residence 

times, depolymerization reactions cease and repolymerization occurs leading to significantly higher solid yield (up 

to 15.65wt% at 300°C, 60min for wheat straw). So, the maximum yield for HTL of olive tree branches was 

31.39wt% and 34.35wt% for wheat straw.  

 

Glycerol addition was also tested as co-feed at 20wt% and 50wt% at optimal conditions. The results showed higher 

oil yield especially at 1/1 ratio (35.13wt% for olive and 36.65wt% for straw) and significantly lower solid yield 

(4,16wt% for wheat straw), which is in accordance with literature and leads to the conclusion that lignin is highly 

soluble in glycerol[3].   

 

Concluding, HTL of biomass leads to high biocrude-oil yield with favorable properties. Wheat straw HTL resulted 

in higher oil yield and the addition of crude glycerol in the process creates a synergistic effect in reactions, 

demonstrating further enhancement of oil yield. Finally, the future step for this study is to investigate the potential 

use of a catalyst to enhance oil yield and properties even more. 
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Raising concerns regarding climate change produces an urge to decarbonize the long-haul transportation sector. 

In this regard, biomass could be a potential renewable source to produce sustainable, carbon-neutral liquid fuels. 

Hydrothermal liquefaction (HTL) followed by catalytic hydroprocessing is one of the most promising pathways 

to covert varying feedstocks (organic urban residues, forestry residues, algae etc.) into high quality renewable 

drop-in fuels. The energetically dense black viscous product from HTL (“biocrude”), contains a diverse organic 

pool with considerable amount of oxygen (~5-20%), nitrogen (~0-8%) and inorganic content (~0.1-0.6%). The 

presence of these organic contaminants poses new and exciting scientific challenges (e.g., thermal instability at 

high temperatures, coke precursors, extensive coking, nitrogen removal, exothermicity, pressure drops), which are 

indispensable to understand, during hydroprocessing. Therefore, special attention is needed not only to realize this 

complex biocrude mixture but also to optimally select proper hydrotreating temperatures in graded-catalyst reactor 

bed (three different types hydrotreating catalysts based on their porosity and nickel loading on γ-Al2O3 support) 

which can suppress coke formation and reactor plugging. In this work, we comprehensively discuss the missing 

scientific links which are essential in selecting proper hydrotreating temperatures in graded-catalyst rector bed and 

thereby, ensures smooth hydroprocessing with no coking for hundreds of hours (up to 600 hours).  

 

A bench scale continuous hydrotreater (30-80 mL/h) with two reactors in a series was utilized. Based on the 

biocrude thermal stability, each reactor works at different temperatures and is packed with three different 

NiMo/Al2O3 commercial catalysts from Haldor Topsøe, to control exothermicity and pressure drop. TGA-DSC 

was used to determine the thermal stability of HTL biocrudes. Fourier-transform ion cyclotron resonance mass 

spectrometry (FT ICR MS), GCXGC-MS, GC-MS, inductively coupled plasma optical emission spectroscopy 

(ICP-OES), elemental analyzer (CHN/O) and higher heating value (HHV) were used for chemical characterization. 

Furthermore, the drop-in fuel products after true boiling point fraction distillation (ASTM D2892) underwent 

detailed characterization in accordance with ASTM D1655 (the global standard for aviation fuel) and EN 590 

(European standard for diesel).  

 

In brief, some of the main results that were obtained are:  

1.  Oxygenates: Oxygen functionalities are mostly related to thermal instability of biocrudes and extensive coking 

at higher hydrotreating temperatures. Both analytical (TGA-DSC) and experimental (extensive polymerization of 

sludge HTL biocrude at 180°C in pipes during continuous hydroprocessing) work evidently suggest that HTL 

biocrudes are thermally instable.  

2.  Nitrogenates: Over longer hydroprocessing times nitrogen functionalities (mostly basic nitrogenates) decrease 

the catalytic activity to a large extent at mild hydrotreating temperatures. Moreover, HTL biocrudes also have 

highly reactive organic species e.g., metalloporphyrins (analyzed via FT-ICR MS etc.), which extensively produce 

coking even at low hydrotreating temperatures.  

3.  Selection of proper hydrotreating temperatures: The vital key is to identify the coke precursors and have a 

comprehensive knowledge regarding thermal instability of given HTL biocrude.  

4.  Overcoming the coking propensity: Stabilization of highly reactive organic species under optimal 

hydrotreating conditions with carefully selected catalysts in a graded reactor bed.  

5.  Complete nitrogen removal: 100% nitrogen removal has been achieved for the first time during continuous 

hydrotreating (e.g., sludge biocrude). This milestone evidently paves the pathway and prospects of future aviation 

fuel approval from regulatory authorities.  

6.  Compliance with ASTM D1655 and EN 590: Chemical composition of produced fuels were analyzed by 

GCXGC-MS. The produced drop-in fuels after the fractional distillation of hydrotreated HTL biocrudes fulfill all 

specification of Jet-A1 and the stringent sulfur requirements in case of diesel (less than 10 ppm). The results of 

present work not only represent a great scientific advancement towards better understanding of HTL biocrudes 

and subsequent hydroprocessing step, but also paves the way toward green, sustainable and energy secure future 

where we can virtually utilize any kind of biomass source for drop-in fuels. 
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Lignin is one of the three main structural components of the lignocellulosic biomass. Lignin is widely available in 

the form of kraft lignin and lignosulphonates, which are derived as by-products of the pulp and paper industry. 

During the last years and within biorefining approaches, processes aiming to the direct lignin isolation have been 

developed, e.g. organosolv process. Due to the high aromatic/phenolic nature, lignin can be converted to a wide 

variety of value-added chemicals towards fuel and polymers. The most widely applied processes of lignin 

conversion are the fast pyrolysis and the hydrogenolysis process. Fast pyrolysis is performed at relatively 

high/moderate temperatures (400-600 oC) under inert atmosphere resulting in bio-oils enriched in alkoxy/alkyl-

phenol compounds with composition depending mainly on the lignin origin, i.e. hardwood or softwood biomass 

[1-3].  The obtained bio-oils can be directly utilized in phenol-formaldehyde resins replacing petroleum derived 

phenol as well as in the production of epoxy resins and polycarbonates replacing conventional bisphenol A 

derivatives. Alternatively, the thermal pyrolysis bio-oils can be in-situ upgraded to BTX aromatics using acidic, 

mainly zeolitic, catalysts during the pyrolysis process. Furthermore, the bio-oils can be upgraded to 

(alkyl)cyclohexanes via downstream hydrodeoxygenation and utilized as drop-in transportation bio-fuels. In this 

work, lignin streams isolated via the organosolv fractionation process from different forestry/agricultural wastes 

was initially converted to bio-oils enriched in alkoxy/alkyl-phenols. In a second step, the pyrolysis bio-oils was 

converted to (alkyl)cyclohexanes via hydrodeoxygenation process. Hydrodeoxygenation of model phenolic 

compounds was also studied to elucidate the reaction mechanisms involved in the HDO process. 

 

Lignin fractions were isolated from different forestry and agricultural lignocellulosic biomass feedstocks 

(beechwood, birch, spruce and wheat straw) via organosolv process, in ethanol-water solvent mixtures, with dilute 

H2SO4 as catalyst, at 180-200 oC. The pretreatment conditions were carefully selected according to the nature of 

biomass feedstock. Lignins were characterized to obtain their thermal and structural properties.  Hardwood (beech, 

birch) and wheat straw derived lignins consist of both guaiacyl and syringyl units, substituted with one and two 

methoxy groups, while spruce lignin exhibit only guaiacyl units with one methoxy group. The composition of the 

parent lignin is usually “transferred” to the bio-oil composition in terms of S/G content and can influence their 

downstream valorization routes. A fingerprint of pyrolysis bio-oil composition was determined in a Micro-

pyrolyzer with on-line GC-MS (Py/GC-MS). All bio-oils are enriched in alkoxy (35-63%) and alkylated phenols 

(6-20%). Other compounds such as aldehydes and acids are also identified but in lower concentrations. Hardwood 

derived bio-oils exhibit both guaiacyl and syringyl derived alkoxy phenols while softwood derived bio-oils only 

guaiacyl compounds. Lignin bio-oils were produced in two lab-scale set-ups, i.e. in a fixed-bed reactor and in a 

fluidized bed reactor pyrolysis unit, at 500-600oC, with the pyrolysis vapors being condensed at 60 oC or -15oC. 

The main products of lignin fast pyrolysis are the bio-oil, non-condensable gases and char. The organosolv lignins 

resulted in 40-47 wt.% bio-oil, 32-49 wt.% solids and 6-14 wt.% gases. Considering the bio-oil composition, 

alkoxy-phenols are mainly detected (40-71%) as well as alkylated phenols (5-10%). Indicatively, the composition 

of birch lignin derived bio-oil is shown in Figure 1.  
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Figure 1.  GC-MS of pyrolysis oil and the bio-oil after HDO (10%Ni/Beta catalyst, 220oC, 50 bar H2, 1 hr). 

Regarding the downstream hydrodeoxygenation of thermal pyrolysis bio-oils, the experiments were carried out in 

a batch autoclave reactor, under the optimized conditions determined for the model phenolic compounds. 

Optimization of reaction temperature, time, H2 pressure, catalyst to feed ratio was studied using bifunctional 

catalysts based on Ni supported on micro/mesoporous aluminosilicate, mainly zeolitic, catalysts with acidic 

properties. Both the porous properties and the acidity proved to influence the conversion, the products distribution 

and yield. The most abundant compounds identified in the HDO products were cyclohexane, methyl/ethyl 

cyclohexane, methyl cyclopentane (via isomerization) and 1,1- bicyclohexyl (via alkylation). Under the optimized 

reactions, lignin derived bio-oils were hydrodeoxygenated using a bifunctional zeolite catalyst, i.e. 10% Ni/BETA 

(Si/Al=12.5). As can be observed in Figure 1, the Ni/zeolite catalyst induced deep hydrodeoxygenation of the 

alkoxy and alkylated phenols towards (alkyl)cyclohexanes. The produced alkylated cyclohexanes exhibit carbon 

number distribution in the range of C6-C9 and can be utilized as drop-in transportation biofuels. 
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Every year almost 90Mtn of hydrogen are consumed by the chemical (production of ammonia, methanol) and 

petrochemical industry (hydrotreating, hydrodesulfurization, hydrocracking). In addition to the above uses, 

hydrogen is considered as the future energy carrier, due to its high energy content and clean combustion without 

CO2 emissions. Currently, hydrogen is produced via endothermic steam reforming of methane, a process with low 

energy efficiency, high operating cost and high green-house gases emissions [1]. A sustainable alternative for 

hydrogen production is the utilization and upgrading of biomass derived oxygenates as well as the waste streams 

of their processes. The Aqueous Phase Reforming (APR) of bio-oil is a promising process for hydrogen production 

as it is associated by low energy requirements, takes place in a single chemical reactor and generates low levels of 

carbon monoxide in the effluent gases [2-3]. The present work studies the formation of hydrogen via aqueous 

phase reforming of miscanthus pyrolysis derived bio-oil. Ethylene glycol, hydroxyacetone and acetic acid were 

used as model compounds in order to examine the main factors that affect catalyst stability and hydrogen 

production rate. 

 

The experiments were performed in a batch reactor, using an aqueous mixture of the main bio-oil compounds (13 

wt% ethylene glycol + 2.2 wt% hydroxyacetone + 2 wt% acetic acid + 82.8 wt% water) as well as the real aqueous 

phase of bio-oil as feed. Supported and non-supported Pt, Rh and Ni catalysts (1wt% Pt/C, 1wt% Pt/ZSM-5-23, 

2wt% Rh/C, 2wt% Rh/CeO2-Al2O3, 12wt% Ni/ZrO2-CeO2-La2O3 and NiFeCo with mass ratio of 

16.7:53.1:2.8wt% Ni:Fe:Co) were synthesized using wet impregnation and sol-gel preparation methods and 

evaluated on APR of ethylene glycol (280 – 300 °C, 3 h, 20 bar initial N2 pressure). The APR of the model 

compounds mixture and the real bio-oil was tested in a high-pressure batch reactor under the same reaction 

conditions and over the more promising catalyst, in terms of selectivity to hydrogen. The stability of the catalyst 

was tested for 3 consecutive runs. The results obtained from the tests using aqueous solution of individual 

compounds or mixture of them, combined with temperature programming methods (TGA, TPD-He), provided 

information about the reaction pathways as well as the adsorbed species. In addition, the effect of MgO addition 

in APR as a means for activity enhancement was also explored.  

 

The results of catalysts screening in APR of ethylene glycol expressed as ethylene glycol consumption rate and 

hydrogen formation rate are presented in Figure 1. The 1wt% Pt/C catalyst proved as the more selective catalyst 

towards H2 as it is active on C-C bond scission, promotes the water gas shift (WGS) reaction and limits the 

formation of alkanes, resulting in 96.3% hydrogen selectivity in gaseous phase and 87.4% ethylene glycol 

conversion, at 300 ⁰C. Nickel catalysts are active yet not selective, as they catalyze methanation and promote 

condensation reactions. Similarly, the Pt/ZSM-5-23 favors the formation of CH4 and C2H6.  

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 
Figure 1: Conversion rate of ethylene glycol (a) and hydrogen formation rate (b), over the tested catalysts 

 

 

The APR of the surrogate bio-oil mixture was tested over the Pt/C catalyst, at 300 °C, showing 35.5 % hydrogen 

yield. Besides H2 and CO2, the gas phase is consisted by CH4, C2H6 and CO at low concentrations. The main 
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products in liquid phase are methanol and ethanol, followed by 1-propanol, diethyl ether and acetic acid which is 

formed as product. The key factor that enhances hydrogen production is the increase of reaction temperature, as 

not only boosts ethylene glycol conversion and reformation but enhances H2 formation as well, through the 

conversion of intermediates bio-products such as ethanol.  

 

Compared with the results of preliminary tests using aqueous solution of individual reactants as feed, in the 

presence of all three reactants in the feed, the conversion of ethylene glycol and acetic acid is reduced by 35% and 

65% respectively, while that of hydroxyacetone remains stable and almost complete. Hydrogen is formed via APR 

of ethylene glycol and hydroxyacetone, while the contribution of acetic acid to hydrogen formation is negligible. 

In contrast to the other two reactants, acetic acid shows low reactivity and low reforming rates as the reaction 

conditions promote its decarboxylation.  

 

The reduced conversion of ethylene glycol is mainly attributed to the presence of acetic acid in the feed. The TGA 

and TPD-He techniques of the used catalysts proved that under APR of surrogate bio-oil mixture, a strongly 

adsorbed compound (which is not detected in the absence of acetic acid in the feed) is formed. This compound is 

considered one of the main causes leading to the reduced catalytic activity. Most likely, its formation is due to the 

reaction between acetic acid and ethylene glycol or hydroxyacetone derived adsorbed species. Moreover, the above 

techniques showed that acetic acid is adsorbed on catalyst surface forming strongly adsorbed species, probably 

derived via ketene, a precursor of carbonaceous deposits. Upon reusage, the catalyst loses 50% of its activity after 

the first use, while a stabilization is observed afterwards. Besides, of adsorbed species, Pt sintering is considered 

as another cause for catalyst deactivation.  

 

The addition of MgO in the feed led to doubling of hydrogen yield at almost complete ethylene glycol conversion.  

The positive role of MgO is associated primarily with the neutralization of acetic acid and secondarily with the 

adsorption of the produced CO2. The positive effect of MgO is also confirmed during the reforming of the real 

aqueous fraction of bio-oil, as the production of hydrogen was possible only in the presence of MgO. Otherwise, 

a direct catalyst deactivation was observed due to the complexity of the feedstock. 

 

Summarizing, the formation of a hydrogen rich gas stream with low CO content is realized, via the low energy 

cost reforming of the aqueous phase of bio-oil. The supported Pt/C catalyst proved to be an active and selective 

material for APR conditions. However, it suffers from deactivation mainly due to the strong adsorbed compounds 

that poison its surface. These compounds mainly originate from acetic acid in the feed. Promising results regarding 

ethylene glycol conversion and hydrogen productivity are achieved working at higher temperature 300 °C and in 

the presence of MgO as sorbent and acid neutralizing agent. A more in depth mechanistic and deactivation study 

is in progress. The above results provide valuable basic information for further reforming studies of various types 

of bio-oils as well as of heavier non-volatile oxygenated bio-molecules.    
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Abstract text:  

 

The H2020 Project: FLEXI-GREEN FUELS investigates the production of next generation liquid biofuels for 

shipping and aviation from sustainable resources by developing and improving integrated technologies for a 

complete conversion of second generation (2G) types of feedstocks: (1) Lignocellulosic residue biomass focusing 

on wood waste from forest industries and sawmill wastes and agricultural residues and (2) the organic fraction of 

municipal waste (OFMSW). FLEXI-GREEN FUELS integrated a flexible yet integrated process to produces high-

value bioproducts such as chitin and squalene along-side with advanced transportation biofuels for the shipping 

and aviation sector.  Semi-continuous organosolv pretreatment process using a mixture of ethanol and water as 

solvent, is used for the separation of the cellulose and hemicellulose fractions from lignin. As lipids are far superior 

bio-crudes towards hydrocarbon fuels, the intermediate conversion of sugars (being abundant in lignocellulosic 

biomass and OFMSW) to lipids plays a key role in the proposed integrated technology. Three efficient processes 

to convert sugars to lipids, namely fungal fermentation, algae dark fermentation, and lipid rich larva production 

are investigated. Lipids form all these three methods will be further converted via advanced hydrotreatment 

(HDO/isomerization) processes to diesel range (C16-C18) alkanes, which in turn are optimized for blending with 

aviation or shipping fuels. The remainder of hydrolysate that is not utilized for lipid production is used a s substrate 

in a Microbial Electrolysis Cell (MEC) for green hydrogen production. The potential difference needed for the 

upstart of the MEC is in principle presumed to be provided by the excess energy from wind turbines.  
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Introduction 

Biomass is an excellent source of renewable energy. Plant oils, animal fats, waste cooking oils and microalgal oils 

constitute a very useful kind of biomass as they comprised from natural triglycerides, which contain smaller 

amounts of oxygens compared to other kinds of biomass. This kind of biomass is already used for the production 

of biodiesel. Problems in the production, storage, use of biodiesel and accumulation of large amounts of low quality 

glycerol have promoted research for alternative upgrading processes of the natural triglycerides, for obtaining 

hydrocarbons, instead of fatty acid methyl esters. The selective deoxygenation (SDO) is the most important 

upgrading alternative [1,2]. This is realized by hydrotreatment through decarboxylation (deCO2), decarbonylation 

(deCO) and hydrodeoxygenation (HDO). In the frame of the so called “stand –alone” approach [3] natural 

triglycerides are hydrotreated separately from the petroleum fractions. In this context, two types of catalysts are 

proved to be very effective: supported noble metals and conventional sulphided NiMo, CoMo and NiW supported 

catalysts. However, both kinds of catalysts present several weaknesses. The noble metals have high cost and 

limited availability. On the other hand, the conventional sulphided NiMo, CoMo and NiW catalysts need to be 

maintained in the sulphided form by introducing sulphur compound in the feed which presumably results to S-

contaminated end products. The aforementioned weakness motivated, in the last years, intensive research on the 

less expensive transition metal catalysts in their metallic, phosphide, and carbide forms [3]. Studies concerning 

metallic Ni catalysts have shown that we need supported catalysts with high nickel content and high specific 

surface area in order to obtain high values of nickel active surface [3]. This is necessary in order to achieve high 

yields of hydrocarbons in the diesel range. On the other hand, the promotion action of Mo in the nickel catalysts 

for this process has been well established in the recent literature [4]. 

 

In this direction, in the present work we developed Ni catalysts supported on titania with various Ni/(Ni+Mo) 

ratios in order to find the optimum one. The selection was based on the effectiveness of the catalysts on the 

transformation of sunflower oil into green diesel. In the next step, we evaluated the most promising catalyst also 

in other three vegetable oils, namely rapeseed oil, soya oil and Cynara cardunculus oil. 

 

Experimental 

From a previous study we had found that the optimum loading for the monometallic Ni/TiO2 catalyst was the 50 

wt. % Ni and the most appropriate synthesis technique was the Deposition – precipitation (D.I.) at high temperature 

(110oC) using [Ni(H2O)6]2+ as the precursor Ni ion and urea as the precipitating agent [5]. Thus, we kept the total 

loading of the active phases equal to 50 wt. % and we synthesized with this technique various NiMo/TiO2 catalysts 

with Ni/(Ni+Mo) ratio equal to 0.91, 0.95, 0.98, 0.99 and 0.994. Moreover, for reasons of comparison we 

synthesized a Mo/TiO2 catalyst with 50 wt. % Mo, using the wet impregnation technique. In all cases the deposition 

of the active phase(s) was followed by drying at 120oC for 2 h, calcination at 400oC for 2 h and reduction at 400oC 

for 2.5 h. The physicochemical characteristics of the catalysts were studied using various techniques, such as N2 

adsorption-desorption, XRD, TPR, NH3-TPD and TGA. The evaluation of the catalysts was performed in a semi-

batch reactor at the following conditions: ratio of oil to catalyst mass 100 ml / 1 g, pressure 40 bar, H2 flow rate 

100 ml/min, speed of stirring 2000 rpm, temperature 310oC. A liquid sample was withdrawn from the reactor every 

hour and analyzed on a GC-MS system. The reaction was monitored for a period of 9h. 
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Results and Discussion 

In Table 1 we list the values of various textural characteristics of the catalysts prepared with the various 

Ni/(Ni+Mo) ratios. 

 
Table 1. Values of various textural characteristics of the catalysts prepared with the various Ni/(Ni+Mo) ratios. 

Catalyst 

Composition 

(wt. %) 
SSA 

(m2/g) 

Specific Pore 

volume 

(cm3/g) 

Mean Pore 

Diameter 

(nm) 

Mean crystallite 

size of Ni0 

(nm) 

0MoTi 50% Μο 94 0.23 8.51 - 
0.91NiMoTi 43% Ni, 7% Μο 158 0.33 7.05 14.5 

0.95NiMoTi 46% Ni, 4% Μο 158 0.39 8.19 15.5 

0.98NiMoTi 48% Ni, 2% Μο 157 0.37 7.66 20.5 

0.99NiMoTi 49% Ni, 1% Μο 163 0.38 7.62 14.2 

0.994NiMoTi 49.5% Ni, 0.5% Μο 175 0.51 9.14 13.5 

1NiTi 50% Ni 156 0.63 13.06 11.5 

 

Concerning the 0MoTi catalyst, a single-peak pore distribution with a center at about 11 nm appears, i.e. with an 

extension of 2 nm to the right, relative to the center of the peak appeared by the carrier (not shown here). This is 

expected, because due to the large percentage of Mo loading, the smaller pores become clogged, resulting in this 

movement of the peak to larger sizes. In this catalyst there is also a significant reduction of its total porosity in 

relation to the carrier, which justifies the low value of specific surface area (Table 1) and is an indication of the 

not so good dispersion of Mo. We note that this catalyst has been synthesized by the wet impregnation technique. 

As for the NiMoTi catalysts, the picture is different. The catalysts exhibit an almost uniform peak pore distribution, 

with a center of approximately 7 nm (not shown here). This, compared to the center of the single-peak distribution 

of the Ni catalyst which is around 10 nm, shows that in these catalysts the active phase of Ni is deposited in such 

a way that fewer small pores are blocked. On the other hand, these catalysts lack the intermediate nickel porosity 

that had been formed using this technique and which we saw in a previous study giving a significant additional 

specific surface area to the catalysts [5]. Thus, these catalysts exhibit a similar specific surface area to that of the 

1NiTi catalyst (Table 1). The XRD patterns of the catalysts revealed that the predominant phase is Ni0 with a small 

contribution from nickel oxide. The addition of Mo does not seem to have a beneficial effect on the dispersion of 

Ni, on the contrary, the dispersion decreases as the average size of Ni0 crystallites is increased in NiMoTi catalysts 

compared to the 1NiTi catalyst (Table 1). Regarding the 0MoTi catalyst, in addition to the main peaks of the 

anatase, peaks of molybdenum oxide (MoO2) are appeared. It seems that under the reduction conditions of the 

catalysts a reduction of Mo6+ to Mo4+ has taken place. No molybdenum oxide (MoO2) peaks are observed in 

NiMoTi catalysts and this can be attributed either to the fact that they have a small percentage of Mo or to the fact 

that the molybdenum is well dispersed. The TPR study showed that as the percentage of Mo in the catalysts 

increases, it appears that Mo interacts strongly with nickel, reducing the dispersion of NiO and thus facilitating its 

reduction to Ni0. 

 

All catalysts proved to be very effective, as they show a complete conversion of sunflower oil from just the 2nd 

hour of the reaction. The most selective for the production of hydrocarbons is the catalyst with ratio Ni/(Ni+Mo) 

= 0.99 (synergistic ratio), which showed a yield of 72% (Figure 1). Moreover, the four oils of the energy crops 

(Cynara cardunculus oil, rapeseed oil, sunflower oil and soybean oil) appear almost equally suitable for their 

conversion into green diesel. In the presence of the above optimum catalyst, all four oils were completely converted 

and led to the production of hydrocarbons in the diesel region (C15-C18) with a yield of about 70%. 
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Figure 1. % Hydrocarbons in the liquid phase of the reaction over the various catalysts. 

 

In conclusion, the NiMo/TiO2 catalysts, evaluated under free solvent conditions and very high ratio of reactant 

volume to catalyst mass (100 mL /1 g), were proved very active and selective in the transformation of various oils 

of energy crops into green diesel. 
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In anaerobic digestion (AD) biogas plants an average of 60% of the fed dry biomass exits the plant as digestate, 

which either has to be disposed as waste or is distributed, usually over long distances, as fertiliser. Both solutions 

involve high logistic costs and greenhouse gas emissions. To counter those difficulties, an innovative system for 

carbon-neutral energy production from solid digestate is proposed. The solid digestate fraction is characterized by 

high ash and moisture contents which makes it unsuitable for existing commercial utilization technologies such as 

downdraft fixed bed gasification systems due to the low ash melting point. In the THERMODIGESTATE project 

a small scale fluidized bed gasifier is used to convert the solid fraction of digestate from biogas plants into syngas 

for energy production. Through the adoption of the fluidized bed gasifier, fuels with high moisture and low ash 

melting points can be utilized as feedstocks. Process temperature in the fluidized bed reactor is kept below 850°C 

due to intense mixing between the biomass particles and the hot floating sand bed. The proposed system consists 

of a compact fluidized bed gasifier, a compact hot gas filtration unit and a, simple to maintain and operate, gas 

cooling system. The produced gas, free from particles and tars is suitable for use in the existing biogas plant gas 

engines to increase the plant efficiency. The ability to produce energy from biomass through gasification was 

validated and demonstrated during the Smart-CHP project [1]. The development of the current gasification system 

was carried out by “Bio-Based Technologies P.C.” (BIO2CHP), an Aristotle University of Thessaloniki (AUTh) 

spin-off company and was based on 10 years of research conducted at the Laboratory of Applied Thermodynamics 

of AUTh. 

 

The proposed technology has already operated successfully utilizing olive kernels and grape pomace. The main 

difference with the solid digestate fraction is the low bulk density and significantly higher ash content of the fuel 

leading to higher fuel consumption for the same output. Preliminary tests were performed in an existing BIO2CHP 

pilot unit using densified solid digestate in the form of pellets. In those tests, mixtures of digestate pellets and olive 

kernels with varying composition were used. Olive kernels have extensively been used as a fuel before, thus 

limiting the risks of testing a whole new fuel. The results indicate that gasification with digestate is not very 

different from that with olive kernels, as presented in Figure 3. The main difference is that due to the lower heating 

value of the first, the heating value of syngas produced is also lower. 

 

Table 3 Properties of olive kernels and digestate pellets used in the experiments 

Parameter Units Οlive kernels Digestate pellets 

Moisture %wt (ar) 12.8 18.51 

ash %wt (db) 6.74 11.48 

HHV MJ/kg (db) 21.23 13.62 

Carbon %wt (db) 50.62 35.24 

Hydrogen %wt (db) 5.97 4.48 

Oxygen %wt (db) 33.41 40.6 

Nitrogen %wt (db) 2.31 1.18 

Apparent density g/cm3 0.65 1.12 
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Figure 3 Syngas composition and heating value for different mixtures of olive kernels and digestate pellets 

 

The THERMODIGESTATE project was primarily focused on designing, manufacturing and pilot testing of a 

modified gasification system suitable for the use of untreated solid digestate. The pilot operation took place at the 

biogas plant “BIOGAS LAGKADA S.A.”, which is a partner in the project and a technology end user. During the 

pilot operation, useful operation data were recorded in order to evaluate the efficiency of the system. The working 

conditions of the equipment (pressure, temperature, mass flows) were continuously monitored and chemical 

analysis for the feedstock, produced syngas and by-products (ash, condensates) were periodically performed. 

Finally, based on those data, efficiency metrics such as the potential of energy production from digestate, the 

expected anual working time of the system and its operational costs were defined. 
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With increased public awareness of the global challenge in relation to alternative clean energy sources, the 

requirement for novel materials with excellent electrochemical and/or photochemical performance to meet these 

needs has never been so crucial. Demand for energy is predicted to double by 2050, and although this soar in 

demand may still be met by fossil fuels, the associated increase in CO2 emissions could have calamitous effects 

on the environment.[1] Utilization of hydrogen as energy source is a viable alternative to fossil fuels and is 

considered as one of the ideal energy carriers of the future. However, the sustainable electrochemical production 

of hydrogen presents a great challenge. 

 

Metal chalcogenides have attracted tremendous research interest as they play a fundamental role in a wide range 

of important energy generation and storage applications including catalysis, photovoltaics, batteries and artificial 

photosynthesis systems.[2] 2D transition metal chalcogenides (TMCs) as well as molecular 

metal(oxy)chalcogenides present exciting opportunities in green, sustainable energy applications as they contain 

earth-abundant elements (typically 3d and 4d transition metals).[3] The main driving force behind this work is that 

many research efforts are focused on the discovery of new catalytic systems aiming to tackle challenging problems, 

yet little thought is given to the actual strategy and development of new modular systems and most importantly to 

the deeper understanding of the underlying system-specific processes. Exploring the potential of molecular 

materials and how can we take advantage of fine tuning of their behaviour is not common. This is due to practical 

issues related to their stability and/or scalability. In this regard chalcoxides are inorganic molecular units formed 

by metal centres which linked by chalcogen atoms. The question we try to address here: can we use a robust 

molecular species and dope it with other elements from the group of chalcogens? Will this improve the properties 

of the catalyst? Does the doping influence the stability of intermediate catalytic species or alter the mechanistic 

pathways and the interaction between the active sites and the substrate?  

Here, we present an approach showing high efficiency and stability of molecular catalysts and our effort to tune 

these molecular species for the hydrogen evolution reaction. 

 

 
 

Figure 1. Ball-and-stick representation of representative molecular chalcoxide catalysts discussed here: (A) [Mo2O2(µ-

S)2(S2)2]2– (1), (B) [Mo2O2(µ-S)2(S2)(S4)]2– (2) and (C) W2O2(µ-S)2(S2)(S4)]2– (3). Where M: Mo or W and E: chalcogen atom. 

Colour code: Blue, Mo; Grey, W; yellow, S; red, O; green, N; black, carbon. 

 

More specifically, we explore the fine tuning of molecular catalysts by controlling the stoichiometry and type of 

earth abundant elements, such as the chalcogen or metal and explore critical aspects of the hydrogen evolution 

reaction. Electrochemical and other analytical methods show that the employed stoichiometric and structural 

control leads to energetically efficient evolution of hydrogen, while the molecules responsible for this process 

remain intact during the course of the investigation. Linear sweep voltammetry (LSV) shows that stoichiometric 

and structural control lead to the evolution of hydrogen at low onset potential of just –114 ± 3 mV (at j = 10 mA 

cm–2) with no catalyst degradation over 1000 cycles (Figure 2).  
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Figure 2. Electrochemical measurements of catalysts 1, 2 and 3 for HER electrocatalysis in 1 M H2SO4. Observed polarisation 

curves as a function of the concentration of the catalyst: a. [Mo2O2(µ-S)2(S2)2]2–; b. [Mo2O2(µ-S)2(S2)(S4)]2–; c. [W2O2(µ-

S)2(S2)(S4)]2–; d. corresponding Tafel plots. 

 

Density functional calculations[4],[5] reveal the effect of the electronic and structural features and confer 

plausibility to the existence of a unimolecular mechanism in the HER process based on the tested hypotheses. 

Crucially, theoretical calculations reveal the effect of the electronic and structural features and provide vital 

information of the mechanism that potentially takes place in this case. The calculated HER protonation equilibria 

suggest a reversible cleavage and reformation of S-S or Se-Se bonds assisted by metal induced polarisation. Most 

importantly, the incorporation of the terminal oxo group seems to mitigate the negative charge density developed 

on the terminal sulfur or selenium centres due to its electronegativity and ability to form π-bonds. The molecular 

catalysts can be synthesized at gram scale and show great promise as earth-abundant alternatives for 

electrocatalytic hydrogen production. The results indicate that the tuning of efficient catalyst-substrate interaction 

is more important than the presence of a large number of catalytic sites. Our work is part of a worldwide effort 

towards a hydrogen-based economy. With a surfeit of oxychalcogenide clusters available, this work will help us 

understand further mechanistic aspects of molecular analogues’ functionality and pave the way for the design of 

next-generation noble metal free HER catalysts. We anticipate these findings to be a starting point for further 

exploration of molecular catalytic systems and inspire others in an effort to tackle challenging scientific issues.  
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Back in 2016, indium oxide (In2O3) was uncovered as a highly selective catalyst for the hydrogenation of carbon 

dioxide to green methanol, a key energy carrier and commodity supporting current worldwide efforts in its 

sustainable production via catalytic routes [1]. Since the ability of In2O3 to activate H2 is limited, a plethora of 

metal promoters in various forms (nanoparticles of different sizes and down to single atoms) have been 

investigated to boost its activity, with variable outcomes [2-12]. However, metal promoters have been introduced 

on differently prepared In2O3 using distinct synthetic methods and contents, and the resulting catalysts were tested 

under diverse conditions. This lack of systematic catalyst preparation and evaluation precludes a direct comparison 

of speciation and promotional effects among metal-promoted In2O3 catalysts, which is key for the design of an 

optimal system. In this study, we employ flame spray pyrolysis (FSP) as a standardized synthesis method to 

introduce nine metal promoters (M = 0.5 wt.%) to In2O3 [13]. Methanol productivity generally increased on M-

In2O3 with selectivity following Pd ~ Pt > Rh ~ Ru ~ Ir > Ni ~ Co > Ag ~ In2O3 > Au (Figure 1). In-depth 

characterization, kinetic analyses, and theoretical calculations reveal a range of metal-dependent speciation which 

dictate catalyst architecture and degree of promotion (Figure 2). The first encompasses systems containing 

atomically-dispersed and well-stabilized, mostly through M-In bonds, Pd, Pt, Rh, Ru, and Ir species on the In2O3 

surface, which reached a methanol selectivity of up to 95%. The second covers Co- and Ni-In2O3, with a less 

boosted methanol selectivity (ca. 75%) owing to promoters forming large oxidic and indium alloy-containing 

clusters, respectively, and in the case of Co, to its partial incorporation into the bulk of In2O3. The third family 

includes Au and Ag, which sinter into nanoparticles, resulting in inferior or similar methanol selectivity (56 and 

67%) to undoped In2O3, respectively. DFT simulations further elucidated that methanol formation is greatly 

enhanced over systems containing a high concentration of isolated promoter atoms, particularly Pd and Pt, owing 

to the creation of In3M and In2M2 ensembles, which strongly facilitate homolytic H2 splitting and increase the 

availability of hydrides, which in turn participate in C-H hydrogenations. As expected, the surface population of 

the active sites diminishes upon clustering or bulk incorporation of metal promoters such as Ni, Ag, and Co, 

thereby translating into inferior methanol productivity. Specifically, large Au nanoparticles block the active 

ensembles for CO2 hydrogenation and explains the low activity of Au-In2O3.  
 

 
Figure 1. Methanol space-time yield (STY, colored bars) and selectivity (SMeOH, beige bars) during CO2 hydrogenation over 

undoped In2O3 and M-In2O3 catalysts (0.5 wt.% of metal) prepared by FSP. The methanol STY was assessed at 

GHSV = 24,000 cm3 h−1 gcat
−1, while SMeOH at constant CO2 conversion (ca. 3%) and variable GHSV. Averaged values 

measured over 24 h on stream are presented with their corresponding error bars. Reaction conditions: T = 553 K, P = 5 MPa, 

and H2/CO2 = 4. 
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Figure 2. Summary of promoter speciation and their associated structural-mechanistic features dictating performance of M-

In2O3 catalysts. 

 

Overall, this study marks a new step toward the atomic-level understanding of In2O3 promotion by relevant metal 

promoters, revealing that the degree of promotion is metal speciation-dependent and likely dictated by the density 

and stability of space resolved In3M and In2M2 ensembles. This offers key guidelines for the design of an optimal 

system to propel green methanol production. Going beyond CO2 hydrogenation, our strategy to engineer promotion 

using a universal and scalable preparation method such as FSP holds great potential for tailoring new or existing 

catalytic systems applicable in diverse energy conversions 
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Abstract:  

Greenhouse gases (GHG) have resulted in adverse climatic conditions impacting humankind and an abundant 

challenge to reduce the emission. Effective utilization of GHG and finding an alternative cleaner source of energy 

is a need of an hour. CO and CO2 hydrogenation to methanol is a one-step-two-target approach to solve climate 

change and energy deficient challenges of the world. Methanol, an alternative source of hydrogen as well as basic 

raw material for petrochemical industries, also serves as a fuel, solvent, and energy storage medium and has a great 

scope in the future. The synergistic interaction between small copper particles and ZnO/MgO supported catalysts 

synthesized by solvent combustion method, shows a high methanol production rate in the liquid-phase low-

temperature methanol synthesis from coal-derived syngas. The possibility of an autocatalytic reaction pathway in 

slurry reactors was investigated. The space-time yield of methanol (STY) showed a linear relationship with Cu0 

surface area Cu particle size.  The effect of various parameters and solvents' effect on CO adsorption in the 

methanol synthesis reaction was also investigated. Catalytic activity was correlated by the various characterization 

of catalytic systems like X-Ray Diffraction, Scanning Electron Microscope-Energy Dispersive Spectroscopy, High 

Resolution- Transmission Electron Microscopy, Temperature-Programmed Reduction, N2 physisorption, and N2O 

chemisorption techniques. 6CuZnOMgO catalyst shows maximum conversion (45%), selectivity (>99%) at 50 bar 

pressure, and 240 °C temperature due to larger Cu0 surface area and greater specific surface area. In addition, 

Density Functional Theory (DFT) studies of CO adsorption on the tetrahedral Cu4 cluster on two different 

supports’ (MgO and ZnO) interface were investigated for a better understanding of the promoting effect of MgO 

on CO activation. 

 

Experimental: 

• Catalyst synthesis: 

Catalysts are synthesized by the solvent combustion method using organic fuel adopted from [1]. Typically, Cu-

ZnO, Cu-MgO, Cu-ZnO-MgO catalysts were prepared from Copper nitrate trihydrate, zinc nitrate hexahydrate, 

magnesium nitrate. The initial mixture was stirred to form a homogeneous aqueous solution and heated for 2 hours 

at 50 ºC to obtain a slurry. After being heated overnight at 110 ºC, the paste was combusted in a muffle furnace at 

350 °C for 4 h to produce combusted carbon-free powder.  

• Activity test:  

CO hydrogenation reaction was carried out in a stainless-steel stirred tank slurry reactor with 300 ml volume in 

continuous mode with a typical 5 weight % slurry concentration in diglyme solvent. Prior to the reaction catalyst 

was reduced in hydrogen environment at 15 bar and 250 ºC for 6 hours at 400 rpm stirring speed. The rector was 

cooled to ambient temperature and purged with syngas (CO/H2= 0.5) and pressurized up to 50 bar pressures at a 

gas flow rate of 100 sccm (GHSV = 2564 𝑚𝑙𝑔𝑐𝑎𝑡
−1 ℎ−1). The reactor was heated to 220 ºC while maintaining the 

pressure at 50 bar using back pressure regulator. The effluent gaseous products were analyzed using Gas 

Chromatograph (Agilent technologies 8860 GC) with flame ionization (FID) and thermal conductivity detectors 

(TCD) and liquid products were analyzed by ALS equipped Gas Chromatograph (Agilent technologies 7820A 

GC) with flame ionization detector (FID)The syngas conversion and product selectivity were calculated from the 

following relationships: 

%COconversion(XCO) =
COin − COout

COin
∗ 100 

 

%SelectivityP =
TotalmolesofPformed

TotalmolesofCOreacted
 

 

Results and Discussion: 

XRD: Powder X-ray Diffraction was used to identify the crystallinity of the calcined catalysts, where all the 

catalysts showed higher crystallinity. The 6CuZn and 6CuMg showed the characteristic peaks of ZnO, MgO, and 

also several facets of CuO (JCPDS Card no. 89-5896). The 2θ peaks at 31.8, 35.5,38.7, 48.8, 58.3 shows the peaks 

of CuO. the calcined catalysts shows the CuO, ZnO and MgO peaks, indicating that drid precursors were 

decomposed to CuO, ZnO and MgO. 6CuZnMg shows broader peaks which corresponds to smaller crystallite size 

than other catalysts. Moreover, the CuO peaks are shifted toward lower angle, corresponds to Cu+ ions are replaced 

by Zn+  ions. However, CuO peaks are shifted towards higher angle in the case of MgO. This is the indication of 

Mg+ ions replaced the Zn+ ions. 
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Figure1: XRD of the calcined cataysts 

 

Activity Test: The activity of the CuZnOMgO catalyst was measured at different reaction temperatures. The effect 

of temperature on syngas conversion, and methanol selectivity, was tested in the range of 220-260 °C, and it was 

found that CuZnOMgO catalyst showed an increase of syngas conversion and methanol selectivity up to 240 °C 

then decrease for 260 °C. results, it is evident that the presence of both MgO and ZnO played a significant role in 

CO activation and higher methanol selectivity. Metallic Cu surface area and particle size affects the activity. 

Higher dispersion, lower particle size and higher Cu0 surface area of CuZnOMgO results in higher productivity 

of methanol. Along with these properties, slurry weight % also enhances the productivity of the methanol. As the 

concentration of the slurry wt% increases, the STY of the methanol increases. Higher Cu content and dispersion 

can be one of the reasons for better productivity of the methanol. 

 

Figure2: Activity test of the catalysts at 220-260 °C, 50 bar, 1000 rpm, and GHSV = 2564 𝒎𝒍𝒈𝒄𝒂𝒕
−𝟏 𝒉−𝟏). 
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Abstract text:  

The large amount of anthropic greenhouse gases (GHG) emission is becoming a serious issue. Dry reforming of 

methane draws attention since it could not only eliminate two major GHG but also produce valuable chemicals at 

the same time from them. However, these molecules are thermodynamically stable and require hard conditions to 

be activated. Non-thermal plasmas (NTP), which are generated under strong electric fields, provide an interesting 

manner to convert these molecules at ambient conditions by a direct electrical way. NTP are able to electrically 

produce many reactive species (ions, excited states, radicals). Among them, vibrationally and electronically 

excited species play an important role because they lower the activation barrier and lead to more efficient global 

reactions. Most of the works reported in literature on GHG conversion by plasma focus on syngas production but 

traces of coproducts such as hydrocarbons, alcohols, and organic acids are generally also produced [1,2]. However, 

the main gaseous organic hydrocarbons obtained until now are ethane and propane which are far less important 

than unsaturated hydrocarbons in chemical industry. Try to produce molecules other than saturated hydrocarbons 

is thus a real challenge. Anyway, increase the share of coproducts in the final composition to move toward new 

processes able to directly convert CO2/CH4 into higher added-value molecules (synthetic fuels or chemicals) has 

a great interest. In that case, a heavy two-steps process chain consisting in production of syngas then production 

of synfuels/chemicals could be replaced by a simpler one-step one consisting in direct production of 

synfuels/chemicals under conditions close to ambient ones. Whereas there are few works focusing on the direct 

synthesis of high added-value hydrocarbons (e.g., ethene) in plasma surroundings, we developed a new hybrid 

NTP-catalytic process for the production of value-added unsaturated hydrocarbons and oxygenates. 

 

We prepared the potassium (K) modified Fe-based catalysts according to the reported MOF mediated synthesis 

approach [3]. Then the catalysts were tested by our home-made plasma fixed bed reactor [1]. The selectivity of 

products, especially hydrocarbons, were analyzed to show the role of catalysts and promoters. Temperature-

programmed desorption (TPD) tests were carried out and illustrated the modification of surface properties after 

introducing the potassium. 

 

The catalysts exhibit synergistic effects during plasma catalytic process and considerably tune the selectivity of 

H2, CO and liquid oxygenates while decrease the conversion rate slightly. The molar ratio of unsaturated 

hydrocarbons to saturated hydrocarbons (U/S ratio) and molar ratio of H2 to CO (H/C ratio) are shown in Figure 

1. The unsaturated hydrocarbons products are negligible in the plasma-only process while the K promoted catalysts 

further improve the unsaturated hydrocarbons production. For Fe-SiO2 and Fe/C-SiO2 catalysts, the U/S ratio 

(represent the molar ratio of ethylene and acetylene to ethane) is 0.19 and 0.07 respectively, nevertheless the U/S 

ratios rise to 0.35 and 0.90 using K-Fe-SiO2 and K-Fe/C-SiO2 catalysts. The H/C ratio increases to around 2.0 

which is the most desirable gas composition in F-T synthesis while packing K-Fe/C-SiO2 catalyst.  

 

 
Figure 1.  H2-TPD profiles of the (a) Fe-SiO2 and K-Fe-SiO2, (b) Fe/C-SiO2 and K-Fe/C-SiO2 catalysts. 

 

The CO2-TPD results elaborate the influence of K on the CO2 adsorption properties. As shown in Figure 2, the 

selected iron-based catalysts exhibit 2 peaks in the temperature range of 100−200 oC and 500-600 oC, which are 
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ascribed to the desorption of CO2 on weak and strong basic sites respectively. After the introduction of K 

promoters, we observed that the desorption peak of CO2 is much lower since K promoters covered the surface 

basicity of catalysts. The decreased surface basicity of Fe/C catalysts could correspond to the slight decrease of 

conversion. 
 

 
Figure 2.  CO2-TPD profiles of the (a) Fe-SiO2 and K-Fe-SiO2, (b) Fe/C-SiO2 and K-Fe/C-SiO2 catalysts. 

 

The addition of promoters also could suppress the adsorption strength and amount of H2. Figure 3 indicates that 

H2 adsorption capacity decreased markedly after the modification of K which is in line with the previous literatures. 

The desorption peak shift to a lower temperature on the K modified surface. According to the reported H2 

chemisorption analysis [3,4], the amount of H2 adsorption decreased sharply after K promotion while the 

chemisorption of CO is improved. Owning to less surface H adsorbed on the catalysts, the value-added unsaturated 

hydrocarbons, formed in the plasma surrounding, would be less converted into the saturated hydrocarbons via the 

hydrogenation [5]. 
 

 
Figure 3.  H2-TPD profiles of the (a) Fe-SiO2 and K-Fe-SiO2, (b) Fe/C-SiO2 and K-Fe/C-SiO2 catalysts. 

 

The plasma-catalytic process considerably tunes the selectivity of H2, CO and liquid oxygenates. The highest U/S 

ratio is 0.90 using K-Fe/C-SiO2 catalysts while the H/C ratio increases to around 2.0 which is the most desirable. 

The modification of K promoters adjusted the surface adsorption and basic properties which is attributed to the 

improvement of certain products selectivities. 
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Carbon dioxide (CO2) is mainly discussed negatively as a greenhouse gas and the main cause of anthropogenic 

climate change. Recently, CO2 has received increased attention as an abundant carbon resource and readily 

available raw material, rather than being treated as an environmentally harmful greenhouse gas. In recent decades, 

the utilization of CO2 has attracted the attention of scientific groups, especially those studying industrial and 

environmental processes. In this direction, CO2 has been a renewable C1 feedstock for high-value chemicals in 

recent times. Among various strategies, the carbonylation of alcohols with CO2 is attractive for the synthesis of 

alkyl carbonates [1,2]. 

 

Our main focus has been on the synthesis of TiO2/CeO2-based catalysts using a combined exo- and endo-template 

approach, which are more industrially applicable due to higher activities and lower costs. In this work, the effects 

of the Ti/Ce molar ratio on the surface properties and structure of the TiO2/CeO2 catalyst, the reaction conditions, 

and the reusability study of the catalyst for direct conversion of CO2 were investigated. The catalytic activity of 

the synthesized TiO2/CeO2 catalysts was closely related to the basic and acidic sites. The basic sites are responsible 

for CO2 activation and methoxy group formation, while the acidic sites are responsible for methanol activation in 

the reaction. Moreover, the reaction mechanism was proposed for dimethyl carbonate synthesis in the conversion 

of CO2 with methanol. Optimization of reaction conditions was studied batch-wise reactor at different reaction 

parameters such as reaction temperature, catalyst dose, and reaction time. The reusability of TiO2/CeO2 catalysts 

was also investigated. In addition, the heat of reaction and Gibbs free energy were carried out using chemical 

equilibrium modeling. The relationships between the structure of TiO2/CeO2 and their catalytic activity have 

created a need for new preparation routes for improved surface properties.  

 

To investigate the Dimethyl carbonate synthesis in presence of synthesized TiO2/CeO2-based catalysts are shown 

in Fig. 1. 

 
Fig. 1. DMC synthesis from direct conversion of CO2 and methanol in presence of TiO2/CeO2-based catalysts 
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There is a tremendous interest on ethanol beneficiation as it is largely produced from crops, and it is regarded as a 

potential candidate for low temperature fuel cell applications. Although ethanol possesses good advantages, its 

resistant to oxidation poses a threat [1]. The main objective of the study is to synthesis bio-inspired metal oxide–

support catalyst which will help enhance the activity, and efficiency of Pd catalyst in Fuel cell performance as well 

as ethanol oxidation. Here, Pd nanoparticles were supported on NiO/C through a green facile one-step process 

using pomegranate peel extracts as reducing agent. A series of characterizations were carried out to provide proof 

for and to quantify the presence of Pd, Ni, O and C in the prepared sample. Microscopic methods confirmed the 

successful preparation of pure NiO/C and (%5 Pd) Pd-NiO/C, evident by the key elemental components, mixed 

nanostructures and co-existence of Pd and NiO/C. The resultant Pd-NiO/C nanocatalyst revealed higher activity 

towards the oxidation of ethanol and that the nanocatalyst is more tolerant to poising by intermediate oxidation 

species. Enhanced cell performance with current and power densities of 66 mA cm-2 and 26mWcm-2 relative to the 

commercial Pd/C were obtained under passive conditions at 1 M ethanol in 1MKOH. While the cell output was 

117 mW. 

 

Keywords: Green synthesis, Electrocatalyst, Metal oxides, Ethanol electro-oxidation, Alkaline anion exchange 

membrane fuel cells 
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Natural gas is primarily used for domestic cooking/heating, conversion to syn-gas via reforming, and transportation 

fuels in the form of compressed natural gas (CNG). Methane is the major component of natural gas, and the 

transportation of natural gas over long distances is economically challenging. Methane leaks from petrochemical 

industry and coal reserves have risen about 2.5 folds since the pre-industrial times. The industries rather flare this 

methane into carbon dioxide so that it has less harmful impact on the environment. A total of 143 billion m3 of 

methane was flared back in 2012 which would have a market value of 14,000 crores.1 A solution to this problem 

is the oxidation of methane into its oxygenates like ethanol, acetic acid and primarily methanol. The use of 

methanol as a fuel or a fuel additive has increased a lot in the past. A number of alternate technologies and routes 

are being developed in addition to the traditional two-step syngas route for the synthesis of methanol from methane 

via steam-reforming process which itself is a temperature and pressure extensive process.2 We have synthesized a 

highly active single-site earth abundant metal catalyst supported on a zirconium based metal-organic framework 

(MOFs) for oxidation of methane to methanol with a very high selectivity. MOFs have recently emerged as an 

interesting class of porous and tunable molecular material for developing robust and chemoselective single-site 

base-metal catalysts. MOFs are built from metal-oxo clusters based secondary building units (SBUs) and organic 

linkers that hold the properties of tunability and reticular synthesis.3-5 Moreover, MOF-supported catalysts 

combine both the advantages of homogeneous catalysts such as homogeneity of the active sites, reproducibility 

and selectivity, and heterogeneous counterparts such as high stability, facile catalyst separation and recovery. This 

direct approach to methanol production could be adopted not just at mining or refinery sites but also at remote 

agricultural farmlands which account for about 32% of the total man-made methane emissions.  

 

UiO-66 MOF having the formula of Zr6(μ3-OH)4(μ3-O)4(C8O4H4)6 is constructed from zirconium oxide as SBUs 

and benzene dicarboxylic acid (bdc) as organic linkers via a solvothermal reaction of ZrCl4 with benzene 

dicarboxylic acid in DMF at 100 ℃ for 15 minutes. Deprotonation of μ3-OH with n-BuLi was followed by post-

synthetic metalation of lithiated UiO-66 with different earth abundant metals. They were tested for methane 

oxidation, out of which UiO-66-Co turned out to be highly selective and productive. The catalyst was highly 

effective for the oxidation of methane into C-1 and C-2 oxygenates. Selectivity of over 98% was observed for 

alcohol formation. 514 m2/g of BET surface area was observed for UiO-66-Co in comparison to 808 m2/g of UiO-

66. BET pore size was 0.57 nm. The cobalt active center was tetra-coordinated with one Cl, two carboxylate O 

and one µ4-O at 1.94, 1.84, 2.10 and 2.04 respectively as determined by EXAFS and DFT simultaneously. Other 

characterizations including PXRD, XANES, and TEM were also performed. The uniform distribution of Zr and 

Co particles throughout the MOF was confirmed by scanning electron microscopy (SEM)-energy-dispersive X-

ray (EDX) mapping. The Co+2 edge energy was about 5 eV higher than CoCl2 indicating higher than +2 oxidation 

state. All the reactions were performed using 50 mL Parr pressure vessels (4793 (VGR)-T-SS-3000-DVD. The 

liquid products were analyzed using HPLC equipped with a refractive index detector using a Hi-Plex-H column. 

The gaseous products were analyzed using gas chromatography (GC) equipped with a mass detector (Agilent 

5977B GC/MSD) and a TCD detector.  
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We have synthesized a UiO-66 MOF supported cobalt catalyst with the highest ever reported methanol yield, to 

the best of our knowledge using a non-noble metal, along with more than 90% selectivity and a decent conversion 

in water along with an oxidant. Mercury test further ruled out the possibility of any activity of leached metal 

nanoparticles. MOF also showed recyclability and stability with a slight decrease in methanol yield in each run 

with minimal leaching of post synthetically attached metal or zirconium.  
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Abstract 

The current prices of microalgae oils are much higher than vegetable oils mainly due to the high cost of 

photoautotrophic cultivation of microalgae. Heterotrophic growth represents a sustainable alternative to overcome 

light and climatic/geographic dependency, and to reduce cultivation costs [1,2]. Among microalgae, diatoms are 

excellent lipid accumulators and have characteristics, both conceptual and proven, which make them amenable to 

large-scale biofuel production [3]. In this context, a repeated-batch process for heterotrophic cultivation of marine 

diatom Cyclotella cryptica for biodiesel production is described. The diatom is cultured under optimized 

heterotrophic conditions in 6 bioreactors of 10 L each, using glucose as carbon source, harvesting every 7 days 

9/10 of the culture, and using 1/10 as seed culture for the next cycle. The whole repeated batch process lasted 42 

days for a total of 6 cycles, without using antibiotics along the cultivation. Biomass production ranged from 1.7 g 

L-1 to 1.4 g L-1 with a median value of 1.5 ± 0.1 g L-1. Total lipid productivity ranged from 37.87 to 48.57 mg L-1 

day-1, with a median value of 39.74 mg L-1 day-1. Triglycerides were the most abundant lipidic pool, representing 

54-65 % of total glycerolipids, and negligible level of free fatty acids were detected in the harvested biomass [4]. 

Main fatty acids in biooil were C16:0 (25%), C16:1 ω-7 (55%) and C20:5 ω-3 (14%), distributed in specific 

modality as acyl chains in glycerolipids [5]. On these bases, biodiesel properties were estimated in terms of main 

parameters (iodine value, cetane number, saponification value, etc…) to define the potentiality of diatom oil as 

biofuel in comparison to vegetable oils. The current technologies for biofuel production from microalgae will be 

discussed to assess the feasibility of different approaches in the prospective to substitute vegetable oils with 

microalgal oils. 
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Abstract 

An innovative process of structural modification of kraft lignin (KL) followed by the incorporation of the herbicide 

picloram (C6H3Cl3N2O2; CAS 1918-02-1) was developed by means the methoxylation reaction in a continuous 

flow regime. The modified KL-picloram nanoformulation obtained will be used in the study and validation of 

formulations of controlled release of the herbicide picloram in the subsequent stages in order to prove the 

environmental gain of this type of formulation against a convention formulation. It is expected that the structural 

modification will promote an improving of properties as surface area, adsorption and availability of chemical 

groups for interaction. The modification process, followed by the incorporation of the agrochemical molecule, in 

addition to being innovative, as it uses flow synthesis, meets the United Nations Sustainable Development Goals. 

 

Methodology 

KL was solubilized in a sodium hydroxide solution followed by formaldehyde (for methylation) and herbicide 

picloram (for incorporation) additions (Fig. 1). Reactions of KL modification were conduct in a flow system device 

(Asia, Syrris) with a later herbicide incorporation in a vessel. KL modification and picloram incorporation were 

confirmed by means FTIR (IRAffinity-1, Shimadzu) and TEM (EM902, Carl Zeiss).    

 

Fig. 1 Process developed for the structural modification of KL with subsequent incorporation of the herbicide 

picloram. KL = kraft lignin; Pn = system injection pump pressure in flow; SLn = solvent (formaldehyde) + kraft 

lignin solubilized in tubular reservoir; Rn = flow system reactors; RTn = reactor temperature; BPR = pressure 

regulator; KL-MT = methoxylated kraft lignin; PCL = picloram.  

 

Results and discussions 

Fig. 2 shows the confirmation of the modification of KL. Fig. 3 shows the confirmation of the incorporation of 

picloram to modified KL. The maximum size particle determined for the system modified KL-picloram was 97 

nm. 
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Fig. 2 FTIR spectrum of unmodified kraft lignin (i, red), batch modified (ii, black) and continuous flow modified 

(iii, blue). The region between 1750 and 1500 cm-1 stands out, where the alteration in the absorption bands can be 

observed produced by means the picloram incorporation. 

 

Fig. 3 Transmission electron microscopy of modified lignin (left) and picloram incorporated into modified kraft 

lignin (right). The picloram incorporation promoted the swelling of the kraft lignin particle. 

 

It is expected that the structural modification will promote an improving of properties as surface area, adsorption 

and availability of chemical groups for interaction. Furthermore, the developed process is closely related to 

the United Nations Sustainable Development Goal 12 for responsible consumption and production. 

  

Conclusions 

It was concluded that the developed process using a methoxylation route in a continuous flow regime produced a 

modified KL-picloram nanoformulation with satisfactory physicochemical properties (particle size and 

encapsulation power) for its use in the further validation studies of the controlled release formulation in order to 

prove environmental gain against conventional formulation.  

 

Acknowledgments  

Authors thank to Brazilian National Council for Scientific and Technological Development (CNPq) for the 

financial support (The Greenmol Project; grant number 400120/2019-4), and to EMBRAPA-CNPq Scholarship 

Program for CES’s scholarship.     

  

 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

102 
 

UV degradation of poly(lactic acid) materials through copolymerisation with a sugar-

derived cyclic xanthate 

 
Craig Hardy1 and Antoine Buchard1* 

1Centre for Sustainable and Circular Technologies, Department of Chemistry, University of Bath, Bath, BA2 7AY, UK. 

*a.buchard@bath.ac.uk 
 

The production of degradable polymers from sustainable resources has now become essential in order to relieve 

our dependence on petroleum-based plastics, and subsequently alleviate the increasing damage upon the planet’s 

eco-system.[1][2] Starting from tri-O-acetyl-ᴅ-glucal (commercial or easily prepared from the natural product ᴅ-

glucose) and carbon disulfide (CS2), we have successfully developed new synthetic methodologies towards two 

novel bicyclic xanthate monomers: one retaining the original glucal unsaturation and its hydrogenated, saturated 

analogue, and begun the exploration of the structure-property relationship on the resulting polymers.[3] 

Manufactured by reaction of charcoal or natural gas with sulfur, an abundant by-product of the oil and chemical 

industry, incorporating CS2 into polymers also has proven benefits in terms of waste valorisation.[4][5] 

 

Under optimised conditions, organocatalytic ring-opening polymerisation (ROP) of the unsaturated monomer 

proceeds quickly in solution, at room temperature, resulting in monomer conversions up to 90 % and polymers 

with number-average molar masses in excess of 10,000 g mol–1
. First order kinetics with respect to monomer 

concentration was demonstrated, and the thermodynamic parameters of the polymerisation (ΔHp = −25.6 kJ mol−1; 

ΔSp = −80 J mol−1 K−1) were determined from the equilibrium monomer conversions across a range of 

temperatures. Due to the ROP equilibrium limitations, the polythiocarbonate polymers exhibit full chemical 

recyclability back to the monomer, by dilution (0.1 mol L–1) at room temperature. The resulting polythiocarbonates 

possess a regio-regular structure with alternating C(S)S2 and C(S)O2 linkages, as well as a reactive alkene function 

present in the polymer backbone. The unsaturated and saturated polymers are amorphous in nature, with glass 

transition temperatures (Tg) around 65 and 92 °C, and each have an onset of thermal degradation (Td5%) of around 

188 and 191 °C. Demonstrating the intrinsic effect, which the addition of unsaturation to the pyranoside ring of 

the sugar-based cyclic xanthate monomer has upon the thermal properties of the resultant polymers. 

 

In addition, the sulfur-containing linkages, within the polymer backbone, also allow the rapid degradation of 

polymers under UV radiation (λ = 365 nm). This feature was exploited in the copolymerisation of L-Lactide with 

the cyclic xanthate monomer, used to incorporate thionocarbonate and thioester linkages into a polyester backbone, 
resulting in UV-degradable PLA materials. Indeed, the poly(lactide-co-xanthate) copolymers show enhanced UV-

degradability compared to PLA, with 40% mass loss within 6 hours of UV exposure for as little as 3% xanthate 

incorporation. 

 
Figure 4. Synthesis and ring-opening polymerisation of a ᴅ‑glucal-derived bicyclic xanthate to produce chemically recyclable 

and UV-degradable sugar-based unsaturated polythiocarbonates, in addition to the production of UV degradable PLA materials 

through the copolymerisation with L-lactide.   

https://researchportal.bath.ac.uk/en/persons/craig-hardy
https://researchportal.bath.ac.uk/en/persons/antoine-buchard
mailto:*a.buchard@bath.ac.uk


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

103 
 

 
Figure 5. Percentage of original Mn vs. time, following the exposition of poly(1-co-LLA) copolymers to UV irradiation (λ = 

365 nm). The reactions were performed at room temperature with [poly(1-co-LLA)]0 = 0.040 mol L−1. (a) Poly(1-co-LLA) 

(F1/FLLA, 3/93) (Mn,SEC = 13,200 g mol−1, ĐM = 1.66), (b) poly(1-co-LLA) (F1/FLLA, 16/84) (Mn,SEC = 15,800 g mol−1, ĐM = 

1.80) and (c) poly(LLA) (Mn,SEC = 12,800 g mol−1, ĐM = 1.12). 
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Abstract text: 

 Over the last years itaconic acid has drawn considerable attention as novel and renewable building block for bio-

based polymers. It has been used as (co-)monomer in radical polymerization reactions to obtain polyitaconates 

with different fields of application.[1] However, itaconic acid can also be used as monomer for unsaturated 

polyesters.[2] Due to the higher reactivity compared to polyesters derived from maleic acid, these materials can 

also be used in UV-curing applications and have the potential to be a renewable alternative to polyester acrylates. 

In addition, by using other bio-based building blocks it is possible to obtain polymers of this type that are 

completely derived from renewable resources. 

 

 
 

Figure 1. Synthesis of bio-based polyester itaconates. 

 

 

Herein, the synthesis and properties of novel polyesters and poly(ester amide)s derived from itaconic acid will be 

reported. Furthermore, the application of these polymer resins as binders for different UV-curing applications, 

such as printing inks,[3] wood coatings, and materials for additive manufacturing will be presented. In addition, 

novel small molecules derived from itaconic acid that might have potential to be used as reactive diluents will be 

discussed. The results suggest that these bio-based resins and monomers can be an alternative to conventional 

materials derived from acrylic acid. These finding are very intriguing, as itaconic acid usually suffers from lower 

reactivity towards UV-induced crosslinking in comparison to acrylic acid. In addition, characterization of the 

properties of the UV-cured materials derived from itaconic acid show that they can compete or even surpass the 

properties of commercial materials.   
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Over the past few decades, the apogee of industrialization has led to a compelling increase in the consumption of 

thermosets worldwide, resulting in an abundant source of wastes which cannot be recycled or repaired. To address 

this issue, reversible dissociative or associative bonds have been inserted within the chemical structure of 

thermosets to create covalent adaptable networks (CANs), enabling self- healability or recyclability. In 2011, 

Leibler and co-workers successfully introduced dynamic covalent bonds in thermoset polymer networks and 

developed the first “vitrimer”, combining the antithetical properties of a thermoplastic and a thermoset [1]. At 

service temperatures, vitrimers behave like a traditional thermoset with high mechanical properties, chemical 

resistance, and insolubility. At higher temperatures, they display the fluidity and the reprocessing ability of a 

thermoplastic. Among the different strategies and methodologies used to conceive vitrimers, the dynamic 

transesterification reaction (TER) occurring between ester bonds and aliphatic OH is the most representative 

chemistry for vitrimers. Catalysts are required to trigger the dynamic exchanges. They can be either external (the 

most common is zinc acetate) or internal. The latter is generally achieved by introducing tertiary amines in the 

chemical structure of the vitrimers. [2][3] 

 

Among the different chemical structures suitable to combine the specifications of traditional thermosets to 

recyclability, healability and degradability, polybenzoxazines (PBZ) have recently shown their significance. PBZ 

are monocomponent thermosets constituted by an abundant number of tertiary amines, suitable to design vitrimers 

relying on TER. They are also a promising alternative to phenolic and epoxy resins due to their unique mechanical 

and thermal properties, such as a high glass transition temperature, near-zero shrinkage upon polymerization, and 

high char yield polymers. [4]   

 

This presentation will illustrate the 

strategies to conceive degradable, 

self-healable and recyclable 

polybenzoxazine vitrimers from bio-

based materials such as polyethylene 

glycol, isosorbide, lignin-like 

materials, with high thermal and 

mechanical properties (figure 1). 

[5][6] 
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Abstract text:  

Lignin, a by-product of the pulp and paper industry, that is traditionally extracted from wood in order to produce 

cellulose, is the most abundant natural source of aromatics on Earth. As such, it shows potential in polymer design, 

in which currently, the majority of the used resources are still fossil-based.  Not only can lignin  replace existing 

harmful and fossil-based monomers, such as bisphenol A (BPA), but because of its unique structure it can improve 

the material properties for certain applications. The major issue that the field is currently struggling to resolve is 

lignin implementation because of the challenging structural characteristics that  are often displayed; specifically 

referred to as incompatibility, insolubility and poor esthetics. At the Flemish Institute for Technological Research 

(VITO), instead of viewing these characteristics as obstacles, we are aiming to exploit them to our advantage; to 

show that lignin can produce high quality materials. If handled properly, it can lead to high-gloss materials with 

greatly improved toughness in comparison with fossil-based counterparts or one-to-one sustainable alternatives. 

Furthermore, utilizing the lignin depolymerization process, that we apply in our pilot plant, and careful 

characterization of the produced depolymerized lignin oil, we gain new insight into structure-property 

relationships. This highlights the importance of functionality and molecular composition when designing 

materials specific to application. The focus of this talk will be on the preparation of lignin and depolymerized 

lignin-based polyurethanes1 and epoxy resins2. 

 
 

 
Figure 1.  A variety of materials that contain lignin – from natural to man-made. 
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In recent years, lignin has attracted an immense amount of attention due to its potential as a renewable source that 

can be utilized in the production of fuels, bio-based polymers and chemicals, aromatics etc [1]. Lignin is one of 

the three main components found in lignocellulosic biomass and is considered as the most abundant natural source 

of phenolics and aromatics. Nowadays, it is underutilized in biorefineries as it is traditionally used for the in-house 

production of heat and energy [2]. Its structure renders lignin an excellent potential resource for plenty of currently 

petroleum-derived materials, like polymers, due to the aromatic structure and the presence of various functional 

groups like phenolic and aliphatic hydroxyls, carboxyls, aldehydes etc. Organosolv lignin is a technical lignin, 

isolated from all kinds of lignocellulosic biomass within the biorefinery schemes (Organosolv process). This type 

of process is very promising since it can selectively isolate organosolv lignins that have desirable properties, such 

as decreased molecular weights (MW), low polydispersity (PDI), appreciable amounts of β-Ο-4 interunit bonds 

and also increased functionality (especially phenolic OHs groups) [2].  

 

Lignins have previously being studied as potential materials for additives in plenty of thermoset and thermoplastic 

polymers like phenol-formaldehyde resins, PLA and PUs [1] with success. In the past years lignin has also been 

used in epoxy resins, which are considered as one of the most commonly used thermosetting polymers, due to their 

superior mechanical and adhesive properties, and chemical resistance [3, 4].  

 

In this work, organosolv lignin was utilized either as a crosslinker or as a reactive additive in epoxy resin towards 

the production of bio-based epoxy composites. In detail, beechwood biomass (Lignocel) organosolv lignin (OBs) 

was isolated via hydrothermal treatment in a mixture of EtOH/water and H2SO4 as an acid catalyst. The isolation 

process was optimized and the obtained OBs lignin had a particle size within the submicron scale. OBs was further 

characterized using 2D-HSQC and 31P- NMR, GPC, TGA/DSC analysis. The OBs lignin was then blended with a 

commercial epoxy resin (Diglycidyl Ether of Bisphenol A, EPON 828) and a glassy curing agent (Jeffamine D-

230) replacing either part of the curing agent or substituting part of the resin/curing agent mixture, followed by 

curing under appropriate conditions. The lignin content in the cured composites was in the range of 3-9 wt.%. All 

the epoxy-organosolv lignin composites were transparent and exhibited superior mechanical, thermal and 

antioxidant properties compared to the pristine polymers, proving the high potential of lignin in replacing 

petroleum derived monomers in relevant polymeric materials. 
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Abstract 

Conventional thermosets rely on petrochemical products, and cannot be reprocessed, recycled or reshaped under 

mild conditions owing to their permanent, highly crosslinked structure. Although some of these materials are 

down-cycled into lower value products, most thermosets are incinerated, landfilled, or otherwise unaccounted for 

(i.e. leakage), which intensifies the problem of resource shortage and environmental pollution. In this work, wheat 

straw lignin (Protobind 1000) was used as a raw material to prepare modified lignin by a non-catalytic reaction 

with t-butyl acetoacetate. The modified lignin was cross-linked with fatty acid diamine (Priamine 1075), and a 

fully bio-based vitrimer material was successfully prepared. The vitrimers have high lignin content (40-50 wt%). 

The mechanical properties of these vitrimers could be adjusted by changing the density of the cross-linked network 

inside the material, which is determined by the ratio of modified lignin and diamine. In the case of elevated 

temperature (>100 oC), the dynamic chemical bonds (vinylogous urethane amine exchange) inside the material are 

activated, which allows the material to be recycled and reused. Rheology was used to study time and temperature 

dependent stress relaxation dynamics. Experimental results show that the relaxation time of the Vitrimer-1 ranges 

from 104s at 150 °C to 9s at 180 °C, exhibiting a rapid relaxation throughout the process without the addition of 

any catalyst. A potential application for this work is removable adhesives. The dry shear stress of the adhesive is 

12.7 Mpa, and the wet shear strength is similar under different conditions, with a minimum strength of 3.5MPa. 

Combining the special solvent swelling behavior of the vitrimer material itself and the rapid exchange of dynamic 

chemical bonds of the material at high temperatures, we propose to use both solvent removal and heat removal 

methods to remove the adhesive, and the removed adhesive can be recycled. This work provides a case for bio-

based vitrimer to promote the development and utilization of advanced bio-based thermoset materials. 
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Lubricants, fuels, plastics, and by extension all organic matter is prone to oxidation.1 Antioxidants, as the name 

indicates, are compounds that delay or inhibit this destructive oxidative process. Although many known natural 

antioxidants exist, the most used antioxidants are synthetic petrol-derived hindered phenols. Despite their strengths 

and widespread use, these synthetic molecules are known to leach from their polymer matrix into the packaged 

product and surroundings. 

 

Native lignin, made of a complex polyphenolic structure that consists of hindered phenols, is an ideal candidate 

for serving as a renewable antioxidant. Until now, the use of lignin as an antioxidant has been limited by its 

heterogeneous nature and its inadequate compatibility with common plastics. Novel depolymerization techniques 

allow for the deconstruction of lignin into a bio-oil rich in monomers. One of such monomers is dihydroconfineryl 

alcohol (DCA), which contains both an aromatic and aliphatic hydroxyl group.2  

 

In this work, a lipase-catalyzed (meth)acrylation was developed to selectively acrylate the aliphatic hydroxyl group 

of DCA while keeping its hindered phenol intact. Typically, a protection-deprotection strategy on the phenol is 

used for the radical polymerization of these monomers.3 However, we show that under select conditions, the radical 

polymerization proceeds without the protection of the phenol. An extensive kinetic study using RAFT 

polymerization, the determination of copolymerization ratios, and block copolymer synthesis were performed to 

prove this effect. Finally, the antioxidant properties of the developed acrylic polymers were studied, showing a 

similar antioxidative strength compared to commercial antioxidant additives. 

 
 

 
Figure 1. Biobased monomers from lignin bio-oils for the production of acrylic films with antioxidative properties 
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Biobased building blocks and biobased polymers have increased their visibility in recent years. However, the most 

abundant type of biobased building blocks - carbohydrates - is still often unsuitable for high-end industrial 

chemical processes. Isohexides have a great potential as monomers for polymer preparation since they can provide 

the polymer structure with rigidity and as a result enhance the glass transition temperature of the material as well 

as their hydroxyl groups offer functionalization sites. Interestingly in the preparation of polymers, isohexides can 

be utilized as monomers, in different forms. The most obvious is the use of isohexides as a difunctional diol 

monomer whereas the less common one is the conversion of the isohexide into the corresponding carboxylic acid 

and the corresponding diamine. 

 

We report the development of biobased polyesters derived from 2,5-bis(hydroxymethyl furan) (BHMF) and the 

isohexide derived isoidide dicarboxylic acid (IDA). The polymers derived from this combination of BHMF and 

IDA have a reversed combination of diol and diacid structures as compared to conventional polycondensates. This 

reversed combination results in polyesters with a fast crystallization rate (from the high rotational mobility of 

furan) and a high Tg and Tm (from the bulkiness of the IDA). In addition, the structure  does not allow the formation 

of a vinyl esters during thermal degradation, and therefore discoloration is minimized. Moreover, we report the 

synthesis of biobased diamines derived from 2,5-dimethyl furan dicarboxylate and the isohexide based isoidide 

diamine (IDM). 

 

 

Scheme 1: Proposed synthetic pathway for the synthesis of conventional and reversed polyesters based on isohexide moieties 
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With an annual production of 70 million tons globally, polyethylene terephthalate (PET) is one of the most widely 

used polymers worldwide, indispensable for the manufacturing of packaging material, clothing, fibers and single-

use beverage bottles. However, its accumulation in landfills and oceans has been estimated to reach up to 530 

million tons to date, which accounts for near-catastrophic environmental pollution. Moreover, most of the PET is 

still, typically, produced from fossil resources by copolymerization of ethylene glycol (EG) and terephthalic acid 

(TPA). 

 

Thus, there is tremendous incentive to obtain readily recyclable or upcyclable, fully bio-based PET alternatives in 

order to implement circular economy approaches. This will require the development of new, robust catalytic 

methods and comprehensive biorefinery strategies.  

 

Here we present a comprehensive biorefinery strategy for constructing PET analogues, as well as gasoline range 

and jet-range fuels, based entirely on woody biomass (Fig. 1)1. In our unique approach, lignin gives the aliphatic 

diol building block, while cellulose may provide the necessary aromatic diacid components (FDCA or TPA) in the 

developed polyesters. Central to the method is the catalytic funneling2 of native lignin by a non-noble metal two 

step catalytic sequence, which results in 4-(3-hydroxypropyl) cyclohexan-1-ol (PC), obtained as single compound 

in the excellent isolated yield of 11.7 wt % (on lignin basis), and other product streams are convertible to gasoline 

range cyclohexane derivatives and high energy density fuel range bicyclic alkane, achieving the total carbon yield 

of 29.5 %. Notably, this funneling strategy allows overcoming tedious and expensive product isolation and 

purification protocols, providing a single polymer building block PC from complex biomass feed as well as other 

usable product streams. This leads to overall excellent lignocellulose utilization and the synthesis of fully wood-

based polyesters. The new polyesters poly (PC/TPA) and poly (PC/FDCA) display excellent thermal properties 

(Tg = between 75-90 °C) that compare favorably to commercially available PET and are readily recyclable in 

methanol. Preliminary techno-economic analysis shows feasibility of the developed process, thus overall these 

fully bio-based polyesters are promising candidates for the circular economy. 

 

 
Fig. 1 A) Our comprehensive biorefinery strategy to produce fully lignocellulose-based, recyclable PET analogues 

and other valuable products. 
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Abstract text:  

With fossil fuels depleting fast, society needs to find alternatives to the current oil-based plastics. The obvious 

solution is to utilize biomass as a source of carbon, as much of it is currently discarded as waste. Many bio-derived 

platform molecules are being used to synthesize polymers, one of which is levoglucosenone (LGO).  Derived from 

cellulose feedstock such as wood pulp1, it is a very versatile organic molecule with functionalized chiral structure 

(Figure 1). This makes it a useful molecule in many reactions, such as in the synthesis of the solvent Cyrene1. 

There have been several previous works that focus on LGO-based polymers2–4, however, these methods used 

traditional metal catalysts or non-green reagents. Enzymes are a more sustainable alternative; they are inherently 

bio-based and often require mild reaction conditions. Here, the polymerization of several LGO-derived monomers 

was attempted with the biocatalyst Candida antarctica lipase B (CaLB) in the green solvents Cyrene and dioxolane 

Cygnet. 

 

 
Figure 1.  Two monomers derived from LGO were used in this study, as described in previous works 2,3, and the polyesters 

were produced from their polycondensation reaction with dimethyl adipate. 

 

Diol monomers were synthesized according to previously published works2,3. Several conditions were tested and 

polymers were successfully synthesized in almost all conditions. 2H-HBO-HBO did not polymerize in the 

presence of Cyrene as a side reaction resulted in the formation of a brown solid. This monomer has been known 

to undergo Michaels addition and self-polymerization4, and use of the Cyrene derivative Cygnet 0.0 as the reaction 

solvent eliminated this side reaction. 

 

The yields for Poly(2H-HBO-HBO adipate) were initially very low. Using a less polar anti-solvent such as 2,2,5,5-

tetramethyloxolane (TMO) instead of water resulted in a much better yield, up to 81%. TMO is considered a green 

solvent, and the yield is much improved compared to the previous work of 38%3. We have also managed to produce 

poly(HO-HBO adipate) at a good yield using an enzymatic polycondensation reaction. Although this is at a slightly 

lower yield (88%) compared to previously published results, where a 90% yield was achieved2, this method is 

greener, as it substitutes diacyl chlorides with diesters. 
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Polyesters such as poly(lactic acid) form the cornerstone of biodegradable thermoplastics due to their excellent 

mechanical and thermal properties, but their poor solvent resistance, low thermal stability and significant stress 

softening limit their widespread application. Cross-linking these degradable systems could impart additional 

dimensional stability, enhancing their tensile and impact strength hence producing materials with improved 

elasticity and shape retention, while also reducing creep. Traditional thermoplastics can be mechanically and 

chemically recycled, but these pathways are often not possible for thermoset resins due to their cross-linked 

structure. The renewed demand for sustainable polymers from public, industry and government stakeholders has 

increased research into (bio)degradable thermoplastics, but thermosets have often been overlooked. 

 

To address this need for more sustainable thermosets, we have developed novel, bio-based cross-linkers that can 

be readily copolymerized with commercially available cyclic esters. We use bio-derived feedstocks to synthesize 

two bifunctional molecules based on the 1,3-dioxolan-4-one moiety, varying the length of the spacer between the 

two reactive groups. Using a range of cyclic esters (ʟ-lactide, ε-caprolactone, δ-valerolactone), a family of 

polyester resins incorporating these novel monomers were then prepared. The structure–property relationships 

from the two novel cross-linkers were elucidated, and the properties of the resins could be tuned from tough solids 

to elastomers. Importantly, we demonstrate that these materials are competitive with commercially available 

thermosets employed for physically demanding applications. Unlike commercial thermosets, however, the 

triggered degradation of polyester resins can be leveraged to enable more sustainable end-of-life fates such as 

biodegradation, chemical recycling via depolymerization or even reprocessing. 

 

 
Figure 1.  Project scope. 

 

 

Acknowledgements 

Our current research efforts are supported by the European Regional Development Fund, project reference 

15R19P03387. We are also grateful for funding from the EPSRC through the UKRI Plastics and Research 

Innovation Fund (NE/V01045X/1).  

References 

1. Şucu, T.; Shaver, M. P. Inherently Degradable Cross-Linked Polyesters and Polycarbonates: Resins to Be 

Cheerful. Polym. Chem. 2020, 11 (40), 6397–6412.  

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

115 
 

D-xylose for a versatile class of bioplastics with tunable properties 

 
Marco Piccini* and Antoine Buchard 

Centre for Sustainable and Circular Technologies, Dept. of Chemistry, University of Bath, Bath BA2 7AY, United Kingdom 
*m.piccini@bath.ac.uk 

 

 
Figure 1.  Graphical abstract 

 

 

 

In this work we investigate sugars as building blocks for the synthesis of renewable polymers in which 

monosaccharides, used without structural modification, are incorporated into the main polymer backbone [1]. D-

xylose was chosen being one of the most abundant sugars in nature, derived from easy depolymerisation of 

hemicellulose, including from second generation feedstocks such as agricultural, forestry and paper-making waste 

streams. The synthetic approach hereby used exploits olefin metathesis chemistry for the polymerisation of alkene-

containing monomers. In particular, rigid isopropylidene-functionalised xylofuranose core was combined with 

biobased flexible 10-undecenoic acid (from castor oil), obtaining renewable α,ω-unsaturated glycolipid 1a. This 

monomer was polymerised via acyclic diene metathesis (ADMET) with Grubbs second generation catalyst. Using 

low catalyst loadings (0.1 mol%) and no solvents (with associated sustainability and cost benefits), high molecular 

weight (Mn up to 71,000 g mol–1) amorphous polyesters were obtained, with high thermal (up to 365 °C) and 

hydrolytic (pH 7, 0, 14) stability, and relatively low glass transition temperatures (–28 to –8 °C), imparted by the 

flexible fatty acid chain. Post-polymerisation modification via ketal deprotection revealed hydroxyl groups 

inducing semicrystallinity, allowing the production of transparent polymer films. Further hydroxyl 

functionalisation (including with phosphine groups) was demonstrated, opening new possibilities for functional 

renewable polymers. 

 

 

 
 

Figure 2.  Synthesis of ADMET monomers and polymers from D-xylose and post-polymerisation C=C reduction 
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Given the promising properties, the study was widened to structural analogues in order to investigate structure-

properties relationships [2]. α,ω-unsaturated diesters and diethers were synthesised from ω-unsaturated acids and 

alcohols (C11, C5 and C3), most of which obtainable from renewable sources. ADMET polymerisation afforded 

polyesters and polyethers with molecular weights increasing with increasing chain length (63,000 – 2,000 g mol–

1). These were found to be amorphous materials; remarkably, Tg decreased linearly with increasing chain length 

for both polyesters (-14 to 45 °C) and polyethers (-32 to 14 °C). The newly formed internal olefin bonds were 

subsequently modified post-polymerisation via C=C hydrogenation and thiol-ene “click” reaction. Hydrogenation 

turned amorphous C20 polymers into semicrystalline solids (Tm 44 - 50 °C) and allowed production of transparent 

flexible films with exceptional polyethylene-like mechanical and gas barrier properties. Thiol-ene modification 

also proved an effective functionalisation strategy. 

 

In summary, we have developed a versatile class of biobased polymers from D-xylose, whose properties (thermal, 

mechanical) can be tuned by modulating their structure (chain length, functionality, alternative sugar cores) and 

via a variety of post-polymerisation modification techniques (OH deprotection and functionalisation, C=C 

reduction and thiol-ene modification), opening several routes for a range of applications. 

 

 

 

  
 

Figure 3.  (left) Film from hot-pressed poly(2a)-H; (right) Tensile testing (stress vs. strain curves) for the same film (after 

hot-pressing and after uniaxial stretching)  
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The fact that antibiotics are increasingly widely used has caused many strains of bacteria to become resistant to 

their effects. Increasingly, scientists are looking for compounds that exhibit antimicrobial activity. Examples 

include zinc oxide and benzethonium chloride, which is a quaternary ammonium salt that is synthetically derived. 

Synthesis of composites with potential antimicrobial properties may be the answer to the problem of bacterial 

resistance to antibiotics [1, 2]. 

 

Zinc oxide has antibacterial and antifungal properties. Due to the physicochemical properties of ZnO, it is widely 

used in many scientific and industrial fields. It is used as an ingredient in salves and ointments (pharmaceutical 

industry), as well as in toothpaste. In combination with eugenol, it is used as a filling for dental cavities. Zinc white 

is a white pigment used in the paint industry. It can also be used as a catalyst for organic synthesis, for the 

production of semiconductors, sensors, or in optoelectronics. ZnO exhibits strong antibacterial activity for a wide 

range of bacterial types. The mechanism of its action is not fully understood. It is assumed that it may be 

photocatalytic generation of reactive oxygen species. The inhibition of bacterial growth may be due to the 

penetration and disorganization of the cell membrane by the interaction of ZnO nanoparticles [3-5]. 

 

Benzethonium chloride is otherwise known as hyamine. It has surfactant, antiseptic, and anti-infective properties. 

It is used as an antibacterial agent in disinfectant fluids. It is found in the composition of cosmetic and toilet 

products (soap, mouthwash, disinfectant wipes). Its properties allow to use it as food preservative and disinfectant 

of hard surfaces [6]. 

 

Activities aimed at more frequent use of compounds with antimicrobial properties are very important in relation 

to the SARS-CoV-2 virus pandemic. It is very important to systematically disinfect surfaces - tables, doorknobs, 

handrails, or containers for disinfectant liquids that are made of plastic. An interesting idea is the synthesis of 

composites, which in their structure contain a protective agent against microorganisms. 

 

Composites containing bisphenol A diacrylate (BPA.DA) as the main monomer were synthesized. As an active 

solvents 2-ethylhexyl acrylate (AEH), butyl acrylate (BA) and methyl methacrylate (MMA) were used. 

Benzethonium chloride (BEN) and zinc oxide (ZnO) were used as fillers having antimicrobial properties. The 

monomer ratio was 70:30. 2,2-Dimethoxy-2-phenylacetophenone (IQ) was applied as photoinitiator. Composites 

containing 1, 2, 5% by weight of antimicrobial filler were prepared. Appropriate amounts of substrates were mixed 

in a glass beaker, then the mixture was transferred into 10 x 12 x 0.2 cm glass molds with a teflon spacer. The 

mixtures were placed in a UV lamp for 30 minutes.  

 

Aging studies of the materials were performed. For this purpose, the obtained composites were cut into 10 x 10 x 

2 mm squares and placed in different organic and inorganic solvents. The aging test lasted for 16 weeks. During 

this time, systematically (one time by week) the samples were weighed after removal from the solvent, dried for 

two hours and weighed again. The swelling factor was also calculated from the formula: 

 

Biological testing of the samples was also carried out. For this purpose, the samples were prepared in an 

appropriate manner and sterilized. Then the antimicrobial properties were determined with respect to selected 

Gram-positive and Gram-negative bacteria. Additionally, the effect of the obtained composites on the adhesion, 

i.e. biofilm formation of the tested bacterial strains was examined using the method with TTC. In the last stage of 

the study, the fungicidal and fungistatic properties were determined using the liquid (broth) culture. The following 

test organisms were used: and Escherichia coli, Staphylococcus aureus, Candida albicans and Aspergillus niger.   

 

In order to confirm the structure of the composites, ATR-FT/IR spectra were performed before and after the aging 

process, which also allowed us to observe the changes resulting from the degradation of the composites. The 

hardness of the materials before and after the aging process was also measured. Additionally, differential scanning 

calorimetry (DSC) analysis was performed. 
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Lignin is the second most abundant biopolymer just after cellulose. Its structure is a complex 3D network of phenol 

compounds liked by C-C (carbon-carbon) or C-O-C (carbon-oxygen-carbon) bonds, thus representing a promising 

source of aromatic compounds. The first part of this study focused on the depolymerisation of lignin using the 

redistribution mechanism with phenols under oxidative conditions in water in the presence of Cu catalyst. We have 

previously demonstrated that poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) can be successfully depolymerised 

both in water and in ionic liquid involving the redistribution mechanism under mild condition (at 50-80°C, 

atmospheric pressure).  The redistribution mechanism is one of the pathways in PPO preparation from the oxidative 

polymerisation of phenols, in which the carbon-oxygen bond (aryl ether bond) formed between phenols can 

dissociate under oxidative conditions to build the polymer chains and most importantly, this reaction is known to 

be an equilibration reaction. Considering the equilibrium involved in the redistribution mechanism in the 

polymerisation, we have found that depolymerisation is likely to occur simultaneously by adding phenol 

compounds to PPO under oxidative conditions. As lignin has a similar aryl ether structure to PPO in its network, 

our hypothesis is that this selective depolymerisation mechanism can be used to depolymerise lignin by breaking 

aryl ether bonds in its structure under mild condition.  

 

We also have developed the novel oxidative degradation of lignin using MnO2 with blue-light with a formate ionic 

liquid to produces ethyl acetate and also water soluble depolymerised lignin products.1 The β-O-4 bonds in lignin 

were oxidised, which were then depolymerised by a green and recyclable ionic liquid, 2-hydroxy ethylammonium 

formate, under mild conditions. At last, we have developed the photo-responsive materials from lignin degraded 

products.2 

 

The second part of this study focused on using CyreneTM, a bio-based green solvent. CyreneTM has been 

transformed into its methacrylic derivative (m-Cyrene) for the first time and its polymerisation was studied using 

different polymerisation techniques such as bulk, solution and emulsion polymerisation.3 The new m-Cyrene 

monomer was found to undergo rapid polymerisation compared to isobornyl methacrylate (IBMA), another bio-

derived monomer with a close structural similarity, and the highest polymerisation rate was obtained in CyreneTM 

as the polymerisation solvent media. Cytotoxicity test confirmed the non-toxic nature of the bio-derived monomer, 

making it a green bio-derived methacrylic monomer for synthesising polymers where high thermal stability and 

mechanical properties are required. 
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In 2016, 90% of all plastics were made from fossil fuels and it’s estimated that at the current rate of consumption 

crude oil and natural gas will have run out by 2070.[1,2] With 350 million tonnes of plastic produced worldwide in 

2017 alone, it is clear that the sustainability of this area requires attention.[3] Renewable feedstocks, or biomass, 

are generally plant or biologically-based materials that replenish as they are used.[4] The monomers N,N-dimethyl 

lactamide acrylate (DMLA) and ethyl lactate acrylate (ELA) are sourced from lactic acid, which is made through 

the fermentation of carbohydrates.  

 

The aim of this project was to conduct reversible addition−fragmentation chain-transfer (RAFT) polymerisation 

to make the hydrophilic poly(DMLA). This was then used as a macroRAFT agent in a RAFT-mediated 

polymerisation induced self-assembly (PISA) reaction in water to chain extend the hydrophobic poly(ELA) 

forming the diblock copolymer PDMLA-b-PELA. PISA allows for simultaneous synthesis and self-assembly as 

the PELA grows, reducing the number of steps required and potentially improving the reactions ‘green’ 

credentials.[4] PDMLAx was synthesised at numerous degrees of polymerisation (DPx = 25 to 400), all with narrow 

molecular dispersity’s (Mw/Mn = 1.14 to 1.28) and glass transition temperatures (Tg) between 73 and 78 °C. 

PDMLA-b-PELAx (DPx = 10 to 400), also achieved narrow molecular dispersity’s (Mw/Mn = 1.18 to 1.54). Data 

collected so far show two Tg’s present, at 10 and 60°C, representative of PELA and PDMLA, respectively.[5] 

Dynamic light scattering (DLS) analysis shows particle Z-average diameters between 14 and 74 nm (Đ = 0.0362 

to 0.197). All reactions reached high monomer conversions with short reaction times (<6 hours). These polymers 

have also shown evidence of a temperature response. Through a visual examination, PDMLAx (DPx ≥100) show 

a transition from clear to cloudy above 90 °C, with this temperature increasing with DP. The same behaviour was 

observed in PDMLA-b-PELA, with DLS data collected so far showing an increase in particle size once a critical 

temperature has been reached. 
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In the last decades, fibers reinforced polymer composites (FRPC) have experienced a continuously rising demand, 

since they are widely employed in various applications. Most commonly used matrices are the epoxy thermosets, 

since they have excellent thermomechanical properties and they are lightweight. 1 However, those materials cannot 

be reprocessed or recycled at the end of their lifetime, which causes a rapid consumption of fossil-based feedstocks 

and environmental concerns. Moreover, the permanent cross-linking of the matrix makes very difficult the 

recovery of the valuable reinforcements inside the composite. 2-3  
To overcome these drawbacks, we propose a new bio-based, vitrimer resin for carbon fiber reinforced composites 

that can be thermally reprocessed multiple times, keeping unaltered its physicochemical properties thanks to the 

dynamic boronic ester exchange. The new composite materials can also be easily recycled by vitrimer hydrolysis 

under mild conditions, making possible the full recovery of the carbon fibers contributing to “circular economy”. 

The developed material is synthetized by the reaction between the epoxidized linseed oil and a diboronic ester 

dithiol dynamic cross- linker, through a thiol-epoxy “click” reaction. 4-6 Both the syntheses of the cross-linker and 

the vitrimer have been developed following green chemistry principles. In particular, the synthesis of the new 

vitrimer takes advantages of a catalyst and is a solvent free process.  
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Silymarin is a natural mixture of flavonolignans extracted from Silybum marianum L. Gaertn (milk thistle) seeds, 

a species originated from Europe and Asia and extensively cultivated worldwide. In vivo, Silymarin is synthesized 

by radical coupling between flavonoids and coniferyl alcohol [1], determining from a compositional point of view 

a great diversity of related compounds such as silybin or silybinin (33.4%), silychristin (12.9%), silydianin (3.5%) 

and isosilybin (8.35%) [2]. These flavonoid-like compounds are responsible for the therapeutic activity of the plant 

extract [3].  

 

Silybin, as one of the most biologically active compounds within the silymarin mixture [4]. Silybin has low 

liposolubility, thus consisting its drawback on cellular adsorption in the context of bioavailability strategy. So that, 

silybin fatty acid esters could be a valuable alternative. 

 
We propose a biocatalytic cold-active lipase-mediated system for the acylation of silybin A/B with proper fatty 
acids or esters [5]. The biocatalyst consists of the protein material extracellularly produced by a novel 
Psychrobacter sp. extracted from perennial ice deposits of Scarisoara Ice Cave (Romania). The lipolytic effect of 
the protein material is considered for the catalysed reaction, as many extracellular putative lipases are attributed 
to species draft genome. 
 
The relative enzyme activity was evaluated for both free and immobilized biocatalyst specimens and the 
optimization of the biocatalytic system has been achieved. The developed immobilized biocatalysts exhibited 
between 80 and 128% recovery of the catalytic activity for protein loading in the range 90–99% and this led to an 
immobilization yield up to 89%. A comparison of the FTIR spectra confirmed the enzyme attachment to the 
support surface. Additionally, the protein content on the functionalized particle layer was highlighted by SEM 
analysis. 
 
Kinetics measurements were performed for the immobilized lipase fraction and compared to a free lipase 
biocatalyst. The kinetic constants Km and Vmax, and particularly kcat, were calculated for 25 and 37 °C to confirm 
the cold-active behavior of the lipase. Lipolytic activity of free and immobilized enzymes was detected for both 
tested temperatures (25 and 37 °C). According to the Km values at 25 °C, lipase biocatalysts exhibited cold-active 
behavior, without substantial changes to the substrate’s apparent affinity for a higher temperature (37 °C). In the 
case of the catalytic constant (kcat), similar values were recorded for both temperatures. For catalytic efficiency 
(kcat/Km), the close values for both temperatures support the structural and functional stability of the proteinaceous 
material. 
 
The developed biocatalytic process based on cold-active lipase activity involved the acylation of silybin as the 
main component of silymarin with methyl fatty acid esters (e.g., methyl decanoate, methyl laurate, methyl 
myristate, and methyl palmitate) for both free and immobilized biocatalysts. A maximum of 67% silybin 
conversion was reached for the immobilized biocatalyst and methyl decanoate as the acylating agent. 
 
A valuable biocatalytic process based on the enzyme activity of a cold-active lipase fraction was successfully 
elaborated for silymarin. This biocatalytic system could offer several advantages for silymarin valorization such 
as (i) energy saving by the cold-active behavior of the biocatalyst, (ii) derivatization of the silybin structure with 
fatty acid residue leading to a more hydrophobic product, (iii) curative features of silybin esters when omega acid 
residues are used as the acylation agent, and (iv) improving the efficiency of the cold-pressed milk thistle oil 
technology by considering the corresponding residues as a silybin and fatty acid source. 
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Abstract 

Natural compounds such as vanillyl alcohol (VA) and hydroxytyrosol (Htyr) exhibit strong antioxidant and other 

biological activities capturing much scientific and industrial attention. However, their widespread use is limited 

due to insufficient solubility in lipophilic media1. Meanwhile, common edible oils consist of mono- and 

polyunsaturated fatty acids that are susceptible to precocious auto-oxidation. Hence, transesterification of oils with 

natural antioxidant compounds is a promising approach that strengthens the potential to fully exploit the 

advantageous activities of natural phenols in lipophilic solutions. These functional oils could be used for different 

applications from cosmetics to food sector, as they would combine the beneficial properties of both components1,2. 

In this regard, a nanobiocatalytic system (NBS, immobilized enzyme on nanosized material) was developed for 

the targeted modification of pomace olive oil (POO) with two natural phenolic compounds. More specifically, 

lipase from Thermomyces lanuginosus was immobilized on the functionalized surface of green hybrid magnetic 

nanoparticles derived from an aqueous olive leaf extract (Zinc oxide-Iron oxide Nanoparticles, ZnOFe). The aim 

of this work was to investigate the ability of the nanobiocatalytic system, ZnOFe-TLL, to modify POO with 

antioxidants in solvent free conditions and assess its reusability. Reaction variables such as time, temperature, 

substrate concentration and enzyme quantity were evaluated. For an in-depth study, specific oxidative markers 

were investigated after accelerated oxidation of POO and modified POO for 14 days at 90 οC. 

 

The results of this study reinforce the possibility of using immobilized biocatalysts for the preparation of 

"functionalized" oils with sufficient activity and recyclability. Moreover, "functionalized" oils were exhibited 

higher antioxidant activity (mg Trolox mg-1 oil) than the control oil. The oxidative properties indicated that the 

control oil was more prone to auto-oxidation than the two modified according to conjugated dienes (CD) and 

TBARS values. Furthermore, POO modified with hydroxytyrosol was incredibly stable in contrast to control oil 

and POO modified with vanillyl alcohol. The observed differences were significantly (p<0.05). From the results 

of this study, it can be concluded that natural antioxidants can substitute synthetic antioxidants, as they reinforce 

shelf life of oils, have beneficial health effects, and promote sustainability. Moreover, a fully green 

nanobiocatalytic system was developed and applied to solvent-free biocatalytic reactions of interest conforming 

to the principles of green chemistry. 

 

Methods 

Lipase from Thermomyces lanuginosus was kindly provided from Novozymes. Pomace olive oil was purchased 

from the local market. Hydroxytyrosol (CarboSynth), vanillyl alcohol (CarboSynth), 2-thiobarbituric acid (TBA, 

Sigma-Aldrich), malondialdehyde tetra-butylammonium salt (MDA, Sigma), 2,2-diphenyl-1-picrylhydrazyl 

(DPPH, Sigma), isooctane (LAB-SCAN), acetic acid (Sigma) were of analytical grade. Methanol, hexane, heptane, 

water were for liquid or gas chromatography and purchased from Fisher. 

 

The fatty acid profile of pomace olive oil was estimated by gas chromatography-mass spectroscopy. Fatty acid 

methyl esters (FAMEs) were prepared according to AOCS Official method Ce 2-66 and analyzed using a GCMS-

QP2010 SE (Shimadzu). The modification of the fatty acids of POO with antioxidants was monitored and 

quantified by high performance liquid chromatography (HPLC) as previously described 3. Fluorescence spectra of 

all samples were acquired in a quartz cuvette on a luminescence spectrofluorometer Jasco-8300 (Tokyo, Japan) at 

λex = 400 nm, as an excitation wavelength, with a scan speed of 100 nm min−1 at room temperature. The samples 

were diluted in isooctane. Emission fluorescence of all samples was recorded at 600-750 nm in duplicate.  

 

Antioxidant activity, conjugated dienes and thiobarbituric reactive substances were measured according to known 

methodologies. Immobilization of TLL on the surface of ZnOFe nanoparticles and transesterification reactions 

were conducted as previously described with minor modifications3. 

 

Results 

Specific key results of this work are presented in Figures 1, 2 and Table 1. Green synthesized magnetic 

nanoparticles were used as carrier for the immobilization of TLL. The novel nanobiocatalytic system, ZnOFe-

TLL, was applied to the targeted transesterification of pomace olive oil with two natural antioxidants. Because of 

the complex fatty acid composition of POO, four main products were produced and identified in any case. 

Conversion yields up to 90% were achieved with 20 mM of antioxidant and 10 mg mL -1 nanobiocatalyst, as shown 

in Figure 1. Moreover, reactions were time dependent with similar rates. 
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Figure 6. Time cource of hydroxytyrosol (Htyr) and vanillyl alcohol (VA) esterification/transesterification with pomace olive 

oil. The reactions were conducted by ZnOFe-TLL (10mg mL-1) at 50 oC in solvent free conditions. 

Thiobarbituric acid reactive substances (TBARS) assay and fluorescence spectroscopy were used as markers for 

lipid peroxidation of control and modifies oils. TBARS assay assess the concentration of the secondary oxidation 

products that are formed during oxidation, while fluorescence spectroscopy gives a thorough insight about the 

adulteration of oils at λem=670 nm (decrease of chlorophyll peaks). As shown in Table 1, the oxidation of control 

oil proceeds rapidly in contrast to the modified oils (p<0.05). Antioxidants were able to maintain POO stability 

under accelerated oxidation. More specifically, according to TBARS assay control oil fully oxidized after 14 days 

at 90 oC, whereas modified oils had much lower TBARS values. Moreover, fluorescence spectroscopy revealed a 

more rapidly deterioration of control oil pigments (Figure 2a) in contrast to Htyr modified oil (Figure 2b).  
Table 4. Thiobarbituric acid reactive substances (TBARS) in control and modified oils with natural antioxidants. The values 

with the symbol (*) differ significantly from those of the control oil. 

 TBARS (μΜ g-1 oil) 

Days POO POO modified with VA POO modified with Htyr 

1 13.44 ± 2.92 15.9 ± 2.92 14.26 ± 1.72 

4 80.66 ± 0.56 73.28 ± 5.24 19.39 ± 2.34* 

7 357.7 ± 28.38 124.1 ± 5.24* 74.92 ± 16.78* 

10 410.57 ± 9.83 126.97 ± 7.51* 89.26 ± 2.87* 

14 438.03 ± 19.68 124.92 ± 4.66* 97.05  3.5* 

 

                                        a)                                                   b) 

 

Figure 7. Fluorescence spectra of control oil (a) and Htyr modified oil (b) after accerelated oxidation at 90 oC for 28 days. 

To sum up, ZnOFe-TLL, a fully green NBS can be effectively utilized for the targeted modification of antioxidant 

compounds in order to acquire lipophilic derivarives with enhanced oxidative stability. 
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Stemodin (1) is a biologically active natural product from Stemodia maritima. The compound possesses cytotoxic 

and antiviral properties and can be obtained in relatively large quantities from the plant.1 Stemodinone (2), also 

isolated from S. maritima (albeit in lower quantities), can be generated by simple oxidation of 1. In the presence 

of aqueous acid, 2 undergoes solvolytic rearrangement to form 15(13→12)abeo-13β-hydroxystemaran-2-one (3) 

and 15(8→9)abeo-8β(H)-12β-hydroxystachan-2-one (4).2 The skeleton of 3 is similar to that of the scopadulanes, 

which inhibit the porcine H+, K+-ATPase enzyme, and possess antitumour and antiviral activities against 

the Herpes simplex virus type 1. These natural products also interfere with the nutrient transport of the malarial 

parasite Plasmodium falciparum.3 The biological activity of compounds bearing the skeleton of 4 have not been 

explored. 

 

Diterpene 2 is readily chemically converted to analogues 5 and 6. The solvolyses of 1, 5 and 6 were carried out in 

order to generate similar products of rearrangement. The biological properties of these novel analogues were 

assessed and found to possess antioxidant and antianalgesic properties while their efficacies against various cancer 

cell lines are being assessed. The analogues also served as substrates for transformation by the fungus Exophiala 

lecanii-corni. The aim is the production of a series of novel compounds for bioassay. E. lecanii-corni has 

previously been exploited as a catalyst for steroid biotransformation. However, its potential for microbial 

functionalization of terpenes is yet to be investigated. 

Figure 1: Rearranged stemodane analogues 
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Terpenes derivatization based on the biocatalytic (enzymatic) process is a widely used method due to the good 

efficiency, high enantio-specificity and also cost-effectiveness, especially for the use of immobilized enzyme. 

However, the polarity of the aqueous phase requested by the enzyme activity is in contrast with the low water 

solubility of the reagents (e.g. menthol). This is an important limitation aspect especially for the industrial 

esterification/ transesterification process. Enzymatic processes are not only restricted by low solubilities of the 

interested substrates and solvent-based inhibition of the enzyme activity, but also by a lack of enzyme stability in 

the chosen solvent. 

 

To overcome these drawbacks, enzymatic reactions have been performed in non-conventional reaction media (e.g. 

ionic liquids, supercritical fluids, deep eutectic solvents - DES). DESs are eutectic mixtures of at least two 

components coupled by hydrogen bond interactions. The resulted mixture is liquid at room temperature, 

comfortable used as solvent and with lower freezing point compared to the initial constituents. DES involvement 

in enzymatic biocatalysis has been first described by Abbott and co-workers in 2003 and gained attention as 

alternative reaction media for biocatalytic process.  

 

We developed a DES-based biocatalytic method for (-)-menthol acylation with methyl fatty acids (FAME) using 

immobilized lipase enzyme as biocatalyst. The mixture of menthol and FAME in a certain molar ratio was the 

DES solvent phase of the proposed biocatalytic process. Chemical interaction between DES components started 

by adding a lipase in DES phase. Optimization and validation of the developed method has been performed. The 

experimental data and their scientific message will be detailed in a poster presentation. 
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Biocatalytic routes for carbohydrate esterification show the important advantage of carrying out the reactions in a 

single step, without protection/deprotection of the hydroxyl groups, but also face some challenges, one of the most 

important being the selection of the appropriate solvent, as the solubilization of sugars, the stability and 

regioselectivity of lipases in the reaction medium as well as the environmental issues must be solved [1, 2]. Natural 

deep eutectic solvents (NADES) emerged as a novel class of green solvents and a possible solution for most of the 

problems related to the reaction media in biocatalytic transformations, being nontoxic, biodegradable and 

biocompatible [3, 4]. In this study, a new concept for the enzymatic synthesis of fatty acid esters of carbohydrates 

and carbohydrate polyols has been explored, using a reactive NADES as reaction medium, where the deep eutectic 

solvent has a double role, as a solvent and as a reagent pool. The research focused on three main directions: (i) 

preparation and characterization of a broad range of NADES, (ii) evaluation of the effects of NADES composition 

and properties on the esterification activity and operational stability of free and immobilized enzymes and (iii) 

estimation of the synthetic capacity of selected enzymes for the synthesis of fatty acid esters of carbohydrates and 

carbohydrate polyols in reactive NADES. 

Binary and ternary hydrophilic NADES based on choline chloride (ChCl) as hydrogen bond acceptors (HBA) and 

different hydrogen bond donors (HBD) such as urea (U), monomethyl urea (MU), sugar alcohols (sorbitol, xylitol, 

arabitol), monosaccharides (glucose), and disaccharides (sucrose, maltose), where prepared and characterized by 

DSC, TGA and dynamic rheology to determine the freezing temperature (Tf), the thermal stability and the 

viscosity-temperature profile. NADES based on urea/glucose 2:1, MU/glucose 2:1, ChCl/urea/glucose 1:1:1 and 

ChCl/urea/glucose 1:2:1 were liquid at room temperature (RT), with low viscosity in a broad temperature range. 

All other NADES of ChCl with sugars and polyols were gels at RT and viscous fluids above 60 C. 

Thirteen native lipases from different microbial sources and the commercial immobilized Candida antarctica B 

lipase (N435) were efficient in the synthesis of propyl laurate in both the generally used tert-butanol/DMSO  

solvent mixture and in the ChCl:glucose (2:1) NADES. However, only few could convert sugars into lauryl esters. 

The most active enzymes, e.g. the lipases from Candida antarctica B (CalB), Candida antarctica A (CalA), 

Pseudomonas stutzeri (Ps. stutzeri), and Aspergillus oryzae and N435, showed significant esterification activity 

in all 18 different binary and ternary ChCl-based NADES prepared. Moreover, the selected enzymes showed 

relatively high thermal stability in NADES at 70C (Figure 1A). The highest stability was observed in the first 24 

hours for native A. oryzae and C. antarctica A lipases. The immobilized CalB (N435) showed not only high activity 

in the selected NADES, but also exceptionally high thermal stability, maintaining 92% of activity upon incubation 

at 70C for 72 h (Figure 1A). 

 
Figure 1. A) Esterification activity of selected native lipases in ChCl/glucose 2:1 NADES, upon incubation at 70C, in time. 

B) Substrate conversion during esterification of carbohydrates and carbohydrate polyols with immobilized CalB lipase 

(N435), in reactive NADES, at 70 C. 
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Synthesis of mono-lauryl and di-lauryl esters of carbohydrates (e.g. glucose, sucrose, maltose) and polyols (e.g. 

arabitol, xylitol, sorbitol) catalyzed by immobilized C. antarctica lipase B (N435) in the corresponding ChCl/sugar 

or ChCl/polyol reactive NADES was demonstrated by HPLC, MALDI-TOF-MS and 1D and 2D NMR. Highest 

conversion (23 mol%) was obtained for the arabitol lauryl esters (Figure 1B). The type and properties of the 

NADES has a high influence on the progress of reaction, as shown for glucose esterification, when the highest 

conversion (16%) was obtained for the low viscosity ChCl/urea/glucose 2:1:1 NADES (Figure 1B).  

In conclusion, in this study a large spectrum of choline chloride based reactive NADES with physical and fluid 

properties suited for biocatalysis were successfully obtained and evaluated as reaction media for the synthesis of 

lauric esters of monosaccharides, disaccharides and carbohydrate polyols. Several enzymes showed significant  

activity and high thermal stability in NADES, and were able to efficiently convert carbohydrates and polyols into 

their lauryl esters. The results are very promising and open the way to further explore the potential of NADES as 

reaction medium for the enzymatic synthesis of long alkyl chain esters of oligosaccharides. 
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Abstract  
Over a number of years work in our laboratory has been exploring the use of cellulose nanocrystals (CNC) as 

scaffolds for the creation of novel nanomaterials with unique and stimuli responsive characteristics. The forces 

responsible for the spatial organization within cellulose, coupled with traditional chemistry are aimed at creating 

structures via molecular self assembly; These concepts have been the inspiration for our supramolecular research.  

In this lecture we will report on our systematic efforts aimed at functionalizing CNCs by using both grafting from 

and grafting onto approaches. The selective creation and activation of a nano-pattern on CNC will be described 

and the chemical methods used to create the foundation for novel CNC based materials (including self-assembled 

Cellulose NanoPlatelet Gels), photo reversible light induced and novel antimicrobial assemblies will be described. 

Introduction 

The modification of polysaccharides plays a central role in the field of sustainable chemistry. By the virtue of their 

large abundancy and the structural and superstructural diversity polysaccharides are ideal starting materials for 

defined modifications and specific applications. The chemical modification of polysaccharides provides a versatile 

route for the structure and property design of such materials. Due to the chemical functionality of polysaccharides 

(bearing hydroxyl and/or carboxylic acid groups) the esterification and etherification are the most common 

approaches for the modification reactions of polysaccharides. Moreover, the oxidation and homogenous 

nucleophilic substitution reactions are applied but to a lesser extent. Cellulose and dextran are the most commonly 

used starting materials for the creation of highly engineered nanoparticles. 
 

In general, 1,3-dipolar cycloaddition reactions have long been popular in the generation of carbohydrate mimetics 

in homogeneous reaction environment. More precisely, the thermally induced cycloaddition (Huisgen reaction) 

occurs between an azide and a triple bond and is nowadays often referred as a member of the click-reaction family 

because of its robustness. The reaction has gained increasing attention after discovering that the 1,3-dipolar 

cycloaddition between azides and terminal alkynes can be catalysed by Cu(I) salts. In fact, the Huisgen reaction 

has become the most popular click reaction to date by the virtue of its high yields, rapidity, high regio- and 

stereoselectivity, mild reaction conditions and experimental simplicity. Several authors have described the use of 

this novel click-chemistry concept for the generation of carbohydrate mimetics and derivatives 

 

Results and Discussion  
In this paper we describe the formation of nano-platelet gel-like nanomaterials formed using cellulose nanocrystals 

(CNC) as the starting material. Initially, the primary hydroxyl groups on the surfaces of the CNCs were selectively 

activated to carboxylic acids by using TEMPO-mediated hypohalite oxidation. In the next step, compounds 

carrying terminal amine functionality were grafted on to the surface activated oxidized CNC’s via the 

carbodiimide-mediation, creating an amide linkage between the amine and the carboxylic groups on the CNC’s 

surfaces. The grafted amine compounds contained terminal alkyne or azide functionalities and as such two sets of 

precursors were prepared.  The alkyne and azide, surface functionalized CNC precursors, were then brought 

together via the “Click”-chemistry creating, for the first time, unique nano-platelet gels as evidenced by detailed 

transmission electron microscopic investigations (TEM). 

These approaches were followed and evaluated for the creation for novel CNC based materials (including self-

assembled Cellulose NanoPlatelet Gels), photo reversible light induced and novel antimicrobial assemblies. 

 

 

“Click”-chemistry has been shown effective for the preparation of new gel-like cellulose nanomaterials. The 

primary hydroxyl groups in cellulose nanocrystals were first selectively activated by their conversion to carboxylic 

acids. These regularly spaced surface functionalities were further used as reactive sites for amidation reactions, 

providing the essential precursors to “Click”-chemistry. TEM images of the produced materials showed evidence 

of the crystals being packed in an organized manner.  

 

Furthermore, our work has shown and will report the synthesis of fluorescent cellulose nanocrystals (CNCs) by 

covalently linking of fluorescence chromophores to the cellulose surface. First, the primary hydroxyl groups on 
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the surface of the CNCs were converted to carboxylic acids by using TEMPO-mediated hypohalite oxidation. In 

the next step, a compound (propargylamine) carrying a terminal amine functionality was grafted on to the oxidized 

CNCs via carbodiimide-mediated formation of an amide linkage between an amine and the carboxylic groups on 

the CNC’s surface. The grafted amine also contained an alkyne functionality which was then used as the reaction 

site for further modification. These modified CNCs were finally subjected to Click chemistry reaction conditons 

i.e. Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) with an azide-bearing fluorescent coumarin and 

anthracene chromophores resulting in highly fluorescent nano cellulosic materials. Finally, the produced materials 

were subjected to photochemical irradiation inducing [2+2] and [4+4] cycloaddition reactions respectively 

between the installed coumarin and anthracene side chains, causing the photo-induced formation of cellulosic 

based crystalline nano-arrays. Current efforts to reverse these reactions at lower wavelengths will pave the way 

toward the creation of photo induced tunable cellulosic based nanomaterials.  

 

Finally, we will demonstrate our efforts toward the development of textile  materials through the covalent 

attachment of commercially available phenothiazine and porphyrin-based photosensitizers (PS) to nanofibrillated 

cellulose (NFC) and paper (Pap), imparting antimicrobial activity on them via a photodynamic mode of action. 

The facile covalent attachment of the free-base 5-aminophenyl-10,15,20-tris-(4-methylpyridin-4-ium-1-

yl)porphyrin (A3B) and metallated 5-aminophenyl-10,15,20-tris-(4-methylpyridin-4-ium-1-yl)porphyrin zinc(II) 

(A3B-Zn) was accomplished by cyanuric chloride coupling. Materials characterization and the degree of 

photosensitizer loading were determined by FTIR, elemental & and TGA Analyses, SEM, and UV-Visible Diffuse 

Reflectance Spectroscopy (UV-Vis DRS). The antimicrobial potency of the PS-NFC and PS-Pap materials was 

determined under controlled, illumination conditions against four strains of bacteria recognized by the World 

Health Organization (WHO) as either critical or high priority pathogens: Gram-positive strains methicillin-

resistant S. aureus (MRSA; ATCC-44) and vancomycin-resistant E. faecium (VRE; ATCC-2320), and Gram-

negative strains multidrug-resistant A. baumannii (MDRAB; ATCC-1605) and K. pneumoniae (KP; ATCC-2146). 

Our results demonstrated broad photodynamic inactivation of all strains studied upon illumination (30 min; 65±5 

mW/cm2; 400-700 nm) by a minimum of 99.9999%, although it was noted that the Gram-negative strains required 

greater PS concentrations or longer incubation times to achieve this level of inactivation. Antiviral studies 

employing the nanofibrillated cellulose conjugates against two enveloped viruses, Dengue-1 (DENV) and 

Vesicular Stomatitis Virus (VSV), revealed complete inactivation by both materials. Differences between the 

photobiocidal efficacies of the PS employed in this study will also be discussed.  

 

Conclusions 

Cellulose nanocrystals offer tremendous possibilities for the creation of novel materials and assemblies with 

designed characteristics. The chemistry and the potential of these  most abundant natural templates will be explored 

and various novel applications will be demonstrated  
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Polymers are vital materials in today’s society and are used in a wide range of advanced applications. However, 

many commodity polymers such as polypropylene and polyesters are derived from fossil fuels, accounting for 7% 

of global oil and gas usage, and contribute significantly to plastic pollution [1, 2]. Replacing such functional 

polymers with renewable, potentially biodegradable polymers is therefore crucial. Several renewably-sourced 

polymers have been developed, including those derived from sugars such as D-Mannose and D-xylose [2-5]. In 

this work, we will discuss the synthesis of sugar-derived polyesters and their development into functional 

materials. Namely, the development of conductive films and crosslinked hydro/organogels.  

 

Polyethers can be derived from xylose sugars (Figure 1). After polymerization, removal of acetal protecting 

groups can be achieved through treatment with aqueous acid. The degree of deprotection is controllable [5] and 

reveals hydroxyl groups along the polymer backbone. 1,2-diols such as these are known to react with boronic acids 

to form cyclic boronate esters [6 - 8].  In this work, this chemistry has been exploited to achieve polymer 

crosslinking with difunctional boronic acids (Figure 1).   

 

 

 

Crosslinking of deprotected polyethers with 1,4-benzene diboronic acid (DBA) in dimethyl sulphoxide (DMSO) 

results in the formation of crosslinked organogel networks. These gels show viscoelastic properties that can be 

tuned by altering the degree of crosslinking (Figure 2a). Similar boronic acid-based gels have applications within 

healthcare technologies as glucose sensors, drug release materials, and cell culture media [5]. Furthermore, 

crosslinking in the presence of lithium counter cations enables hydrogel derivatives to be produced, and introduces 

conductivity. The utility of crosslinked gels as gel polymer electrolytes has been explored: initial electrochemical 

impedance spectroscopy (EIS) measurements show typical Nyquist behaviour, indicating conductivity [9]. 

 

Various crosslinked films have been synthesised: deprotected polyethers are reacted with borax, lithiated DBA, or 

lithiated boric acid in aqueous conditions. After purification by dialysis, films are obtained by solvent casting 

(Figure 2b). Initial EIS measurements show these materials to be promising candidates for solid polymer 

electrolytes (SPEs). By performing crosslinking in the presence of a small molecule template, the utilization of 

these gels and/or films as platforms for boronic-acid based molecular imprinting technologies will also be 

discussed [7]. 

 

 

 

 

 

Figure 1 Polymer crosslinking; reaction of a deprotected sugar-derived polymer with 1,4-diboronic acid as a difunctional 

crosslinker. 
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Microencapsulation procedures have recently focused attention on designing novel sustainable microspheres to be 

used in several application fields, including food, pharmaceuticals, and cosmetics [1,2]. The broad range of 

possibilities to design microspheres, together with the recent focus on green strategies, has evolved to solutions 

involving biopolymers [2,3] and avoiding toxic chemicals [4,5]. Among biopolymers, chitosan (CS) is presented 

as an attractive candidate considering its renewable character along with its antibacterial, antifungal, antioxidant, 

and anticancer properties, biodegradability, and non‐toxicity [6]. Nevertheless, CS solubility in acidic medium 

(pH < 6.3), implying instability in aqueous and physiological environments [7], can limit CS application in specific 

scenarios. Therefore, crosslinking trough physical, chemical, or combined strategies has gained attention to 

overcome this challenge [8]. Particularly, those based on green routes and highlighting the combination of physical 

and chemical crosslinking routes to modulate the structure, of the CS microspheres. 

 

In this context, this work aims to address the dual crosslinking strategy of CS (brand 90/200/A1; deacetylation 

degree of 91.9%) based on the potential of sodium tripolyphosphate (TPP) [9], Generally Recognized as a Safe 

Substance (GRAS), and vanillin (VA) natural compound [10]. In the first ionically crosslinking step, the CS 

microspheres were prepared by spray-coagulation, atomizing an acidic CS solution in a TPP coagulation bath (3, 

5 and 10 TPP (w/v) concentrations were used) at pH 6 allowing to be consolidated for 3.5 h. The base CS 

microspheres were coded as CS3, CS5, and CS10, corresponding to 3, 5, and 10% TPP (w/v), respectively. In the 

second step, a chemical crosslinking was conducted using a 1% (w/v) VA solution following through two 

alternative strategies: in-situ and post‐treatment methods. In the in-situ crosslinking, the VA solution was added 

directly to the coagulation bath and the coagulation bath was heated to 50 °C for 2 h. In the post-treatment, the 

ionically crosslinked microspheres were recovered by vacuum filtration, and washed with distilled H2O. Then, the 

microspheres were transferred to a VA solution (neutral pH) and the crosslinking reaction occurred at 50 °C for 2 

h. By both strategies, the produced microspheres were recovered by vacuum filtration, washed with distilled H2O, 

and lyophilized. The dual crosslinked CS microspheres were coded according to the first step codification followed 

by “VAin-situ” or “VApost”, according to the corresponding covalent crosslinking strategy. 

 

 
Figure 1. OM images of the produced microspheres at 400x magnifications (scale bar 25 μm). 

 

Figure 1 shows the morphology of the obtained microspheres, including the physically crosslinked and the 

covalently crosslinked systems by both strategies. When 3% of TPP was employed (CS3), the microspheres 

exhibited a more fragile and unregular shape, showing the lowest values of particle size, evidencing that this TPP 

concentration was not enough to provide an effective crosslinking [11]. As the TPP concentration increased, 

microspheres become more spherical and better consolidated, which was accompanied by an increase in the 
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particle size for the particles produced with 5% TPP. Nevertheless, at high TPP concentration (10%), the higher 

crosslinking level induced the formation of denser microspheres whose hydrodynamic volume was reduced [12].  

 

 
Figure 2. OM images of 5%w/v TPP microspheres swelling tests after 1 h (t0) and 1 day (t1) at 100× magnification. 

 

The microspheres were subjected to swelling in acidic medium (pH 3.2) and analyzed after 1 h (t0) and 1 day (t1). 

Figure 2 shows the behavior of the systems based on 5 %w/v of TPP. It was generally observed that microspheres 

subjected to the ionic crosslinking with TPP were not stable in acidic medium, resulting in their disruption. The 

covalent crosslinking with VA decreased the disaggregation of the microspheres. Both formulations (CS5VAin-situ 

and CS5VApost) maintained their shape and appearance in comparison to the physically crosslinked counterpart 

(CS5). Particularly CS5VAin-situ due to the more effective crosslinking through this strategy, where the reaction of 

the remaining free amine groups after the ionic crosslinking is favored when VA is directly added to the TPP 

coagulation bath. 
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Abstract: Production of topical formulations based on sustainable ingredients is receiving widespread attention 

from researchers and industry – driven by the costumers’ growing awareness for environmental issues. Although 

numerous sustainable ingredients (natural, organic, or green chemistry-derived) have been investigated, there is a 

lack of comparative studies between conventional ingredients and sustainable alternatives. In this study, olive oil 

(30 wt.%) and α-tocopherol (2.5 wt.%) containing oil-in-water (O/W) emulsions stabilized with the bacterial 

fucose-rich polysaccharide FucoPol were formulated envisaging their validation as cosmetic creams. Formula 

composition was designed using Response Surface Methodology (RSM) to determine the contents of FucoPol (1.5 

wt.%), cetyl alcohol (1.5 wt.%) and glycerin (3.0 wt.%) that resulted in high emulsification index after 24 hours 

(E24≥97.56%), concomitant with an apparent viscosity of 8.72 Pa.s. The optimized FucoPol emulsion was 

formulated with 1.5 wt.% FucoPol, 1.5 wt.% cetyl alcohol, and 3.0 wt.% glycerine, with 8.72 Pa.s of viscosity (at 

a shear rate 2.3 s-1), droplet size and zeta potential of 6.12 µm and 97.9 mV, respectively. After comparison with 

several available commercial products, the optimized formulation showed the desired criteria of the thin emulsion 

system and the physicochemical properties and stability indicate its suitability for cosmeceutical applications. 

 

Keywords: polysaccharide; FucoPol; natural emulsifier; oil-in-water emulsion; experimental design; cosmetics; 

rheology; texture 
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Abstract text:  

During past decades, thanks to the use of renewable resources in chemical production, the focus has shifted towards 

the development of fully bio-based surfactants. These surfactants have been widely studied due to their good 

biodegradability and low toxicity and ecotoxicity. The most common ones are the alkyl polyglucosides (APG) 

which are non-ionic compounds with a production about 85000 t/a.1 However, the examples of anionic surfactants 

derived from renewable resources are scarce and the use of novel building blocks derived from sustainable 

resources to obtain the targeted properties is a major challenge for the surfactant industry. Therefore, the ENSCR 

has led researches on the development of novel surfactants and green/blue chemical processes, using biomass from 

terrestrial or marine origin. These researches allowed the development of one-pot and Biomass-Agnostic syntheses 

of anionic or non-ionic surfactants derived from algal polysaccharides (ulvans, alginates, agarose) and pectins.1–5 

Physicochemical studies of these original sugar-based molecules have been achieved and clearly highlight the 

potential of these original materials as surface-active agents and emulsifying products. In addition, the readily 

biodegradablity and the absence of aquatic ecotoxicty make these surfactants very promising for cosmetic or 

personal care applications.  
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Brewers’ spent grains (BSG) account for ca. 85% of the total byproducts produced by breweries. BSG is a 

lignocellulosic material containing high quantites of oligosaccharides and polysacharides, which could be used as 

carbon source for microbial fermentations. Biopolymers are among the most important products that can be 

obtained from renewable resources, such as lignocellulosic biomass [1]. Poly(3-hydroxybutyrate) (PHB) is a 

polyester produced from renewable resources via bacterial fermentation as a secondary intracellular product. Novel 

technologies for efficient pretreatment of lignocellulosic biomass should be developed in order to improve the 

sustainable production of PHB. Dielectric barrier discharge (DBD) air plasma pretreatment of lignocellulosic 

biomass has emerged as a novel technology that could become a viable alternative to conventional pretreatment 

technologies using high pressure and temperatures and acids or alkalis. Depending on the gas used, plasma 

treatment leads to partial ionization of the gas causing the production of various reactive species that stimulate 

both chemical and physical changes in the lignocellulose structure. The main advantages of plasma treatment are 

the fact that the process is carried out at ambient pressure and temperature, while no chemicals are used [2]. 

 

BSG pretreatment with non-thermal plasma at different operating conditions was evaluated, followed by enzymatic 

hydrolysis of the lignocellulosic biomass. The BSG used in this study contained 20% protein, 27% cellulose, 33% 

hemicellulose and 17% lignin. BSG was suspended in deionised water in a Duran bottle with 1 L working volume 

at a concentration of 50 g/L. Air was supplied at a flow rate of 1 L/min. All experimental runs were carried out at 

ambient temperature and 60 Hz frequency under continuous stirring (300 rpm) using a magnetic stirrer. The first 

set of experiments was carried out at three different voltage values (100, 150, 200 V) and four different pre-

treatment durations (10, 30, 60, 120 min) at 500 Hz discharge frequency and 5% duty cycle (50 usec). The highest 

glucan hydrolysis yield (96%) was achieved when DBD plasma was performed for 120 min (Figure 1B). The 

second set of experiments was performed at 200 V and 30 min pre-treatment duration, 1000 Hz discharge 

frequency and three different duty cycles (5%, 10% or 116 usec and 15% or 183 usec). Figure 1 shows that the 

glucan hydrolysis yield was increased with increasing pretreatment duration. The highest xylan hydrolysis yield 

was obtained when the lowest pre-treatment duration (10 min) was applied at all voltage values (Figure 1). 

 

                
 

Figure 1. Hydrolysis yield after non-thermal DBD plasma pretreatment of BSG at 100 V and 200 V using different 

pretreatment durations (10, 30, 60 and 120 min) 

  

After DBD plasma pretreatment, the remaining BSG solids were subjected to enzymatic hydrolysis using a 

commercial enzymatic cocktail. Bacterial fermentations for PHB production were conducted with the bacterial 

strain Paraburkholderia sacchari DMSZ 17165. Bacterial stock cultures were maintained at 4°C in petri dishes. 

Inoculum preparation was carried out in Erlenmeyer flasks containing, 20 g/L glucose, (NH₄)₂SO₄ 1 g/L, 

Na2HPO4. 4.5 g/L, KH2PO4 1.5 g/L, MgSO₄ 0.2 g/L, yeast extract 1 g/L and trace elements 1 mL. The inoculum 

was incubated in a rotary shaker incubator at 250 rpm agitation at 30oC for 24 h. The fed-batch fermentation was 

carried out in a 2 L stirred-tank bioreactor (Eppendorf, Bioflo 120) with 1.2 L working volume. Fermentation pH 

was controlled at 6.8 with 2 M HCl and NH3. Inoculum size was 10% (v/v). The temperature was maintained at 

30°C and agitation was set at cascade mode (400-1200 rpm) depending on the dissolved oxygen concentration 

(20% of saturation). Continuous supply of air at a flow rate of 2.5 vvm was applied. 

 

Plasma pre-treated BSG hydrolysate was used as fermentation medium. Figure 2A shows that the plasma pre-

treated BSG hydrolysate contained a high free amino nitrogen (FAN) concentration (854 mg/L) at the beginning 

of fermentation. The FAN was consumed after 20 h, while inorganic nitrogen (IN) was still present until the end 

of fermentation. The inorganic phosphorus (IP) was consumed at around 15 h. The use of plasma pre-treated BSG 
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hydrolysate led to 95.6 g/L PHB concentration and 163 g/L DCW that corresponds to 58.5% intracellular PHB 

content. The yield and productivity were 0.27 gPHB/gconsumed sugars and 2.77 g/(L∙h), respectively.  

          
Figure 2.  PHB production in P. sacchari fed-batch bioreactor culture carried out using BSG hydrolysate produced after non-

thermal plasma pretreatment 

 

 
Table 1.  PHB production efficiency in P. sacchari fed-batch fermentation carried out using BSG hydrolysate produced after 

non-thermal plasma pretreatment 

Time (h) DCW (g/L) PHB (%) PHB (g/L) 
Yield 

(gPHB/gconsumed sugars) 
Productivity (g/L/h) 

34 163 58.5 95.6 0.27 2.77 
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The development of new advanced bioactive packaging materials, especially based on polymeric compounds, is a 

priority direction of modern chemistry aimed to improve the existing food technologies. In particular, the use of 

antimicrobial-loaded edible films was proved to be an effective tool for foodstuff protection against bacterial 

spoilage organisms [1]. The biocompatible and biodegradable character of polysaccharides, associated with the 

presence of specific interaction sites in their structure, make them very attractive as carriers of various additives, 

such as antioxidant, antimicrobial, or flavoring agents [1,2]. 

 

Nowadays, one of the major problems is that some food products are found to be contaminated by pathogenic 

bacteria such as Escherichia coli and Staphylococcus aureus reducing so, their shelf life. Our research aims to 

demonstrate the antibacterial activity of some biodegradable formulation xanthan gum (XG)-lignin hydrogel films 

(Figure 1a, 1b) and their potential application as carriers for controlled release of flavoring compounds [3]. 

 

 

                                              
 

Figure 1. Optical images of the XG-based hydrogel films after synthesis (a) and lyophilization (b) growth rate inhibition of 

bacteria by XG, XG/AWL, XG/HpHL, and XG/GL hydrogels after 48 h (c). 

 

 

The XG-lignin films containing an aspen wood lignin type showed a high antibacterial activity against Salmonella 

Typhymurium, Escherichia coli and Listeria monocytogenes bacteria (Figure 1c) compared with those containing 

softwood lignin, or lignin from annual plants [3]. Additionally, near infrared chemical imaging technique was used 

as nondestructive method to observe the spatial distribution of the polymeric components and vanillin into the 

hydrogel films as well as its release profile. The vanillin release rate dependence on the lignin type was also 

evidenced, a retarded release of vanillin being observed. These results give an important insight into the use of 

XG, lignin, and vanillin for the development of new edible films for active packaging materials. In this context, 

we develop new green hydrogels from XG and various types of waste lignin as starting materials with improved 

properties. 

Keywords: green hydrogels, antibacterial activity, vanillin release 
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Lignocellulosic biomass is the cheapest and inexhaustible renewable resource for the production of organic 

chemicals and biofuels through microbial and enzymatic conversion. Among microorganisms, wood-rotting and 

litter-decomposing fungi belonging to the division of Basidiomycota are one of the best decomposers of 

lignocellulosic materials. In order to use the remnants of lignocellulose as a substrate for growth, and as sources 

of energy and nutrients, these fungi secrete a large amount of hydrolytic and oxidative enzymes for 

depolymerization of cellulose, hemicelluloses and lignin. Their major hydrolytic enzymes are exo-1,4-ß-D-

glucanase, endo-1,4-ß-D-glucanase, and xylanase and these fungi secrete one or more extracellular lignin-

modifying enzymes (LME): lignin peroxidase, manganese-dependent peroxidase, and laccase. These 

lignocellulose-degrading enzymes (LCDE) are fundamental for efficient bioconversion of plant residues and the 

supply of nutrients to fungi. Besides, they are necessary for a variety of industrial and biotechnological applications 

including pulp and paper, food, textile and dye industries, cosmetics, agriculture, bioremediation, and analytical 

biochemistry. Therefore, the search for fungi with outstanding enzyme activity and properties, as well as 

elucidation of the growth conditions that regulate LCDE production, is of fundamental importance to hundreds of 

laboratories and companies.  

 

The saprotrophic white-rot basidiomycetes (WRB) are the major agents of wood bio-deterioration in natural 

ecosystems, producing hydrolytic and lignin-modifying enzymes to completely mineralize native lignocellulosic 

biomass without association with other microbes. Moreover, some of them have shown exceptional potential for 

the production of individual groups of hydrolytic and oxidative enzymes under appropriate cultivation conditions.  

However, an analysis of literature data clearly shows a wide intra- and interspecies diversity in the ability of WRB 

to produce LCDE [1, 2]. Thus, in the submerged fermentation of mandarin pomace, we showed the laccase activity 

of Ganoderma spp. varied from 2.0 U/m/L to 75.4 U/mL while the MnP activity of Trametes spp. strains ranged 

from 0 to 0.9 U/mL. Endoglucanase activity in the Avicel-containing medium varied from 0.2 U/mL in Ganoderma 

applanatum 258 to 61.5 U/mL in Pycnoporus coccineus 310 cultures. Moreover, the WRB manifested different 

responses to the used carbon sources. Among them, Cerrena spp., Coriolopsis gallica, Pseudotrametes gibbosa, 

and T. versicolor produced significant laccase activity in synthetic medium, whereas the presence of 

lignocellulosic material was a prerequisite for the enzyme production by Ganoderma spp., Phlebia radiata, 

Pycnoporus coccineus, and Trametes ochracea.  

 

To increase enzyme yields, various approaches and strategies, such as exploitation of cheap plant raw materials 

as growth substrates, the addition of specific inducers of enzyme synthesis, optimization of fermentation media 

and cultivation conditions, and development of better bioprocess technologies have been widely exploited. The 

lignocellulosic growth substrate has the greatest effect on LCDE secretion, so the choice of a suitable substrate 

with an adequate content of carbon, nitrogen, and a potential inducer is an important criterion for enhanced 

cellulase production. In particular, wheat straw followed by wheat bran supported an efficient secretion of 

endoglucanase by Irpex lacteus, whereas mandarin pomace provided maximum secretion of this enzyme by 

Schizophyllum commune. Likewise, the submerged fermentation of kiwi residue stimulated MnP secretion by 

Phellinus robustus while walnut pericarp 12-fold augmented activity of this enzyme in Cerrena unicolor. These 

data indicate that for each enzyme producer, fungus-specific lignocellulosic substrate ensuring the highest enzyme 

activity must be established.  

 

Co-cultivation of different WRB species has also been explored since it ensures better utilization of substrate, 

enhanced enzyme yield and provides a complete set of target enzymes required for specific applications. However, 

compatibility between microorganisms is the main issue in mixed cultures. For example, co-cultivation of Irpex 

lacteus and S. commune resulted in increased cellulase production as compared to the corresponding monocultures, 

while co-cultivation of Pycnoporus coccineus or Trametes hirsuta with S. commune had negative effects on 

cellulase production. Likewise, co-cultivation of C. unicolor with Trametes versicolor, Lenzites betulina, and 

Panus lecomtei led to up-regulation of laccase activity. Moreover, the interspecific interaction of C. unicolor and 

T. versicolor induced the production of two new laccase isoenzymes. By contrast, interactions of C. unicolor with 

Trametes coccineus and T. hirsuta resulted in a multiple decreased ability of C. unicolor to produce laccase. 

 

Regulatory mechanisms controlling LCDE synthesis have been studied in some model fungi. It is worth noting 

that for cellulase and xylanase production, the growth medium usually includes cellulosic substrates as these 

enzymes’ synthesis is activated only when inducers are present. When readily metabolizable carbon sources are 

available in the medium, the synthesis of these enzymes undergoes catabolite repression. Several examples of the 

regulation of cellulase and xylanase synthesis will be presented in the report. As for the regulation of the synthesis 

of lignin-modifying enzymes, the regulating effect of aromatic compounds and metal ions on the enzyme activity 
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and gene expression in WRB is well established. In the submerged fermentation of mandarin squeeze by T. 

multicolor 511, veratryl alcohol and guaiacol two-fold increased the specific laccase activity compared with the 

control medium, guaiacol 4-fold increased the fungus MnP activity, while veratryl alcohol favoured LiP secretion 

Copper is the most important and commonly used metal ion for laccase production. However, the effect of these 

compounds in enzyme activity expression depends on their concentrations and fungal strain peculiarities. In our 

study, in the submerged fermentation of mandarin pomace, an augmentation in copper concentration from 0 to 0.5 

mM increased 18-fold the activity of T. multicolor laccase but did not significantly affect the activity of manganese 

peroxidase (MnP) and lignin peroxidase (LiP), which indicated that the inductive effect of copper was specific for 

laccase. It is interesting that iron ions at the concentration of 0.1 mM almost 8-fold increased both volumetric and 

specific activity of laccase compared with the control medium. In the same culture, an increase in the concentration 

of manganese from 0 to 0.5 mM only slightly increased the activity of T. multicolor laccase and decreased the 

activity of LiP, but this metal 13-14 times specifically increased the volumetric and specific activity of MnP when 

it was added to the control medium at a concentration of 0.5 mm.  

 

Overall, extensive work has been done to enhance the synthesis and yields of lignocellulolytic enzymes. However, 

elucidation of the factors hindering the production of these enzymes is also one of the most challenging tasks. 
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Abstract 

 

The production of biobased chemicals plays a crucial role in the formation of circular bioeconomy. Platform 

chemicals, such as succinic (SA) and lactic acid (LA) are one of the main key-factors in the transition from fossil-

based plastic industry into biobased and green production. Additionally, the biomass valorization is of high 

importance concerning platform chemicals [1]. Market projections showed an estimation that the value of LA will 

rise from $2.64 billion in 2018 to over $9 billion by 2025 [2]. According to market needs and sustainable 

development, we propose a biotechnological way of LA and SA production from lignocellulosic biomass. The 

enzymatic hydrolysis, followed by the microbial conversion of sugars into organic acids and their purification to 

monomers show a huge potential in the development of new, environmentally friendly process with a capability 

of converting biomass into added-value goods. Bacillus coagulans and Actinobacillus succinogenes, used in this 

study, produce lactic and succinic acid respectively. Both strains showed a very promising performance. Their 

productivities are listed in Table 1. Additonally, the optical purity of L-LA was detected reaching 99,5 %. 

Several Bacillus coagulans strains, belonging to the strain library of ATB were evaluated firstly in µ-scale using 

a Bioscreen method and then two best candidates were used for small-scale fermentation experiments (Table 1). 

All microbial strains used in this study were homofermentative and thermophilic L-LA producers. In the case of 

succinic acid production, two strains were evaluated and Actinobacillus succinogenes was chosen for small scale 

fermentations due to its better performance. Sugar content and acid production were measured via High-

performance liquid chromatography (HPLC). Sawdust hydrolysis was carried out at the different dosages of the 

enzyme and compared with the mathematical model. 

 
Table 1. Strains used in the small-scale fermentations 

Strain Temp (°C) Species  Productivity 

(g/l*h) 

A541 52 n.d. 2.03 

A211 52 B. coagulans 0.95 

B1 37 Actinobacillus 

succinogenes 

1.22 

 

 

 
Figure 1. Lactic acid production from birch sawdust hydrolysate 
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Figure 2 Succinic acid production from birch sawdust hydrolysate at different enzyme dosage 

 

It was demonstrated that lignocellulosic biomas can be successfully used for the production of two main platform 

chemicals, such as, lactic and succinic acid. Both processes enable the utilization f C5 and C6 sugars, leading to 

the homofermentative production of pure monomers. The fermentation broth can be purified ending up with the 

optically pure lactic and succinic acid that will be further used for bioplastic production.  
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Plants are rich and sustainable sources of natural compounds in the form of terpenoids, alkaloids, tannins, 

flavonoids, and other classes of phytochemicals. Unlike animals, plants do not have an adaptive immunity but rely 

on chemical molecules for their survival, propagation, and reproduction. Plants tend to evolve producing new 

chemical structures and enhancing abundances of phytochemicals hence availing an opportunity to obtain new 

compounds with novel applications in improving the quality of life and health. Zimbabwe has a vast repository of 

diverse indigenous fruit and herbal plants with more than 5000 plant species consumed as food, medicine, or used 

otherwise. These indigenous species have been utilised for nutritional, palatability, therapeutic, and materials 

applications in Zimbabwean ethnobotany. Ten percent of these species have been documented to have medicinal 

properties and used as traditional medicines leaving about ninety percent of the indigenous species available for 

other applications. This research provides an ethnobotanical survey of indigenous plants in Zimbabwe which will 

inform the discovery and synthesis of active compounds to complement the conventional synthetic methods based 

on catalysis and various chemical reactions. Target-oriented discovery of new compounds from indigenous plants 

is being done coupled with the development of new strategies to isolate and synthesise the compounds. Structure-

based in silico identification of novel natural compounds for the treatment of malaria bedevilling local people in 

Zimbabwe communities is being conducted. Molecules from indigenous plants have been isolated and used in the 

formulation of health creams. To fully realise the impact of indigenous plants on the sustainable development of 

the nation, novel materials are being fabricated for various applications such as water treatment. 
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Abstract  

Significant research and innovation activities, all over the world, have been and are currently being carried out to 

develop high-value products for pharmaceutical or nutritional purposes.  This universal drive has led to the 

establishment of a new industry, however, there are still appreciably valuable residual materials, which are 

underused, emerging especially from the capture of wild fish, raising fish in aquaculture, and the seaweed and 

shellfish industries [1]. 

 

The importance of BlueBio materials in agricultural activities, targeting new fertilizers and biostimulants of plant 

growth, attract keen interest from the scientific community.  There are different types, defined as biostimulants, 

including humic acid (HA) and fulvic acid (FA), protein hydrolysates (PHs), seaweed extracts, chitosan, inorganic 

compounds, beneficial fungi, and bacteria.  The primary sources of biostimulants also reflect origin and 

physiological characteristics, much the same way as the ones extracted from macro- and micro-algae [2,3,4].   

 

Bearing in mind the ambitious goals of the European Union about the organically-driven management of 

agricultural land, to be reached by 2030, and the economic significance of such products to the entire continent, 

this project aspires to study available residual materials from fish capture, the brown algae industry, the mussel 

industry, and organic aquaculture.  Relevant materials were provided by five Scandinavian industry partners 

(Figure 1).  The materials are chemically characterized and compounds with potential biostimulant effects on crop 

plants are to be investigated, while concurrently checking for possible biotoxicity.  

 

The goal, therefore, is the development of expert analytical tools in the characterization of Low and High Nitrogen 

Algal Cake and possibly other marine-derived residual products.  Parameters include cellulose content, for which 

a classical Weende-based approach have been implemented.  The Macro and Micro Nutrients, including K, Ca, 

Mg, P, Fe, Mn, etc., as well as potential toxic elements (PTEs) As, Cd, Cr, Hg, Pb have been perused through 

Inductively Coupled Plasma (ICP) methodologies.  Key to such an endeavor is sample preparation, involving dry 

ashing as well as microwave assisted digestion.  PTEs are also determined via ICP-MS approaches, thus seeking  

to achieve lower levels of detection.  Moreover, screening for organic compounds emerges prominently in the 

study and is pursued through GC-MS methods on extracts of varying polarity solvents.  Using those extracts, the 

lipid content in the title materials is explored through GC-FID.  Collectively, promising materials (assessed 

through chemical characterization) will be tested under real growing conditions in greenhouses and fields.  The 

logistics and related costs required for establishing a relevant value chain for producing fertilizers and/or 

biostimulants will be assessed by interviewing collaborating industry partners and surveying potential customers.   

 

Materials and Methods 

Methods used for extractions of raw materials include the following: Accelerated solvent extraction (ASE) and 

GREEN solvent (e.g. ethanol, ethylacetate, hydrotrope mixtures, ionic liquids), ultrasonic assisted extraction and 

microwave assisted extraction.  Extracts obtained through the above processes have been analyzed for their 

elemental composition and organic compounds composition [GC-MS, LC-ESI-MS, (1H, 13C)-NMR, FT-IR].  The 

desired compounds expected to appear include antioxidants, organic acids, proteins, amino acids, PUFAs, etc., 

depending on the nature of the raw materials used.  
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Figure 1: Raw materials from BlueBio resources 

 

Results 

Our efforts to identify the various components of raw materials, including low nitrogen seaweeds (LNSW), high 

nitrogen seaweeds (HNSW) and grinding fish residues (GFB), started by determining total C, N concentration of 

the samples, and protein-fat content, with the results shown in Table 1. 

 
Table 1: Total carbon, hydrogen and nitrogen 

Analysis LNSW HNSW GFB 

Total C % 12.1 12.1 7.85 

Total N % 0.16 0.42 2.05 

Protein % 1.0 2.6 12.8 

Fat % 2.3 1.5 0.2 

 

The collective results formulate a well-defined profile for both Low and High Nitrogen Algal Cake materials, thus 

signifying the importance of a) screening for key ingredients in raw materials, and b) identification of both organic 

and inorganic components in algal materials, which could be used in agricultural practices for crop plant growth 

enhancement.   It is worth emphasizing the fact that past studies have shown a positive effect of high N algal cake 

on ryegrass growth [5].  What boosted production of dry matter with algal cake, across five harvests, higher than 

non-fertilized soil control, was a long-term effect, with yields maintaining a quite stable level even in the final 

harvest and control yields leveling off.  In the final harvest, the yield with algal fiber was higher than that with the 

same amount of N applied in mineral N fertilizer (Calcinit).  The algal cake has a rather slow, yet long-term growth 

effect. 

 

Poised to pursue the physicochemically and biologically supported effort for the search on crop plant 

biostimulants, the presently ongoing research attests to the importance of raw materials of marine industries in 

their added value as BlueBio products in contemporary agricultural activities and beyond. 
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Considering new consumer’s trends and restrictions placed on the use of synthetic colorants, the food industry has 

a strong demand for natural analogs, particularly carotenoids, which are responsible for the colors red and yellow, 

representing around 90% of the total amount of colorants added to foods [1,2]. Nonetheless, their low water 

solubility and stability make their use limited. In this context, solid dispersion (SD) technique, which comprises a 

system containing at least two components, commonly a hydrophobic active material and a hydrophilic carrier, 

usually a polymer, is a promissing strategy to overcome this constraint. In SD the active material is molecularly 

dispersed into the polymer, promoting hydrogen bonding between the components and resulting in particles 

formation. The process uses high-energy mixing devices to induce molecular interactions, then the solvent is 

evaporated, being the spray-drying and freeze-drying considered efficient methodologies [3]. The main objective 

of this method is to allow the change in the crystallin profile of the active material. The transformation of the 

crystalline substance into amorphous improves the water solubility/dissolution rates, enhancing also the stability. 

 

This work aims to develop food colorant formulations based on curcumin (65% purity) by testing five natural 

polymers, including K-carrageenan (KC), maltodextrin (MD, dextrose equivalent of 18), Arabic gum (AG), potato 

starch (PS) and pectin (PC), in comparison with the synthetic polyvinylpyrrolidone (PVP), in the preparation of 

particles using the SD technique [4]. For that, an aqueous solution (100 mL of citric acid/sodium citrate aqueous 

buffer solution (pH 6)) containing the polymer (0.4 g) and Tween 80 (15% w/w, polymer-basis) was poured into  

ethanol (50 mL) comprising curcumin (15% w/w, polymer-basis). The mixture was sonicated at 70% potency for 

10 min (30 s on and 10 s off) and after, submitted to solvent evaporation to remove the ethanol using a vacuum 

rotary evaporator at 40 ºC and 175 mbar. The samples were frozen at -20 ºC and dried using a freeze-dryer at -106 

ºC. The corresponding physical mixtures (PMs) were prepared by mimicking the proportions used in the SDs. In 

order to evaluate the effect of the pH control on the formulations' crystallinity and water solubility, reference 

formulations were produced without the buffer, following the same SDs production process. The samples were 

coded as CX-Y, where "X corresponds to the polymer abbreviation and "Y" refers to pH controlled (pH) or 

uncontrolled (Ref). 

 

The SDs samples were analyzed by Differential scanning calorimetry (DSC) and X-ray powder diffraction 

analysis, according to Figure 1. 

 

 
Figure 1. DSC thermograms (A) and X-ray analysis (B) of curcumin and SDs under pH controlled and uncontrolled 

conditions. 
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Concerning thermal analysis by DSC, it is percived that the curcumin presented an endothermic peak at 181.8 ºC, 

corresponding to the most stable crystalline polymorphism of commercial curcumin, cited in the literature as Form 

1 [5]. In general, all the SDs with pH control indicated a shift in the melting peak related to curcumin to higher 

temperatures. For the reference formulations, lower or even the disappearance of the melting peak of the curcumin 

was observed, this behavior can be associated with the transformation of the crystalline form of the curcumin into 

more amorphous systems or less stable forms, namely Forms 2 and 3 [6]. Regarding the X-ray analysis, the 

curcumin presented the typical crystalline pattern of curcumin in Form 1. For the SDs, while specific polymers 

facilitated the modification of curcumin's crystalline structure under pH controlled environment, others enhanced 

the conversion under pH-uncontrolled. It is worth highlighting that the results obtained with both characterizations 

corroborate that most systems obtained without pH control are characterized by lower ordered structures. 

 

Furthermore, a water solubility study was carried out [7,8] for all the samples. The SDs provide higher increase 

(25 to 37 µg/mL) in the curcumin water solubility, when compared with PMs (7 to 8 µg/mL). Depending on the 

used polymer, there were some relevant differences between the SDs with and without pH control. The systems 

produced with k-carrageenan and pectin presented better solubility when prepared under controlled pH, differently 

from the other polymers, where higher solubility values were found in the preparations without pH control. For 

the Arabic gum, the solubility was similar for both conditions, independent of the used pH. The relationship 

between the solubility and the molecular level curcumin-polymer interactions is inherent, supporting the DSC and 

X-ray analysis results. 
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Quinolizidine alkaloids (QA) are largely abundant in the Leguminosae family, especially in the genera Lupinus 

[1]. Maulide and Afonso’s groups developed a process for the extraction of lupanine from Lupinus albus seeds 

wastewater and the preparation of sparteine [2]. These natural products are known for their pharmacological 

activities, which includes antimicrobial, antihypertensive, antimuscarinic and antidiabetic, as hyperglycemia 

agents, effects on the central nervous system and uses in asymmetric organic synthesis [3]. Motivated by the 

potential added value of novel QA derivatives, we explored the selective C-H functionalization of QA using 

electrochemistry. Herein we present a new methodology for the cyanation of lupanine (Figure 1), which offers an 

efficient and greener alternative to conventional methods. 

 

The electrochemistry equipment used in this work were an ElectraSyn 2.0 system by IKA. 

 
 

 

Figure 1: Electrochemical cyanation methodology. 
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Abstract 
 

The global production of thermosets has been increasing in recent years, causing rapid consumption of fossil-based 

feedstocks and contributing to the plastic waste accumulation in the environment, especially because they cannot 

be easily reprocessed or recycled at the end of their lifetime. To overcome those issues, dynamic crosslinks capable 

of exchange reactions can be introduced, enabling network rearrangements, malleability, and reprocessability [1]. 

Those dynamic thermosets form a new class of materials, called vitrimers, since they flow like a vitreous silica 

(quartz glass) following the Arrhenius law [2]. At service temperatures they behave like permanently crosslinked 

polymers but at elevated temperatures the exchange reactions speed up making flow possible while maintaining 

constant number of chemical bonds and crosslinks. Thanks to that, vitrimers can be repaired, reshaped and 

reprocessed decreasing significantly the cost and environmental impact. Facile way to produce biobased vitrimers 

from vegetable oils and a diboronic ester dithiol vitrimer crosslinker will be presented [3]. The synthesis of the 

cross-linker and the production process of the vitrimers has been done following green chemistry principles. The 

developed vitrimer materials can be reprocessed multiple times like a thermoplastic, without compromising its 

mechanical properties. Moreover they can be conveniently recycled by reversible hydrolysis in 90% ethanol and 

subsequent solvent evaporation, regenerating the original vitrimer. In case of an accidental release into the 

environment, the materials are able to biodegrade, solving the problem of waste accumulation. Properties of the 

final materials can be tuned from soft and flexible to rigid and hard by varying the vegetable oil type and crosslink 

density. The use of those materials in self-healing coatings, strain sensors and carbon fiber composites will be 

demonstrated. 

 

Keywords: Biobased vitrimers; dynamic thermosets; boronic esters; vegetable oils; carbon fibre composites. 
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The sustainable valorization of naturally abundant renewable biomass into valuable fine chemicals has gained 

global attention. 2,5-diformylfuran (DFF) is a valuable furan-based entity derived from biomass carbohydrates 

that has numerous applications in pharmaceuticals, polymeric materials, fungicides, organic conductors.1 

Traditionally, DFF has been synthesized primarily from 5-HMF using a variety of metal-based catalysts and 

stoichiometric oxidants.2 However, the high price and low stability of 5-HMF limits bulk DFF production to this 

day. As a result, development of a one-step approach for DFF synthesis directly from fructose/carbohydrate 

feedstocks has become a challenging task for both academic and industrial researchers.  

 

From last few years, our research group has been dedicatedly working on the conversion of lignocellulosic biomass 

into high value chemicals.3 In this context, we have developed a metal catalyst free solid acid catalysed and highly 

chemoselective one pot approach for the synthesis of DFF directly from low cost fructose/carbohydrate feedstocks. 

The user-friendly solid acid catalyst was explored for the transformation of fructose to DFF to achieve highest 

yield. The crucial role of developed catalytic and reagent systems was investigated thoroughly with detailed 

mechanistic studies supported by identification of intermediate and control experiments. The developed process is 

scalable, easily to operate, highly chemo-selective and does not require any tedious purification techniques to 

achieve high purity. The ability to produce DFF in acceptable quantities from low-cost feed-stocks including sugar, 

sugarcane molasses, and jaggery, highlighted the developed process simplicity and efficiency. 

 

 
Figure 1. One pot synthesis of DFF from fructose. 

 

Highlights: 

• A user friendly, commercially available solid acid catalyst was used for the synthesis of DFF. 

• Metal catalyst free oxidation approach and less hazard produce. 

• Highly chemo-selective, scalable approach and recyclable catalyst up to seven cycles. 

• The process is also applied successfully on various low-cost carbohydrate feedstocks including sugar, sugarcane 

molasses and jaggery. 
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Abstract text:  

Due to the coming soon peak and scarcity of petroleum resources, the straightfroward production of biobased 

functionalized organic compounds is required [1]. Thanks to its ketone and carboxylic acid group, levulinic acid 

is a good candidate for the synthesis of non-petroleum product particularly into biodiesel through levulinate esters 

[2] and gamma-valerolactone [3]. For an efficient and greener synthesis, we aim to develop intensified 

miniaturized flow reactor [4], with recyclable supported catalyst. Flow systems allow a better temperature control, 

to limit the concentration gradient [5], and consequently a better selectivity and productivity [6]. As catalyst, we 

chose Novozym 435, the well-know supported Cal-B used for the synthesis or hydrolysis of amide and ester [7]. 

In this context, our work is about developing predictive model for the synthesis of levulinate esters by Novozymes 

435 with a microreactor under continuous flow.  

 

The kinetic study of levulinates ester synthesis were performed with a mixture of levulinic acid, 1-butanol and 

Novozym 435 used as biocatalyst and placed in an Omnifit column which allow to carry out the reaction under 

continuous flow with a PTFE tubing and a syringe pump (Figure 1).  

 

 

Figure 1. Biocatalytic butyl levulinate synthesis into a microfluidic system 

Sample were analyzed by GC-FID and Athena Visual Studio® software, using a Bayesian framework [6], is used 

for the modelling. 

 

Based on experimental data, internal and external mass transfer can be neglected as well as immobilized Cal-B 

deactivation which is negligible for 10 hours. The comparaison between different kinetic model show that a Ping-

Pong Bi-Bi mechanism [8] with alcohol inhibition is the most adequate. Figures 2 and 3 show, respectively, the fit 

of the model with one equivalent of BuOH at 50°C and the parity plot which compare the experimental data with 

the predicted data. 

 

 

 

 

Figure 2. Fit of model to the experimental concentration of BL at 50°C and [LA]inlet=5.16 mol/L  (red dot: simulated; blue 

dot: experimental) 
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Figure 3. Parity plot for the model 

 Thanks to this applicated and fundamental study we have been able to describe a biocatalytic mechanism and a 

predictive model by developing an original method, assessed by Bayesian inference, for the synthesis of a biobased 

product with a continuous flow microreactor.   

Acknowledgements 

This research was funded, in whole or in part, by the ANR (French National Research Agency) and the DFG 

(German Research Foundation) through the project MUST (MicroflUidics for Structure-reactivity relationships 

aided by Thermodynamics & kinetics) [ANR-20-CE92- 0002-01 - Project number 446436621].  

 

References 

1. T. Bennich; S. Belyazid, Sustainability, 9 887 (2017). 

2. F. D. Pileidis; MM. Titirici, ChemSusChem, 9 562 (2016). 

3. J. Delgado; S.N. Vasquez Salcedo; G. Bronzetti; C. Moreno; M. Mignot; J. Legros; C. Held; H. Grénman; S. 

Leveneur, Chemical Engineering Journal, 3 430 (2022) 

4. J. A. Bennett; Z. S. Campbell; M. Abolhasani; Current Opinion in Chemical Engineering, 26 9 (2019). 

5. S. Mansour; A. Delaune; M, Manneveau; B. Picard; A. Claudel; C. Vallières; L. Sigot; P.-Y. Renard; J. Legros, 

Green Chem, 23 7522 (2021). 

6. B.M, Plutschack; B. Pieber; K. Gilmore; P.H. Seeberger, Chemical Reviews 117 11796 (2017). 

7. W. E. Stewart; M. Caracotsios, “Athena Visual Studio,” (2010). 

8. M. N. Varma; G. Madras, Journal of Chemical Technology an Biotechnology, 83 1135 (2008). 

9. A. Cordier; manuscript in progress 

 

 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

157 
 

Butyl-5-(Dibutoxymethyl)-2-Furoate (BDMF): a New Bio-sourced Furanic Platform 

Molecule for the Green Production of Biodegradable Surfactants and Industrial 

Chemicals 

 
Pérocheau Arnaud S.1, Wong T.1, Noirbent G.1, Durand L.1, Renault L.1, Roussel X.2, Benvegnu T.1,*. 

1 Ecole Nationale Supérieure de Chimie de Rennes, 11 Allée de Beaulieu, 35708 Rennes, France. 
2 SurfactGreen, 11 Allée de Beaulieu, 35708 Rennes, France. 

* 
E-mail: thierry.benvegnu@ensc-rennes.fr 

 

Figure 1: Graphical abstract: BDMF as bio-based platform molecule. 

With increasing awareness of environmental issues brought by the use of petroleum-based compounds, a recent 

growing interest in sustainable chemistry for the development of novel molecules derived from renewable 

resources has been witnessed. This translates into the need for the development of platform molecules obtained 

from biomass feedstocks through environmentally friendly synthesis in accordance with green chemistry 

principles.  

 

To this end, platform molecules such as 5-(hydroxymethyl)-furfural (HMF) [1] and 5-(chloromethyl)-furfural 

(CMF) [2] have been the focus of numerous studies as they can be transformed into different building blocks for 

various applications. While the former exhibits a problematic instability and high water miscibility, preventing an 

efficient extraction, the latter requires the use of chlorinated chemicals.  

 

We herein report the robust conversion of homo- and hetero- uronate polysaccharides through a one-pot process 

into a novel more stable bio-based furanic derivate with lower water miscibility, the butyl 5-(dibutoxymethyl)-2-

furoate (BDMF) [3]. This derivate exhibits two different and already protected functional groups allowing to access 

a furanic ester or carboxylic acid without the oxidation of HMF. BDMF can in turn be converted to higher value 

chemicals in one or two easy steps to reach the targeted functional groups such as aldehyde, acid, oxime, amine or 

nitrile. These simple transformations allow their use for various applications as monomers, coating additives, 

polymers, pharmaceutical compounds, agrochemistry and surfactants. Fully bio-based, biodegradable and non-

ecotoxic anionic surfactants were obtained using an eco-friendly synthesis and their characterisation showed that 

these surfactants are promising anionic moieties with efficient surface tension reduction and high foaming power. 

 

Keywords: butyl 5-(dibutoxymethyl)-2-furoate, 5-(hydroxymethyl)-furfural, biomass, sustainable chemistry, 

platform molecule, surfactant. 
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Aside from their use as precursors in a variety of chemical materials ranging from surfactants and plasticizers to 

polymer crosslinkers, branched polyols have gained additional interest due to their ability to be converted by 

esterification into lubricants and moisturizers or, more importantly, into green flame retardants by phosphorylation 

reaction as a direct replacement for bromine and chlorine-containing alternatives [1].  

 

Therefore, the development of an efficient and sustainable approach for the synthesis of branched polyols is of 

great interest. Thus, the objective of this work is to realize the condensation of dihydroxyacetone into branched 

sugars (dendroketose) by means of a stable and robust heterogeneous catalysis in order to obtain the corresponding 

branched polyols via hydrogenation. In terms of heterogeneous basic catalysts, hydrotalcite is one of the most 

important candidates to realize the base-catalyzed condensation of dihydroxyacetone. This is due to their 

interesting structural properties, their ease of synthesis, and the various active sites that lead to a selective 

aldolization [2].  

 

Our approach consists in studying the activity and selectivity of hydrotalcite in condensation chemistry as a 

function of its composition, layered structure, and porous characteristics. These different parameters define the 

strength, nature, and accessibility of the different active basic sites which have been investigated by means of FT-

IR spectroscopy, CO2 temperature-programmed desorption, nitrogen physisorption, and XRD measurements. 

Interestingly, additional optimization studies were conducted in order to improve the stability of the catalyst and 

subsequently promote a successful hydrogenation process. 

 

Thus, the gain in mechanistic insights allowed the selection of an adapted pretreatment process that improves the 

properties and stability of hydrotalcites as heterogeneous catalysts, which was successfully applied for the 

formation of branched sugars under mild conditions and suitable for late-stage functionalization. The catalyst 

characterization, as well as mechanistic studies, will be discussed in this presentation. 
 

 
Figure 1. DHA as precursor for flame retardants and lubricants 
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The development of tin functionalized zeolites has been a major breakthrough in catalysis science related to Lewis 

acid heterogeneous catalysts, because of the extraordinary versatility and selectivity these materials show in a wide 

variety of transformations, including Baeyer-Villiger oxidations, Meerwein-Ponndorf-Verley hydrogen transfer 

reductions or retroaldolic condensation of sugar monosaccharides. This last transformation is especially relevant 

because it has revealed to be an excellent alternative to anaerobic fermentations for the production of lactic acid 

and related derivatives [1]. Lactic acid is a highly interesting bioproduct because it is the starting point in the 

synthesis of a wide variety of important chemicals, both commodities and drop-ins, such as acrylic acid 

(monomer), alkyl lactates (green solvents), poly-lactic acid or PLA (biopolymer). Current industrial process used 

for the production of lactic acid is based on a fermentation process associated to a high waste generation -1 kg of 

CaSO4 is produced per kg of lactic acid- [2]. Chemo-catalytic routes for the production of lactic acid based on the 

use of highly active and selective Sn-zeolites, are known to proceed through efficient pathways (Figure 1) and 

require of a reduced number of steps as compared to fermentation routes [3]. However, this synthetic pathway still 

require of highly active, selective and robust catalysts and their validation in the conversion of complex 

carbohydrate feedstock, showing a high concentration of sugars, whose conversion would eventually require of 

small-sized chemical reactors. Sn-β and Sn-USY zeolites have demonstrated to be highly active catalysts and, 

under certain conditions, stable enough to conduct the direct transformation of carbohydrates to alkyl lactates in a 

single step under continuous flow conditions. Nevertheless, the afore mention questions on their capability to 

process complex mixtures of carbohydrates at high concentration values still need to be addressed. This works 

presents the most relevant results achieved in the evaluation of a Sn-USY-based catalytic system in the conversion 

of highly concentrated sucrose methanolic solutions into methyl lactate [4-5]. The work also provides the results 

on the effect of water in the overall catalytic performance of the Sn-USY zeolite, whose intrinsic catalytic activity 

and reusability is enhanced in the presence of small quantities of water.  

 

 
Figure 1. Reaction Scheme on the conversion of glucose into methyl lactate in the presence of Sn-USY catalysts 

 

The synthesis of the Sn-USY zeolite starts from a commercial USY zeolite (CBV 712), which is subjected to a 

two-step dealumination using aqueous HNO3 solution (10 mol·L-1; 20 mL·g-1
zeo; 1h). Tin was incorporated by 

grafting SnCl4 onto the hydroxyl nests created at the aluminum vacancies. The material was calcinated at 550°C 

and ion exchanged with KCl aqueous solutions (0.5 M, 100 mL·g-1
zeo, 50 °C) to neutralize Brønsted acid sites. The 

prepared material was thoroughly characterized by different techniques, including N2 adsorption isotherms, XRD, 

TEM, NH3-TPD, DRIFT with ACN-D3 and pyridine as molecular probes, among others. Catalytic tests were 

conducted in a batch reactor loaded with 75 mL of methanolic solutions of carbohydrates (glucose, sucrose, 0.14-

0.28 mol·L-1) together with 0.75 g of catalyst, and the mixture was heated up to 150 °C (time zero) for 6 h under 

continuous stirring. The presence of water in the reaction media was varied by substituting of methanol with water 

(1-8 wt%). The reaction media was analyzed with a gas chromatograph fitted with a CP-WAX 52CB column and 

a liquid chromatograph equipped with a Shodex NH2P-50 4E column.  

 

The catalytic activity of the Sn-USY catalyst was initially evaluated in the transformation of glucose and sucrose 

methanolic solutions at different concentration levels. Reaction results from the transformation of both 

carbohydrates in methanol, in the presence of Sn-USY, reflected scarce differences in the performance of the 

catalysts when operating at the lower value of the sugar concentration range. Results indicated a 70% yield towards 

methyl lactate can equally be achieved either from glucose or from sucrose. The rest of the identified products 

were ascribed to retro-aldol transformation pathways involving glucose, leading to the formation of GADMA and 

MVG as main side reactions (Figure 1). Identified reaction products totalized >95% of the starting feedstock. 

Catalytic tests performed at a higher substrate concentration level (0.28 mol/L) were conducted solely with sucrose 

(Figure 2). As expected, a large drop in the yields calculated for all the detected products, was observed. Obviously, 

processing concentrated sucrose methanolic solutions seems to require of longer operation times. Under these 
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conditions, a yield of 34% towards methyl lactate was obtained after reacting for 6 h. This result was accompanied 

with a great production of methyl glycosides, especially during the early beginning of the catalytic tests, which are 

later converted, but a slow reaction rate. These results demonstrate the fast rate of glycosidation, but they also 

reveal the difficulties found in the transformation of glycosides towards retroaldol-derived products.  

 

 
 

Figure 2.  Product distribution obtained with different water concentration in the reaction media 7.2 g sucrose, 0.75 g catalyst, 

75 mL methanol, 150ºC) 

 

In order to limit the formation of glycosides, favoring the presence of sucrose or its constituents glucose and 

fructose, small quantities of water were added to the reaction media (Figure 2). The presence of water reduces the 

concentration of methyl glycosides, leading to higher concentrations of fructose and glucose at the beginning of 

the transformation, presumably due to higher rate of sucrose hydrolysis as compared to methanolysis. [6]. This 

effect has strong consequences on the retro-aldol condensation of the sugar monosaccharides, since the formation 

of methyl lactate is promoted, rising to 42% when 1 wt% water is added to the reaction media, to nearly 55% at 8 

wt% water concentration. The higher availability of free monosaccharides, instead of alkyl glycosides, seems to 

be one of the reasons for the higher methyl lactate yield achieved in the presence of small quantities of water. 

However, alkyl glycosides are also much faster converted, a result which seems to be related to a higher intrinsic 

catalytic activity of the Sn-USY zeolite. This is in accordance with previous results, which suggest that the addition 

of water to the reaction media prevents the deactivation of the catalytic sites through different pathways [7].  

 

In order to evaluate if catalyst deactivation takes place, and if it is playing a role in the studied transformation, 

catalyst reutilization tests were conducted. Results evidence the catalyst tested in pure methanol solvent almost 

lost all of the starting catalytic activity, providing very low yields towards retroaldol condensation products (<5%). 

On the contrary, catalysts tested in the presence of increasing water contents, reflected a much better reusability 

in a second catalytic run. In this way, the presence of water not only modifies the composition of the reaction 

media in terms of monosaccharides speciation (free sugars vs glycosides), but it also seems to exert an important 

role in the preservation of the catalytic activity of Sn-USY zeolites. Further insights on the performance the 

addition of water as a solution to catalyst deactivation are being conducted through catalyst recycling tests. 

 

The presence of water in the reaction media when converting highly concentrated methanolic solutions of sucrose 

in the presence of tin containing zeolites improves methyl lactate production, reducing side products such as methyl 

glycosides and preserving the catalytic activity during the reaction, achieving a total yield of 55%, a result scarcely 

reported for the considered substrate concentration. 
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Long-chain (C9 to C18) linear α-olefins - used in producing chemical products like surfactants1,2, lubricants3 and 

polymers1,4 - have traditionally been synthesized from petroleum-based feedstocks. A more sustainable way to 

access linear α-olefins of the chain length required for surfactant and lubricant applications is by using triglyceride-

derived fatty acid feedstocks. Fatty acids provide a suitable hydrocarbon chain length and carboxylic acid handle 

that can be converted to a terminal olefin using catalytic decarbonylation in the presence of acetic anhydrides.5,6 

The most effective catalysts for decarbonylation include expensive rhodium and palladium metals. Non-noble 

metal catalysts like nickel and iron are also used, however, these operate at extremely high temperatures (200 - 

300 °C) and require stoichiometric amounts of additives such as potassium iodide.4,7 Metal catalysts like those 

incorporating inexpensive nickel and cobalt would be of interest if they catalyze decarbonylation reactions 

efficiently, especially if they give high linear α-olefin yields without the need for additives. 

 

8 

Scheme 1: Metal catalysed conversion of fatty acids to form fatty olefins 

 

Herein, we present the synthesis of new nickel(II) and cobalt(II) complexes bearing aminophosphine ligands and 

their use as precatalysts for the dehydrative decarbonylation of fatty acids at lower temperatures without the need 

for additives.  
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Spent coffee grounds (SCG) is the most significant coffee by-product with approximatively 6 Mt of SCG generated 

each year worldwide due to coffee brewing stage. The SCG is a bioresource of great interest to produce bioactive 

ingredients thanks to its composition in high value lipids, caffeine and polyphenols. Then, the valorization of SCG 

has been intensively investigated these last years with disruptive technologies such as ultrasound, microwave, 

subcritical H2O or supercritical CO2 [1]. 

 

The supercritical CO2 (SC-CO2) and subcritical H2O (SCW) are both green solvents under high pressure to give 

new properties to H2O and CO2. Above the critical point of CO2 at 31°C and 74 bars, SC-CO2 gets hybrid 

properties between a gas viscosity and a liquid’s solvation capacity. Therefore, SC-CO2 is particularly suitable for 

lipids extraction from dry SCG without extracting caffeine and polyphenols. Previous work shows that 

supercritical CO2 from wet SCG allow the selective extraction of caffeine [2]. Thereby, the solid residue of SCG 

can be defatted and decaffeinated before further extraction to produce decaffeinated polar molecules extracts, 

which can be used as bioactive ingredients in nutraceutical, with high antioxidants properties and without the 

drawbacks about health issues related to caffeine,  

 

Subcritical H2O (SCW) corresponds to liquid water under pressure and at high temperature between 100-374 °, 

which possesses unique properties in those conditions. SCW benefits from an increase of the diffusion coefficient 

of water, increase of the solubility of solutes, increase of the diffusion of solutes, reduction of dielectric constant 

of water to become closer to that of ethanol and acidification of water. SCW can be used to replace hydroalcoholic 

solvents for the production polar bioactive ingredients from SCG 

 

Therefore, the aim of this work is i) to investigate the role and influence of supercritical CO2 pretreatment on dry 

or wet SCG at 300 bars, 40 °C on the yield, composition and properties of polar molecules extracted by subcritical 

H2O and ii) to optimize the full process including supercritical CO2 pretreatment and subcritical H2O extraction 

by modifying conditions as cycles of decaffeination, temperature, solid/liquid ratio, time of extraction and 

microwave irradiation thanks to a Design of Experiments (DoE) with a Central Composite Rotatable Design 

(CCRD). To do this, polar molecules extracts were characterized by their mass yield after lyophilization, by their 

chemical composition thanks to Total Polyphenols Content (TPC) and HPLC-DAD analyses to define the caffeine 

and hydroxycinnamic acids content and by their antioxidant properties with Trolox Equivalent Antioxidant 

Capacity (TEAC) with DPPH reagent. 
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Climate change and growing populations are a threat to sustainable development around the world. Strategies to 

improve global sustainability, including the biorefinery process in the agro-food sector designed to minimise waste 

and transform every fraction of raw biomass into valuable compounds and materials, need to be adopted [1].  

 
Tomato [Lycopersicon esculentum (L.)] is one of the most cultivated horticultural species in the World. Italy is the 

leading country in the production of canned and processed tomatoes, producing 13% of the entire world's 

production. At the same time, Italy is the main producer at the European level with over 6 million tons, followed 

by Spain with 4.14 million tons, Turkey with 2.10 million tons and Portugal with 1.56 million tons [2]. The tomato 

industry generates a huge amount of by-products (Tomato Pomace, TP), corresponding approximately to 2-5% of 

the total biomass entering the industrial process. According to the Circular Economy approach, the TP, composed 

of skin and seeds, represents an intriguing substrate for further valorisation process. It is rich in structural 

polysaccharides, such as hemicellulose and cellulose, non-structural polysaccharides (pectin) and biomolecules 

with antioxidant, antimicrobial, antitumor, anti-fungal, anti -neurodegenerative, etc., widely used in the food and 

pharmaceutical industries [3]. Several studies on TP valorisation have been previously reported, focusing on the 

extraction of a single class of compounds at a time, such as pigments (lycopene and β-carotene) [4], 

polysaccharides (pectin), fatty acids or proteins [5]. In the light of our knowledge, only a few studies investigated 

biorefinery models consisting of cascading extraction processes for the production of multiple compounds. 

Between them, Kehili et al. [6], proposed the integration of supercritical CO2 extraction of pigments from TP with 

the subsequent separation of proteins from the residue or anaerobic digestion of residue for bioenergy production 

[7, 8]. Azobou et al. [9] suggested a sequential extraction of polyphenols and lycopene from tomato skins, the 

extraction of edible oil from tomato seeds, and the valorisation of the solid residue by producing a low-cost bio-

sorbent for dye removal. Moreover, Nagarajn et al. [10] investigated the extraction of a hydrocolloid complex 

composed of lipids and pectin from TP. 

 
With the aim to set up a new sequential (scalable) process inspired by the Green Chemistry principles and using 

eco-friendly solvents and techniques, we investigated in this study the use of a biphasic green solvents system for 

a fast “one-pot” simultaneous extraction of valuable compounds from tomato pomace at room temperature. The 

investigated biorefinery model consisted of simultaneous extraction of lycopene oleoresin, polyphenols and pectin 

from TP, by means of a biphasic system (BPS) composed of two immiscible green and safe solvents (ethyl acetate 

and water), followed by microwave assisted extraction (MAE) of cutin (poly-hydroxy fatty acids) from the 

resulting solid residue (SR) (Figure 1). 

 
The one-pot extraction with BPS was tested at different temperatures (25, 40 and 60 °C) and homogenising times 

(1, 5 and 10 minutes). At the best experimental conditions (time = 1 min; temperature = 25 °C), it generated a 

three phases system (Figure 1): the Red Phase (RP, ethyl acetate), the White Phase (WP) and the Solid Residue 

(SR), with a yield of 7.5% dw, 17.8% dw and 74% dw of tomato pomace respectively, and an extraction efficiency 

higher than 99%.  

 
The RP was composed of lipids that contained a high amount of unsaturated fatty acid (82% wt), valuable pigments 

such as all-trans lycopene (1.24 mg g-1 dw of tomato pomace) and β-carotene (0.18 mg g-1 dw of TP), and 

polyphenols (0.25 mg GAE g-1 dw of TP). Lycopene was easily purified from fatty acids and polyphenols by 

crystallisation (purity > 99%, recovery of 90%).   

 
The WP was composed mainly of high-quality pectin (70% dw) that formed a polymeric gelatinous structure at 

the interface between water and ethyl acetate, making it easy to be separated by filtration. A certain amount of 

proteins (25% dw) was also found in the polymer.  

 
The microwave-assisted extraction (MAE) of cutin from the solid residue SR was optimised by varying extraction 

temperature (from 100 °C to 160 °C) and time (from 10 to 30 minutes). The highest cutin yield (~20% dw of TP) 

was found operating MAE with an alkaline solution (0.5M NaOH) at 120 °C for 30 minutes. Interestingly, the 

yield of compounds extracted with our one-pot simultaneous biphasic extraction process at room temperature and 

MAE was higher than the yield achieved by conventional methods. 
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In conclusion, the preliminary results of the proposed cascading process seem to demonstrate the effectiveness of 

green sequential extractions of high-value compounds from tomato pomace, converting a by-product/waste into a 

multi-products source. Further investigations will aim at the production of functionalised biopolymers and 

platform compounds. 

 

 

Figure 1. The integrated bio-refinery process designed for valorization of tomato pomace: a)“One-pot” 

simultaneous extraction of lipids, pigments (lycopene and β-carotene), phenols and pectin with a biphasic solvent 

system BPS (ethyl acetate and water); b) Microwave assisted extraction (MAE) of cutin from solid residue.  
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Abstract text:  

Spent Coffee Grounds (SCGs) are part of coffee wastes obtained during the brewing process of coffee (i.e. after 

the consumption of coffee) and these SCGs are usually discarded as waste material. Therefore, there are great 

opportunities for re-circulating SCGs due to their low cost and large availabilities. In this communication, we will 

showcase how SCGs were incorporated in a biobased epoxy resins and what was the impact of such incorporation 

on the curing behavior and on cross-linked material properties.   

  

First, the communication will focus on the fully biobased and non-toxic epoxy/hardener system that we have used. 

The epoxy resin was Epoxidized Linseed Oil (ELO) and the cross-linking system was composed of a so-called 

eutectic hardener.[1]This innovative technology consists of preparing an eutectic mixture between e.g. citric acid 

and a liquefier, e.g. ethyl lactate. The advantage is that the citric acid in combination with the liquefier is liquid at 

room temperature thus facilitating its incorporation and cross-linking capability compared to a solid citric acid that 

would face some dispersion issues. The resulting cross-linked matrix between ELO and the eutectic hardeners 

presents interesting properties and most importantly can be cured at room temperature. [1, 2] 

 

In a second part, the communication will highlight the influence of SCGs’ incorporation in the ELO/eutectic 

hardener system. Different SCG content e.g. 25 to 35 wt% and various curing time and temperature were 

employed. [3] SCGs and hexane extracted SCGs (25 wt%) have a slight catalytic effect particularly in the initial 

stages of the polymerization reaction conducted at room temperature (i.e. 24 °C). The effect can be correlated with 

the presence of remaining caffeine in SCGs that can somehow slightly accelerate the curing. Such acceleration is 

interesting as room temperature curing requires several days. On top of that, addition of e.g. 35 wt% SCGs lead to 

an increased hardness compared to raw resin. SCGs are found to heavily increase stiffness of the final material, 

especially when oils present in SCGs are previously extracted, raising the rubber plateau modulus from around 5 

MPa to 14 MPa. This investigation paves the way for sustainable re-circulation of SCGs in biobased epoxy system 

with positive impact on the value chain of coffee and its waste management. 

 

 
 

Figure 1.  Overview of raw materials and obtained flexible thermosets. [adapted from ref. 3]. 

 

Acknowledgements 

This work benefited from financial support from the French government, managed by the National Research 

Agency (ANR) under the UCAJEDI Future Investments project with reference number ANR-15-IDEX-01 " and 

financial support of “La Maison de la Chimie”. 

 

References 

1. J. Tellers, P. Willems, B. Tjeerdsma, N. Guigo, N. Sbirrazzuoli, Green Chem., 22, 3104 (2020). 

2. J. Tellers, M. Jamali, P. Willems, B. Tjeerdsma, N. Sbirrazzuoli, N. Guigo, Green Chem., 23, 536 (2021). 

3. J. Tellers, P. Willems, B. Tjeerdma, N. Sbirazzuoli, N. Guigo, Macromol. Mater. Eng., 306, 2100323 (2021). 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

167 
 

Biovalorization of by-products from olive leaf and olive pomace obtained through green 

extraction methodology. 

 
Isabel M. Martins1,2*, Yaidelin A. Manrique1,2, Rharyne França1,2, Ricardo C. Calhelha3, Lillian 

Barros3 and Madalena M. Dias1,2 

1LSRE-LCM - Laboratory of Separation and Reaction Engineering – Laboratory of Catalysis and Materials, Faculty of 

Engineering, University of Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal 
2ALiCE - Associate Laboratory in Chemical Engineering, Faculty of Engineering, University of Porto, Rua Dr. Roberto 

Frias, 4200-465 Porto, Portugal 
3Centro de Investigação da Montanha (CIMO), Instituto Politécnico de Bragança, Campus de Santa Apolónia, 5300-253 

Bragança, Portugal  
*isa@fe.up.pt 

 

The population of the Mediterranean region have been cultivating olive trees and extracting their oil for thousands 

of years [1]. The consumption of olive oil is associated with several health benefits, especially the reduction of 

degenerative and cardiovascular diseases and cancer [2]. Being a popular food in several countries, its production 

has grown increasingly with the corresponding increase in residues, such as the olive leaf and olive pomace [3]. 

The large-scale production of these residues, without appropriate treatment, increasingly represents a high 

polluting potential [4].  

 

The olive leaf and olive pomace are residues rich in phenolic compounds, with recognized bioactive activity, 

mainly through the presence of three bioactive compounds: oleuropein, hydroxytyrosol and tyrosol [1, 5]. These 

phenolic compounds have bioactivity towards cancer cells, tumors, and lowering blood sugar, among others. Thus, 

their recovery represents a way to valorize the by-products of olive oil production since they present themselves 

as compounds with high added value [5]. 

 

To increase the selectivity and preserve the substances of interest, a suitable and greener technology has been 

recently introduced, namely supercritical fluid extraction using carbon dioxide as solvent (SFE-CO2) [6, 7]. Thus, 

the evaluation of extracts obtained using this methodology, as well as research around the parameters that provide 

better yields for extraction, are of interest in the nutraceutical and food industries [8, 9].  

 

The present work aims to evaluate the bioactivity of olive leaf and olive pomace extracts, rich in bioactive 

compounds with functional properties and optimize the extraction conditions using supercritical fluid extraction. 

In the future, it is expected to incorporate these bio-compounds into fruit and vegetable preparations, jams, and 

sweets. 

 

The extracts obtained from SFE-CO2 were evaluated by high-performance liquid chromatography (HPLC) for 

their phenolic composition to assess the presence of three bioactive compounds: oleuropein, hydroxytyrosol and 

tyrosol. Their fatty acid composition was also evaluated by gas chromatography-mass spectrometry (GC-MS). The 

bioactive capacity of the extracts was evaluated concerning their cytotoxic and anti-inflammatory activity. 

 

Extractions were carried out using a 200 mL extractor, with pressure of 200 bar, temperature of 40 °C and 2.5 h 

of extraction time, in a dynamic process (continuous circulation of CO2). Extraction yields of circa 2.5 % for olive 

leaf and 1.5 % for olive pomace were obtained. 

 

The chemical composition of the obtained extracts was evaluated by liquid chromatography (HPLC) and gas 

chromatography-mass spectrometry (GC-MS), and their toxicity was evaluated through a non-tumor cell line. 

 

The phenolic composition of the olive pomace extract was performed by HPLC and allowed to identify the 

hydroxytyrosol and tyrosol (data not shown). On the other hand, olive leaf extract revealed the presence of residual 

amount of oleuropein. Olive leaf extract was also analyzed by GC-MS and Figure 1 presents the chromatographic 

profile of the extract. Concerning the chemical composition (Table 1), GC-MS analysis revealed the presence of 

D-limonene, palmitic acid, linoleic acid, oleic acid, stearic acid, erucic acid amide, cis-9-hexadecenal, oleamide, 

tetracosane and vitamin E. 
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Figure 1. Chromatographic profile of the olive leaf extract analysed in GC-MS. 

 

Table 5. List of the main compound identified in the olive leaf extract analysed in GC-MS. 

nº Compounds  Relative concentration (%) 

1 Carene 0.49 

2 D-Limonene 1.04 

3 p-Cresol 0.05 

4 Palmitic acid 3.81 

5 Linoleic acid 1.82 

6 Oleic acid 11.36 

7 Stearic acid 1.72 

8 Erucic acid amide 1.46 

9 cis-9-Hexadecenal 5.42 

10 Oleamide 21.32 

11 Tetracosane 9.24 

12 Squalene 4.76 

13 Vitamin E 0.84 

 

The cytotoxicity analysis was performed in the olive pomace and olive leaf extracts (Table 2) and the results were 

expressed in GI50 values (concentration that inhibited 50 % of the cell proliferation). The non-tumour cell line 

PLP2 (primary pig liver culture) was used, and the olive leaf extracts did not reveal cytotoxicity up to 400 μg/mL. 

 
Table 2. Cytotoxic activities of olive pomace and leaf extracts and respective positive controls (mean ± SD). 

 Olive Pomace Extract – 

SFE-CO2 

Olive Leaf Extract – 

SFE-CO2 

Positive Control 

GI50 (µg·mL-1) 197 ± 11 >400 1.4 ± 0.1 
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Ultraviolet (UV)-curing technique are widely utilized in industrial areas such as coatings, adhesives, and 3D-

printing materials thanks to their advantages like fast curing speed at ambient temperature, low energy 

consumption, low volatile organic chemical (VOC) emissions, etc. [1-2]. The value of UV-curable resins and 

formulated products in the global market was approximate 4.27 Billion USD in 2019 and is expected to amount 

8.66 Billion USD by 2027 with an annual compound growth rate of 9.2% during 2020–2027. However, due to the 

dramatic price fluctuations of fossil resources and stricter environmental regulations, there is a growing interest in 

developing polymeric materials from renewable resources, such as cellulose, lignin, protein, and carbohydrates. 

Of all the biobased feedstocks, plant oils are one of the most frequently used bioresources in developing UV-

curable materials because of their abundance, low toxicity, triglyceride structures suitable for further modification, 

and potential biodegradability. In the past decade, several major issues have been revealed in the study of plant 

oil-based UV-curable materials, such as: conventional properties like stiffness and glass transition temperature 

(Tg) are far inferior to similar petroleum-based products; materials; cannot be recycled or simply repaired while 

damaged or abandoned; the synthesis procedures are usually not ecofriendly and inefficient; etc. Therefore, in our 

works, by using plant oils and/or other biobased resources as starting materials and employing newly-developed 

green synthesis strategies or high-efficiency synthesis technologies (e.g. microwave technology), we synthesized 

a set of biobased monomers or oligomers, and then prepared novel biobased UV-curable materials with high 

conventional properties or self-healing and recyclable properties. Meanwhile, structure–property relationships, 

UV-curing kinetics, and self-healing mechanisms were investigated. At last, the obtained UV-curable materials 

were applied into coatings or 3D printings. In general, our studies can not only provide new ideas and strategies 

for the design and preparation of biobased UV-curable materials with high-performance or with self-healing and 

recyclability, but also offer good theoretical foundation for the application of such materials. 
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The valorisation of biomass is a key step towards reducing the dependence of chemical production streams on non-

renewable sources and for the development of a green economy. Sugar beet pulp (SBP), a secondary biomass 

product from sugar extraction, can be oxidised with hydrogen peroxide and bleach to produce an industrially 

valuable, viscous, cellulose-rich material called Curran® which is currently used as a rheology modifier for 

plastics, paints and cardboard preparative mixtures [1,2]. This study investigates the effects these oxidants have 

on cellulose within the plant cell wall of SBP. 

 

The physical and chemical properties of Curran® are affected by the oxidation of cellulose in SBP and these 

changes have been measured according to the degree of oxidation and surface accessibility of the cellulose and the 

monosaccharide composition and viscosity of the total SBP in comparison with similarly oxidised Whatman paper. 

This has been achieved using methods such as conductometric titrations [3], novel [3H]cellopentaitol adsorption 

measurements, and successive ammonium oxalate and sodium hydroxide extractions [4,5], alongside dynamic 

viscometric measurements and quantification of endo β 1-4 glucanase digest products.  

 

  
Figure 9: Left: Dynamic viscosity of variously treated sugar beet pulp samples (100 ml of 1% wt. suspension in water at 

 20°C) 

Right:  Yield of plant cell wall components obtained from H2O2- and bleach-treated SBP 

Key: A, untreated sample; B, H2O2 treated; C, H2O2 then NaOCl (comparable to commercial Curran®); D, NaOCl; E, 

NaOCl then H2O2 

Under the two-step oxidations employed, up to 5% of all cellulosic glucose residues in SBP were expected to be 

oxidised due to measurements taken from similarly oxidised Whatman paper. The oxidised cellulose was found in 

the (NaOH-soluble) hemicellulose “a” fraction of the material. Both oxidation treatments in either order were 

required to produce carboxy (RCOOH) groups preferentially over oxo groups (e.g., RCHO); carboxy groups are 

preferable for further functionalisation. Hydrogen peroxide has been shown in this reaction to solubilise pectin, 

convert cellulose into hemicellulose-like polysaccharides, and to give Curran® shear-thinning viscometric 

properties. Bleach further enhanced the viscosity of sugar been pulp without significantly affecting the overall 

composition of the material. Surface accessibility of the cellulose in sugar beet pulp to tritiated cellopentaitol 

improved with any oxidising treatment, but endo-cellulase accessibility only improved in hydrogen peroxide-

treated Curran®. This cellulase treatment solublised both homogalacturonan and rhamnogalacturonan-I in SBP 

but only RG-I in all hydrogen peroxide treated Curran® samples. The viscosity of these samples during cellulase 

digestion decreased over time, the rate dependent on the oxidative treatment of the sugar beet pulp.  

 

The sum of these observations suggests that hydrogen peroxide fractures the surface of cellulose during oxidation, 

solubilising pectin that was non-covalently bound to the cellulose surface. This modification of the surface of the 

microfibrils by hydrogen peroxide would create acidic cellulosic fragments that are now still water insoluble but 

NaOH-extractable. Bleach oxidation is important for whiteness and viscosity improvement, but this introduces a 

chlorine-based oxidant into the production stream and its use should be limited. For viscosity control, the key step 

of this process is the change in surface of the cellulose during hydrogen peroxide treatment. Similar secondary 

biomass sources should be explored for potential utilisation using this method.  
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Abstract text:  

The continuing challenge facing the End-of-life Vehicle (ELV) recycling industry is the treatment of Automotive 

Shredder Residue (ASR), where landfill is still the preferred option. With the introduction of the ELV Directive, 

the EU have challenged both the recycling and automotive industry to recycle or recover materials at a minimum 

value of 95% [1]. The difficulty in meeting these targets is caused by limited markets for certain fractions, such as 

plastics. Therefore, processing of ASR is key to meeting these targets. This, along with the drive for circularity in 

the use of resources, has resulted in pursuit of thermal treatment of ASR as a viable commercial solution. Not only 

does it support the principles of the circular economy, but it also supports the climate emergency by potentially 

reducing the industrial carbon footprint.  

 

An emerging commercial technology is pyrolysis. This process not only provides energy but also produces a 

valuable resource in the form of pyrolysis char. This has a number of potential commercial outlets, such as 

activated carbon, a soil remediation and conditioner, and a filler material. Before it can be used, it is critical to 

understand the chemical and physical composition and the implications this may have on any future application. 

However, there is a large knowledge gap which is inhibiting the uptake of this material in commercial applications, 

where the feedstock and pyrolysis conditions play a major role on the both the chemical and physical 

characterisation. There is an added complication that the char comprises different fractions with unique 

characteristics [2]. By detailed analysis of these chars, it would be possible to develop or modify them for specific 

applications. 

 

This paper will explore how the physical and chemical properties of char from different pyrolysis temperatures 

and fractions influence their secondary use. ASR was pyrolysed in a pilot scale unit capable of processing 100 kg 

hr-1 at 900 oC. This produced 480 kg of char from which samples were taken for analysis. By processing a large 

amount of ASR, this reduced the sampling error associated with the heterogenous nature of ASR. Three types of 

pyrolysis char were identified.  The following chars were analysed: (i) coarse char (CC) was collected directly 

from the reaction chamber; (ii) medium char (MC) and (iii) fine char (FC) were collected further down the system.  

 

Testing of the three chars comprised (i) physical (particle size, moisture content, density, porosity) and (ii) 

chemical (calorific value, organic and inorganic elemental analysis). Initial findings indicated a number of physical 

and chemical differences. The CC had the highest particle size (800 µm), mean average 353.5 µm and calorific 

value (14,544 kcal g-1), where the relationship was CC > MC > FC. However, the loss on ignition (LOI) was 

highest in the FC (98%), where FC > MC > CC. For all the chars, the moisture content ranged from 0.6-1.6%. The 

chemical analysis for 17 key elements by ICP-OES indicated that the concentration of the analyte was higher 

generally in the CC fraction and reduced through the MC and FC. These results were mirrored in the EDAX 

analysis, where metal and halogenated elements were determined at higher concentrations in CC. Organic 

elemental analysis indicated that %C and %H was highest under FC (80.29 and 2.19% respectively) and %S was 

highest in CC (1.04%). This would be expected for the FC as there are lower concentrations of inorganic products 

present. 

 

The findings from this experiment provided an initial insight into the differences in properties of fractions of char 

from ASR pyrolysis. The differences were highlighted in the case of the CC which had larger metal composition 

and higher S and Cl concentration. This will require further treatment before it can be used as a commercial 

product. The lower rates of contamination, higher %C and smaller pore structure determined in MC and FC chars 

indicate that they could be utilised as an activated carbon or filler. Advanced pretreatment of ASR to remove metal 

fibres may reduce the contamination within chars and improve utilisation. 
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Table 1.  Physical and chemical composition of pyrolytic char from ASR feedstock (CC = Coarse Char; MC = Medium Char; 

FC = Fine Char) 

  CC MC FC 

moisture content (%) 0.60 1.64 0.95 

calorific value (kcal g-1) 14544 10489 10012 

loss on ignition (%) 21.83 48.89 98.28 

%C 31.83 48.36 78.04 

%H 0.43 0.71 1.42 

%N 0.39 0.46 0.61 

%S 1.04 0.87 0.27 

%O* 66.30 49.60 19.65 

 
 

 

 
Figure 1.  Inorganic elemental concentration of pyrolytic char derived from ASR feedstock. CC = Coarse Char; MC = 

Medium Char; FC = Fine Char. 
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Abstract 

Ammonia, one of the most produced chemicals in the world (176 Mt per year [1]), is synthesized industrially by 

the Haber-Bosch process (N2(g) + 3H2(g) ↔ 2NH3(g)), requiring 28 GJ per ton NH3 even when using the best 

available techniques to produce the H2 [2]. To obtain H2 sustainably, biomass gasification or water electrolysis 

using renewable energies are studied. In addition, novel methods in which NH3 synthesis does not take place by 

the Haber-Bosch process are on a basic research stage, e.g. NH3 production by a catalytic electrochemical process 

from N2 and H2O [1]. The Haber-Bosch process and these newfangled processes also present drawbacks due to 

the excessive fixation of stable atmospheric N2, which is one of the anthropogenic causes of the imbalance in the 

biogeochemical N cycle [3]. Nitrogen-rich biological wastes are a possible source of H and N.  

 

Our research group proposed a strategy in which NH3 could be produced by gasification of meat and bone meal 

(MBM) (9.9 wt.% of N), while the waste was energetically valorized [4]. It was achieved a fuel-N conversion to 

NH3 of 67%, and a potential energy production (gasification gas) up to 102 GJ∙per ton NH3. Optimizing the 

gasification operating conditions to maximize NH3 production is complicated due to the large number of reactions 

involved. The final fuel-N distribution obtained from gasification can be understood as the joint contribution of its 

stages: pyrolysis, char-N gasification, tar-N cracking and reforming, and gas phase reactions. This work´s main 

objective is to determine experimentally the role of the aforementioned stages on the production of NH3 in the 

gasification of MBM with O2-steam. 
 

The pyrolysis experiments conducted in this work have shown that the yield of NH3-N (calculated over fuel-N) 

was around 33-35%. It means that around 50% (33/67) of the NH3 generated in the whole gasification process is 

due to the contribution of the pyrolysis and that the stages of char-N gasification and gas phase reactions do not 

entail a net conversion of NH3, but an additional formation. Moreover, it has been found that the gasification of 

the pyrolysis char with only O2 as gasifying does not incorporate more NH3 to the final production, while 3.0% of 

NH3-N with respect to the original MBM-N is generated under the presence of steam in the gasifying agent. The 

MBM pyrolysis and char gasification (with O2-steam) stages explain 54.5% of the NH3 generated in the overall 

gasification process.  
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ABSTRACT 

 

Water scarcity and depletion of mineral resources are major global issues, while food demand and consequently 

need for cultivation is constantly increasing. Recovery of nutrients from waste streams is an alternative, 

environmental-friendly approach for the replacement of chemical fertilizers, the common production of which is 

associated with high GHG emissions, and simultaneously leads to appropriate wastewater purification, aiming to 

surface and groundwater protection [1].  

 

Anaerobic digestion (AD) transforms several organic wastes, such as agricultural waste, animal residues, food 

waste and municipal sludge, which otherwise would commonly end-up in landfills, into energy (renewable biogas), 

producing digestate as a by-product. The generated digestate is known to be rich in nutrients (e.g. nitrogen, 

phosphorus and potassium) and is frequently applied in agricultural soils for enrichment with inorganic and organic 

components [2].  

 

However, the digestate has variable chemical composition based on the variations of raw materials used as feed in 

the anaerobic digesters of biogas plants [3, 4]. This creates issues, regarding the utilization of digestate and 

consequently, a major management issue for storage or disposal of large amounts of materials, which may pose a 

serious threat to the environment. If this is not managed properly, then the direct disposal in the soil may result in 

the uncontrolled leaching of nutrients that may cause serious surface and groundwater pollution [5].  

 

Nowadays, water purification and the concept of nutrients extraction and recovery from waste streams has become 

technically and economically more feasible. Innovations in membrane technologies are attracting considerable 

attention and are preferential over other alternatively applied methods, due to low chemicals’ consumption and 

cost-effectiveness. Therefore, their role in many industrial sectors, e.g. food production, chemical synthesis and 

water/wastewater treatment, is vital. Pressure-driven processes such as ultrafiltration, nanofiltration and reverse 

osmosis have been examined quite widely for the treatment of wastes with nutrient content and the obtained results 

showed that they can separate and concentrate nitrogen or phosphorus from the feed solution into a solution with 

higher fertilizer value. Nevertheless, the high concentrations of suspended solids and dissolved organic matter of 

digestate makes it rather hard and energy consuming to be treated with these technologies, due to common 

membrane fouling [6].  

 

Electrodialysis (ED) is an electrochemical membrane process that uses the electric field as a driving force to 

separate selectively and concentrate ions from water sources by using ion-exchange membranes (IEMs). ED is 

commonly used for seawater desalination, wastewater and brackish water treatment. By reversing the polarity of 

the system with reverse electrodialysis (EDR) several times during the operation of this process, fouling and 

scaling can be minimized and thus, the need for lower chemical addition is achieved. The convenient operation, 

low operating and maintenance costs and high selective separation efficiency are certain specific advantages, 

which can make ED an attractive treatment method with significant environmental benefits [7].  

 

Previous studies showed that ED can efficiently extract nutrients from wastewater, manure and digestate with 

fluctuating nutrient content [8]. Moreover, the selective ion separation with the application of anion and cation 

monovalent membranes for the recovery of several ions has already been investigated successfully in small scale 

operations and can produce high value fertilizers for land use, which is beneficial to the sustainable agricultural 

industry [9]. 

 

The present study aims to investigate a system of simultaneous selective separation and recovery of nutrient ions 

(PO4
3-, NH4

+, K+, Ca2+, Mg2+) by using selective ED (SED) from the liquid fraction of digestate residue from the 

biogas plants, using different feedstock materials. Monovalent selective anion exchange membranes and 

monovalent selective cation exchange membranes are usually integrated into a conventional electrodialysis stack. 

The current configuration is fractionating PO4
3- into the anionic product stream, whereas bivalent cations (Ca2+ 

and Mg2+) are extracted in the cationic product stream and the monovalent cations (NH4
+and K+) are concentrated 
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in the brine stream. The operational parameters including applied potential, flow rate, products-to-brine volume 

ratio and electrolyte concentration are investigated both in synthetic and real digestate samples, originating from 

different sources, e.g. agricultural or animal residues, food and municipal wastes. By mixing the different products 

of SED in specific proportions, it is also possible to produce high value products without the use of inherent 

chemicals for precipitation/separation purposes. 
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Modern society heavily utilizes plastic. In 2015, the annual production of plastic reached 381 million tonnes.1 

Common uses are food packaging, construction and single-use disposable equipment. The current waste 

management of plastic disposal is insufficient, and plastic accumulates in landfill and particularly concerning, it 

also makes its way into the environment, including the ocean. Hence, plastic pollution has become an alarming 

global issue that requires various strategies to tackle the fast-growing problem. One strategy is to make recycling 

and reuse of plastic an attractive alternative to dispersion in the environment. Mechanical recycling techniques are 

used today however, degradation of material properties, such as mechanical (strength/stiffness) and optical 

properties (colour, transparency) and contamination are challenges for achieving high quality recycled plastic via 

mechanical means only. In this research, ionic liquids are employed as more catalytic solvents to depolymerize a 

common polyester. Depolymerization of the polymer yielding a purifiable monomer would allow recycled plastic 

raw materials to remain in circulation for longer, encouraging recycling and conserving resources. In our research, 

we focus on hydrolysis as the chemical recycling pathway using ionic liquids (Fig.1). 

 

Ionic liquids are liquids composed of a cation and anion, with a melting point at or near room temperature and vast 

opportunity to modulate solvent characteristics to suit a target application.2 They have been shown to have catalytic 

properties and seen successful use in various applications, for example the BASIL process. 

Poly(ethylene terephthalate), (PET), accounts for 13% of global plastic production and is the most recovered and 

recycled polymer. Despite this, recycled PET is often used in lower-grade applications due to deterioration of low 

material properties.3 Depolymerization of PET via hydrolysis produces the monomer terephthalic acid, (TPA), 

which can be fed into existing polymerization processes.4  

 

In this work, a screening protocol was established for determining conversion and yield of PET hydrolysis. A 

rational selection of low-cost protic ionic liquids, covering a range of anions and three distinct cations, was then 

employed to evaluate their promise as catalytic solvents for depolymerization of PET. The conversion, crude yield 

and purity of the product were correlated with the solvent properties. Parameters beyond anion and cation selection 

investigated are solid loading, PET particle size and effect of acid base ratio of the ionic liquid.  

 

 
Figure 1.  Industrial production of PET and various depolymerisation routes producing terephthalic acid (TPA), bis(2-

hydroxyethyl) terephthalate (BHET), dimethyl terephthalate (DMT, and bis(2-hydroxyethyl) terephthalamide (BHETA). 
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Rapeseed is the third most abundant oil plant worldwide and the primary oil seed crop in Poland. During rapeseed 

processing, several wastes such as rapeseed cake (RK), are generated. Recently, with the increasing interest in 

circular economy and “zero waste” movements, there is an intense effort to revalorize food by-products. Therefore, 

the future direction of research could focus on using RK as a source of active (antioxidant and antimicrobial) 

substances for the development of innovative food packaging materials [1].  

 

On the other hand, most often applied conventional extraction techniques for the isolation of bioactive substances 

from plant material, require the use of organic solvents. However, traditional organic solvents are toxic, flammable 

and hazardous to human health and the environment. Therefore, as alternatives to organic solvents, green solvents 

have received increased attention in the past decade because of their low toxicity [2].  

 

 Deep eutectic solvents (DESs) are regarded as a new class of green solvents that became incredibly popular in the 

past decade. DESs are mixtures of hydrogen bond donors (HBD) and hydrogen bond acceptors (HBA), which are 

characterized by relatively easy preparation, usually determined by personal preference [3]. Typically, the 

development of DES is based on heating and stirring the chemical components until formation of a homogenous 

liquid. It is noteworthy that additional solvent or special conditions are not required. Additionally, 

 

DESs are Generally Recognized as Safe (GRAS) which makes them more suitable to use in the food industry [4]. 

The most common DESs consist of choline chloride (ChCl) (HBA) and carboxylic acids, polyols or urea and its 

derivatives (HBD). They occur as clear, homogenous liquids, and their main feature is the possibility of creating 

a vast number of mixtures with various properties by changing one or both components and their molar ratio. The 

physical and chemical properties of ChCl-based DESs such as viscosity, polarity or density could be tailored to 

optimize the extraction process and obtain targeted compounds. 

 

Currently, possible applications of DESs are being explored by researchers. One such possibility of using DES 

could be an isolation of natural compounds from plant-based products. The number of research papers published 

in this field is continuously growing (about 10 articles in 2014 and over 160 in 2020), which indicates an urgent 

desire to find optimal green solvents [4]. Moreover, it was found that DESs could act as eco-friendly plasticizers 

for biopolymer films [5,6]. Against this background, the application of food waste extracts prepared with DES 

could act as a multi-functional agent in novel and biodegradable packaging materials.  

 

The main objective of this study was to identify green solvents for the extraction of antioxidants from oil cakes – 

by-products of fat industries. For this purpose, an ultrasound-assisted extraction (UAE) procedure based on the 

use of DESs was established. The extraction abilities of four different DESs were evaluated and compared with 

frequently used, conventional solvents such as methanol. The antioxidant activity (AA) of extracts was evaluated 

using three different analytical methods: 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) and cupric ion-reducing antioxidant capacity (CUPRAC). DES 3 

based on choline chloride, lactic acid and water in molar ratio 1:1:6 was selected as the most sufficient solvent for 

UAE in the screening for DESs. To optimize the extraction of antioxidants from RK, a central composite design 

(CCD) with two factors and three levels was constructed. UAE from RK performed in optimal conditions (time 

(t) = 7.4 min. and temperature (T) = 80°C) resulted in satisfactory and high AA (AADPPH = 37.70 ± 0.03 mmol 

TE/100g; AAABTS =  88.28 ± 0.03 mmol TE/100g; AACUPRAC = 16.33 ± 0.04 mmol TE/100g). Moreover, 

experimental AA values are in good agreement with those drawn from the mathematical models.  

 

Finally, the results demonstrated that the optimized process of UAE using DES could be an eco-friendly and 

competitive method for the extraction of antioxidants from RK.  

 
Table 1.  Compositions and solvent code for the studied DESs. 

Solvent code Constituents Molar ratio 

DES 1 Choline chloride:glycerol:water 1:1:6 

DES 2 Choline chloride:glycerol:water 1:2:6 

DES 3 Choline chloride:lactic acid:water 1:1:6 

DES 4 Choline chloride:lactic acid:water 1:2:6 
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The total mass of marine generated by-products is estimated to be approximately 20 million tons globally1. Marine 

wastes were largely investigated for their valorization and use in industrial applications due to abundance, low-

cost and environmental advantages2. Therefore, their use as a source for the isolation of bioactive compounds has 

great advantages as nowadays the integration of natural products in pharmaceutical and cosmetic industries has 

remarkably increased, as their biological activity and structural properties may differ from the synthetic 

molecules3,4.  

 

Within this project, a green technique was developed to extract bioactives from codfish bones, mussel meat and 

tuna vitreous humor (Figure 1). Deep eutectic solvents (DES) were prepared using natural compounds, including 

lactic acid (LA), fructose (F) and urea (U). The extracts obtained using these DES were characterized to define 

their composition. Proteins and lipids were mainly present in extracts obtained from mussels, while ash content 

was highest in the extracts obtained from CB. 

 

 
Figure 1.  Bioactive extraction process. 

 

The biocompatibility of the synthesized DES and the soluble fractions (SF) of the raw materials in DES was 

evaluated and it was possible to conclude that the soluble ingredients obtained from the raw materials improved 

the biocompatibility of DES. 

 

Extracts obtained from TVH were further evaluated for their potential application as ophthalmological therapeutic 

active ingredients.5 In vitro experiments were performed with the DES, the SF and the precipitated extracts (PE) 

on human corneal epithelial (HCE) cell line. The influence of the samples on the HCE viability, their intracellular 

reactive oxygen species (ROS) scavenging capacity, and inflammatory response. Moreover, the effect on dry eye-

associated microorganisms was studied. 

 

According to the results, all samples displayed an antioxidant effect, which was significantly higher for PE in 

comparison to SF. Figure 2 shows the percentage of ROS in comparison to the control (represented in the dashed 

line) for the samples of the extraction process obtained (a) using deep eutectic solvents synthesized using LA:F 

and LA:U. Their corresponding soluble fractions of TVH in DESLA:F and DESLA:U are SFLA:F and  SFLA:U, 

respectively. Their corresponding precipitated extracts from DESLA:F and DESLA:U are PELA:F and PELA:U, 

respectively. 

 

Furthermore, most of the tested samples did not induce an inflammatory response in cells, which suggests the 

safety in ophthalmic formulations. In addition, the DES and SF proved to be efficient against the studied bacterial 

strains, while PE did not show an antimicrobial effect. Hence, both DES, SF at defined concentrations could be 

used as potential compounds in dry eye disease management. 
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Figure 2. Percentage of ROS in comparison to the control (represented in the dashed line) for the samples of the extraction 

process obtained. (a) using deep eutectic solvents synthesized using lactic acid (LA) and fructose (F) and (b) LA and urea (U). 

*P < 0.05, **P < 0.01, ***P < 0.001 in comparison to UV-stimulated control cells. # P < 0.05, # # P < 0.01, # # # P < 0.001 in 

comparison between the compounds and different doses. 
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Undesirable changes in the bacteriological, physical and chemical properties of water are a consequence of 

introduction of excessive amounts of inorganic and organic materials to it. These pollutants limit or prevent the 

use of water for drinking, food production and household purposes. The greatest amounts of pollutants enter the 

water system with sewage [1]. Also the pesticides, surfactants, organic dyes, artificial fertilizers along with 

municipal and industrial waste can easily enter water system and threaten the organisms living there [2]. Another, 

equally important problem is the pollution of atmospheric air. Emission of solid liquid or gas pollutants to the 

atmosphere has been proved to have significant impact on human health, climate and nature [3]. That is why the 

search for new and more effective technologies for the environment purification is a continuous challenge. 

Recently, increasingly often carbon materials are used as effective adsorbents of pollutants from liquid and gas 

phases [4]. 

 

Therefore, the primary objective of this study was to obtain a series of low-cost biocarbons by chemical activation 

of residues after supercritical extraction of raw plants such as: green tea leaves and marigold flowers. The obtained 

materials were tested as sorbents for the removal of organic pollutant (malachite green) from water and hydrogen 

sulfide from the air. We also analyzed the effect of precursor on the physicochemical and sorption properties of 

the biocarbons obtained. 

 

The precursors of the biocarbons were residue after supercritical extraction of green tea leaves (T) and marigold 

flowers (M) in a form of powder with size range of 0.10 – 0.80 mm and moisture content in air-dry state of 5.2 wt. 

% (green tea) and 4.9 wt. % (marigold). The precursors were impregnated with 50 % H3PO4 solution (weight ratio 

2:1 and 3:1, activator:precursor), dried to constant mass at 110 ºC and then subjected to thermal treatment in 

nitrogen atmosphere with a flow rate of 0.300 L/min. The impregnated samples were heated  

(5 ºC/min) from room temperature to 500 ºC and kept at the final activation temperature for 30 min and then cooled 

down in nitrogen flow (AC). After that, biocarbons were washed distilled water. All biocarbons obtained in 

microwave muffle furnace (Phoenix, CEM Corporation, Matthews, USA). The obtained biocarbons were 

designated TAC2 and MAC2, which means biocarbons impregnated with 50 % H3PO4 at weight ratio 

activator:precursor 2:1 and TAC3, MAC3, which means biocarbons impregnated with 50 % H3PO4 at weight ratio 

activator:precursor 3:1. 

 

The porous structures of biocarbons were characterized on the basis of nitrogen adsorption/desorption measured 

by AutosorbiQ analyzer made by Quantachrome. The surface area of samples was found on the basis of the 

multilayer adsorption BET (Brunauer-Emmett-Teller) theory. The pore size distribution and total pore volume 

were determined on the basis of the BJH (Barrett-Joyner-Halenda) model. The micropore volume and surface area 

were found by the t-plot method. The elemental analysis of each biocarbon sample was performed using a Vario 

EL III elemental analyzer (ElementarAnalysensysteme GmbH, Langenselbold, Germany). The content of surface 

oxygen functional groups was determined according to the Boehm method (Boehm, 1994). 

 

The evaluation of H2S sorption capacity: samples in the form of granules (0.80 - 1.75 mm in diameter) were packed 

into a glass column (length 300 mm internal diameter, 9 mm bed volume 3cm3). The samples were tested in dry 

and wet conditions. Dry or wet air (70 % humidity) with 0.1 % of H2S was passed through the bed of the adsorbent 

at 0.450 L/ min. The concentration of H2S was monitored using Multi-Gas Monitor Q-RAE PLUS PGM-

2000/2020 (RAE Systems, Sunnyvale, USA ). The tests were stopped at the breakthrough concentration of 100 

ppm (for H2S) because of the electrochemical sensor limits. The capacities of each sorbent in terms of milligram 

of H2S per gram of adsorbent were calculated by integration of the area above the breakthrough curves and H2S 

concentration in the inlet gas, flow rate, breakthrough time and mass of the adsorbent [4]. 

 

To determine the adsorption capacity of the biocarbons adsorption tests were conducted using model aqueous 

solutions of malachite green. Stock solutions 1000 mg/L of the adsorbate was prepared and thereafter, working 

solutions were made to the desired concentrations through serial dilution. The influences of the experimental 

parameters, such as the initial concentration, pH and adsorption temperature on the sorption capacity of the 

biocarbons obtained was investigated in detailsy. All experiments were performed at 23 ºC. 

 

The biocarbons obtained by chemical activation of residues after supercritical extraction of raw plants with the use 

of microwave heating can be effective adsorbents of liquid and gas pollutants. The surface area and degree of 

porous structure development were found to depend on the type of precursor and activator. Chemical activation 
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leads to prevalent formation of acidic groups on the biocarbons . The effectiveness of malachite green removal 

from its water solutions depended on type of precursor and activator, initial concentration of the dye, time of 

contact of the adsorbent and the adsorber, pH and temperature of the reaction. Basic environment is favorable for 

the dye adsorption. With increasing temperature the activation barrier is overcome and the sorption capacity of the 

obtained biocarbons increases. Sorption capacities of the samples studied vary in the range from 128 to 330 mg/g 

adsorbent (Figure 1). 

 
Figure 1.  Adsorption of malachite green of the biocarbons obtained. 

 

The sorption capacities of the biocarbons studied towards hydrogen sulfide depend on the conditions of the process 

and type of precursor. They are greater when adsorption takes place in the presence of steam. The sorption capacity 

of samples in dry conditions were 33-54 mg, while in wet conditions it was 46-89 mg (Table 1). The efficiency of 

hydrogen sulfide removal also depended on the surface area and degree of porous structure development of the 

biocarbons; the larger the surface area and the more developed the porous structure, the greater the sorption 

capacity toward H2S. 

 
Table 1.  H2S breakthrough capacities of the biocarbons obtained. 

Sample Dry conditions [mg/g] Wet conditions [mg/g] 

TAC2 33 46 

MAC2 41 57 

TAC3 48 72 

MAC3 54 89 
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Food security globally in high risk because agricultural food needed to feed the booming human population and 

in early 2020, the unprecedented nature of COVID-19 prompted whole world to give extra attention on their 

nation’s agricultural food stock up. Moreover, the prolonged and excessive application of conventional fertilizer 

pave ways to large economic losses due to leaching issues (40–70%) [1]. To solve this ever-increasing issue, there 

is a need to introduce new fertilizers which provide nutrients to plants slowly thereby reducing nutrient loss and 

promoting enhanced crop yield [2]. The application of nitrogen fertilizers has increased significantly in the past 

few decades, from 32 million tons in 1970 to about 111.6 million tons in 2016 [3], with a future projection of 130–

150 million tons per year by 2050. The widespread application of nitrogen fertilizers leads to serious environmental 

pollution, including downstream degradation of water quality, eutrophication of coastal ecosystems, the formation 

of photochemical smog, and elevated concentration of atmospheric nitrous oxide [4]. Urea is the most widely used 

fertilizer globally because of its high nitrogen content (46%), low cost, and ease of application [5]. As a solution, 

controlled release fertilizers (CRFs) are discovered whereby could release nutrients gradually, which try to 

coincide with the nutrient demand during crop growth. Among CRF’s products, biochar and activated carbon is 

one of the carbon-based frameworks that can be used as a host to encapsulate fertilizer. Biochar and activated 

carbon can be produced from lignocellulosic biomass such as from different feed stocks like crop residues, grasses, 

woody biomass, manure, and agriculture waste (oil palm husks, coconut shells, etc.). Among all the agriculture 

products, biochar is a carbon-rich material obtained from the pyrolysis of biomass in the absence of oxygen. 

Activated carbon is an adsorbent obtained from carbonaceous materials with a disorganized crystallographic 

structure, constituted by randomly distributed microcrystals. Consequently, these materials present a high specific 

surface area (500–1500 m2/g), a wide variety of functional groups (carboxylates, carbonyls, hydroxyls, amines) 

and a pore size distribution (<1–100 nm). All these characteristics give them an extraordinary capacity to adsorb 

a great diversity of molecules [6]. The characteristics of activated carbon as an adsorbent, both in capacity and in 

selectivity towards the species to be adsorbed, depend on the degree of disorganization of the microcrystalline 

structure, which is conditioned by both the nature of the precursor material and the process to which it has been 

subjected for transformation into activated carbon. The activated carbon from oil palm biomass is found to be 

sustainable and economically viable. The oil palm biomass was produced by the mill and available in the mill site 

thus raw material, transportation and operating cost can be minimized [7]. The oil palm kernel shell (OPKS) is a 

suitable precursor for activated carbon production due to its high density, high carbon content and low ash content 

[7]. However, very few activated carbon-based CRUFs have been reported, and none in combining OPKS-AC 

with urea to produce CRUFs. Hence, the feasibility of OPKS-B and OPKS-AC to adsorb urea, the potential of 

OPKS-AC as the primary sustainable biomaterial used to produce CRUF and the adsorption kinetics and isotherm 

models of OPKS-B and OPKS-AC towards urea are investigated.   

 

OPKS-B and OPKS-AC were obtained from Malaysian Palm Oil Board (MPOB). The OPKS biochar was 

produced using a pilot-scale microwave reactor system with temperature reached a maximum set value of 250 °C 

and residence time of 4 h [7]. Then, the biochar was activated using a double insulated carbonisation-activation 

system with typical steam temperature in the range of 800-1000 °C to produce OPKS-AC [7]. The surface texture 

and microstructure of the OPKS-B and OPKS-AC were examined using FESEM (TM3000; Hitachi High-

Technologies Co., Tokyo, Japan) at an accelerated voltage of 5 kV. The surface chemistry of OPKS biochar and 

OPKS activated carbon samples were detected by Fourier Transform Infra-Red spectrometer (FTIR-Spectrum 400 

model, Perkin Elmer, USA). The porous structure and surface area of OPKS biochar and OPKS activated carbon 

were characterized using the nitrogen gas adsorption–desorption method at 77 K using an accelerated surface area 

and porosimeter, Micromeratics Tristar II plus (Micromeratics, Norcross, GA, USA). The specific surface area 

and pore size distribution of the samples was calculated using the Brunauer-Emmet-Teller (BET) and BJH (Barret-

Joyner-Halenda) equations, respectively. In the preparation of encapsulated urea/OPKS biochar and urea /OPKS 

activated carbon, batch absorption experiment utilizing both OPKS-B and OPKS-AC were carried out to 

investigate and compare the efficacy of OPKS-B and OPKS-AC as an organic framework to encapsulate urea. The 

entire batch sorption samples were shaken continuously for 24 hours at 150 rpm using digital orbital shaker (SK-

O330-Pro, DLAB Scientific) at room temperature. The flasks were then taken off from the shaker and sample was 

pipetted out to be analysed using a Cary 60 UV-visible spectrophotometer (Agilent Technologies, Santa Clara, 

CA, USA) at 430 nm [8]. The amount of urea adsorbed per unit mass of adsorbent (OPKS-B and OPKS-AC) at 

equilibrium, Qe (mg g-1), were calculated using Eq. (1).  
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𝑄𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
  ---- (1) 

 

As for the sorption kinetic study, 0.2 g of each OPKS-B and OPKS-AC was mixed with 150 ml of 1000 mg/L 

concentration of urea solution in 250 mL conical flasks in the single solute system. Pseudo-first-order and pseudo-

second-order kinetic models were introduced to study the adsorption kinetics of urea onto OPKS-B and OPKS-

AC, whereas the intra-particle diffusion model was utilized to further analyze the adsorption kinetic results and to 

validate whether the intra-particle diffusion was the only rate limiting step. For the adsorption isotherm studies, 

0.2 g of OPKS-B and OPKS-AC were added to 150 mL of urea solution with varying concentrations, ranging from 

200 mg/L to 20 000 mg/L, and were then shaken for 18 hours at 150 rpm to reach equilibrium. The experimental 

isotherm data were fitted using Freundlich and Langmuir isotherm models to optimize the adsorption process and 

forecast adsorption. 
Table 1.  Isotherms parameters for the adsorption of urea onto OPKS-B and OPKS-AC 

 Langmuir Freundlich 
 qm, 

(mg g-1) 
KL 
(L mg-1) 

R2 
 

KF 
(mg g-1) (L mg-1)1/n 

N 
 

R2 

OPKS-B -269.02 -0.00032 0.9886 0.0965 0.978 0.9585 
OPKS-AC -239.68 -0.00026 0.9380 0.0212 0.807 0.8784 

 

 
Figure 1.  FESEM image and EDX mapping: (a) OPKS-B; (b) OPKS-AC 

The present research revealed that the OPKS-B and OPKS-AC both has the potential to be used as a framework 

to encapsulate urea for preparation of sustained controlled release fertilizer through adsorption method with OPKS-

AC has a better advantage comparatively. The high surface area and well-developed porous structure making 

OPKS-AC a better framework candidate compared than OPKS-B. The pores of various sizes are visible for both 

carbons OPKS-B and OPKS-AC as shown in Figure 1. Based on the EDX mapping, there are abundance of C, O 

and Ca detected on the surface of the OPKS biochar. On the other hand, there are presence of C, Ca and Al found 

on the surface of OPKS-AC based on the EDX mapping performed. For the adsorption process for both OPKS-B 

and OPKS-AC, the pseudo-second-order kinetic model best fitted the experimental sorption outcome with the high 

R2 values of (>65.1%) and (>74.5%), respectively. For urea sorption on OPKS-B and OPKS-AC, the Langmuir 

isotherm best fitted the experimental isotherm data with higher R2 values (>0.9886) and (>0.938), respectively. 

presented in Table 1. The Langmuir model can explain the monolayer absorption of urea on OPKS-B and OPKS-

AC well, and no interaction exists between the urea molecules with OPKS-B and OPKS-AC. The validation results 

analyzed clearly indicated that the utilization of OPKS-AC as the sustainable framework choice of CRUFs 

production towards a sustainably better agricultural practices and environmentally friendly fertilizer application. 
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Abstract:  

The continuously amplifying demand in merchandises, fuels and energy necessitates the need to adopt modern and 

sustainable production approaches. One strategy which concentrates the last decades the research attention is the 

valorization of abundant and renewable feedstocks, such as biomass, to valuable chemicals [1]. Towards this 

direction, the design and development of innovative, energy-efficient and environmental-friendly processes, such 

as the catalytic conversion of biomass to added value chemicals, is of a paramount importance [2]. Solar light 

assisted photocatalytic methods are considered amongst the most benign alternative technologies, considering the 

enormous amount of sunlight energy available. In addition to the engineering aspects, the design of novel 

nanomaterials with enhanced photocatalytic properties plays a key role [3,4].  

 

Various materials based on titanium dioxide have been recognized as efficient photocatalysts for applications in 

which the unselective oxidative decomposition of organic compounds, like organic pollutants in water, is desired. 

In the case of synthetic applications, both catalyst properties and reaction parameters need to be tailored towards 

controlled photocatalytic activity and selective formation of targeted products.  

 

Within the frame of this work, we presented the synthesis and physicochemical characterization of titanium oxide 

nanotubes (TiO-NTbs) derived from scrolled titanate nanosheets (H2Ti3O7) and their nanocomposites with various 

amounts of (reduced) graphite oxide (rGO), as well as S and N doped counterparts (Figure 1) [5,6]. The 

photoreactivity of the novel nanomaterials was evaluated by monitoring the selective partial and additives-free 

oxidation of a cellulose/hemicellulose derived compound, 5-hydroxymethylfurfural (5-HMF) to 2,5-diformylfuran 

(DFF), with the reaction to take place under ambient conditions using low power LED-emitted light (ultraviolet, 

365 nm). 

 

 
Figure 1. The involved steps of the synthesis of the composites consisting of titanate nanotubes and graphite 

oxide derivatives utilized for the additive-free photocatalytic selective partial oxidation of 5-

hydroxymethylfurfural to 2,5-diformylfuran. 

 

TiO-NTbs based materials revealed an elevated photocatalytic HMF partial oxidation activity, with the composite 

of the optimum amount of rGO (4 wt.%), referred to as TiNTbs@GO10%, presenting higher DFF selectivity by 

170% and 72 % compared to the benchmark TiO2 P25 and pure TiO-NTbs, respectively. The addition of graphitic 

phase did not affect the dimensions of the formed open-end nanotubes (external diameter 14 ± 8 nm and length 

100 ± 50 nm), although it has a positive impact on the textural features, with the specific surface area and total 

pore volume reaching 360 m2/g and 1.05 cm3/g, respectively. 

 

Going a step forward on materials design, the pristine GO was doped with S and N by treatment with sulfanilic 

acid (NH2-C6H4SO3H) prior the synthesis of the composite. This approach led a nanomaterial with similar 

physicochemical properties with TiNTbs@GO10%. Regarding the HMF-2-DFF photocatalytic efficiency (Figure 
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2), the DFF yield was increased by 3.9 and 2.5 times compared to P25 and TiNTbs, respectively, while by +74% 

comparing to TiNTbs@GO10%.  

 

 

 

 

 
Figure 2. The results (CSY triangles) of the photocatalytic HMF to DFF oxidation after 2 h of irradiation with 

low-power UV light (365 nm) under ambient conditions and without the use of any reagent. 

 

 

To determine the involved mechanisms, various supplementary experiments were performed by varying each 

parameter separately. The main conclusion was that different reaction pathways are catalyzed by the commercial 

TiO2 P25 nanoparticles and different ones by nanotubes and their composites. The dissolved molecular oxygen 

plays a key role, as well as does the pre-adsorbed humidity. Another critical conclusion was that the reaction 

should be also assumed as “self-catalyzed” or “self-promoted”  since the photocatalytic formation of DFF promote 

the HMF conversion. DFT calculations showed that the coupling of HMF with DFF is favourable, with this 

interaction leading to HOMO-LUMO energy difference decrease and hence promoting the HMF oxidation.  

 

Conclusions 

The main take-home messages are: 

1. Titanium oxide nanotubes (TiO-NTbs) present a significant higher selectivity for the photocatalytic partial 

oxidation of the biomass derived HMF to DFF compared to the benchmark commercial TiO2 P25 nanoparticles. 

2. Designing composite materials of TiO-NTbs with graphite oxide (GO) can have a positive impact on the 

photocatalytic reactivity.  

3. Doping of GO with heteroatoms and especially with S and N can further promote both the HMF conversion as 

well as the DFF selectivity.  

4. The formed DFF has a direct role on the HMF conversion by forming HMF-DFF dimers and lowering the 

HOMO-LUMO energy difference of HMF as revealed by DFT calculations.  
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In a material world, chemistry, as the science of transformation and the 

properties of substances, has a special significance in the pursuit of sustainable 

goals. The combination of three different factors, which can be summarized as 

the use of renewable resources, the establishment of sustainable one-pot 

syntheses and the preparation of functional dyes for sustainable energy 

conversion, proves to be a goal worth striving for. The polyfunctional, 

renewable molecule 5-(hydroxymethyl)furfural (HMF) [1] sets the starting 

point for developing sustainable catalytic one-pot syntheses of functional dyes. 

Diversity-oriented syntheses of functional dyes as well as systematic structure-

property relationships in principle set the stage for the production of these 

components by sustainable one-pot processes [2]. Dyes are important 

functional constituents in molecular electronics and photonics, which, in 

addition to a steady miniaturization, can also avail and realize the efficient 

conversion of energy [3].  

 

Starting from HMF and unsaturated carbonyl compounds, a substance library of 1,4-diketones was established, 

which can be used as diverse pivotal building blocks for the synthesis of functional dyes, such as novel pyrroles 

and pyridazines. 

 

 
 

Figure 1: Sustainable one-pot syntheses of substituted pyrroles and pyridazines based on HMF. 

 

For the pyrroles a compound library of 18 examples has been constructed in yields ranging from 15 to 78 % 

including electronically diverse substituents on the pyrrole core. In addition, a variation of the amine was 

performed, which led to a divergence of the nitrogen substituent of the pyrrole core from aromatic to aliphatic to 

unsubstituted. Moreover, beyond the novel green one-pot synthesis, these particular pyrroles are novel in literature.  

 

Photophysical characterization of all pyrrole compounds by absorption and emission spectroscopy indicates a 

tunable fluorescence from blue to yellowish upon photonic excitation. The fluorescence maxima range from 400 

up to 500 nm. Electron withdrawing groups and their positioning moreover exert a strong influence on the emission 

characteristics.  
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Figure 2: Solution of the 18 pyrroles in CH2Cl2 under UV-lamp (c = 10-5 mol/L, λexc= 365 nm). 

 

The resulting Stokes shifts, which were calculated from the longest wavelength absorption maxima and the 

emission maxima, are in the range of 4600 up to 12100 cm-1, which serve as an indicator for changes in the 

electronic structure of the pyrroles during photonic excitation from the ground state to the vibrationally relaxed 

excited states. 

 

Furthermore, the quantum yield in solution was determined, showing a strong correlation with the substituent and 

the substitution pattern, which was particularly evident in the case of a discrete cyano-substitution, as a strong 

acceptor, which dramatically increases the quantum yield up to 95 %. 

 

Extensive solvatochromism studies have been performed on the pyrroles to gain a deeper understanding of the 

excited state, showing a positive solvatochromism with a bathochromic shift of the emission maximum with 

increasing solvent polarity and an increasing Stokes shift from 5300 to 8400 cm-1 for the chosen molecule. 

 

 

Figure 3: Fluorescence of pyrrole in different solvents (from left to right: CH, Toluol, THF, EA, CH2Cl2, DMSO, 

ACN, iPro, EtOH under UV-lamp, c = 10-5 mol/L, λexc= 365 nm). 

 

Due to the presence of electron-withdrawing groups some of the synthesized pyrroles not only show fluorescence 

in solution, but they are also emissive in the solid state appearing with emission maxima ranging from 450 to 

600 nm. The two singly cyano-substituted pyrroles show the highest quantum yields up to 16 %.  

 

For the pyridazines a compound library of 15 examples has been constructed in yields ranging from 32 to 84 % 

including electronically diverse substituents on the pyridazine core. The newly established one-pot synthesis 

includes a final oxidation step, which is carried out under aerobic conditions without further additives and thus 

particularly represents the principles of sustainability. 
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Abstract text:  

A sustainable chemical industry cannot exist at scale without sustainable and renewable feedstocks. The utilization 

of minerals as “natural” catalysts for producing useful products through green processes is very important for 

sustainable development in the frame of cyclic economy. Mordenite is a well-known zeolite material for its shape 

selectivity, making it a very important catalyst with several applications in the chemical industry. In the present 

work, a catalyst (named TECHOSA-H2) based on natural mordenite originated from volcanic soils in Greek 

islands is utilized for the synthesis of high added value organic products starting from renewable raw materials. 

 

TECHNOSA-H2 was prepared via treatment of natural mordenite with hydrochloric acid [1,2]. In our previous 

research, we have proved that this catalyst is efficient for the synthesis of several interesting organic molecules 

such as terpenes and cyclic ethers with great industrial importance [1,3]. In the present study, we want to take this 

research one-step forward and evaluate the reactivity of the above mordenite-derived catalyst for additional organic 

synthesis reactions leading to fine chemicals. Focus is given on the utilization of the above mordenite catalyst for 

the production of valued products like difurfuryl ether (DFE), furfuryl ethyl ether (FEE), d-2-furylmethane (DFM), 

citral propylene glycol acetal (Citral PGA), citral diethyl acetal (Citral DEA), campholenic aldehyde (CA) and 

isopulegol (IP) from suitable biomass derivatives (Figure 1). 

 

 
Figure 1.  Conversion of biomass-derived compounds to high added value products over the mordenite catalyst TECHNOSA-

H2 by the means described in the present research. 

 

Furfuryl alcohol (FA) is industrially obtained in large quantities from the hydrogenation of furfural [4-6], which 

is produced in bulk in lignocellulosic bio-refineries from crop and wood waste [5]. FA is one of the most important 

furan derivatives and widely considered as one of the most important biomass-derived platform compounds [7-

10]. FA has proved to be a remarkable eco-sustainable bio-derived compound [11]. In addition, the FA derivatives, 

like DFE, FEE and DFM, have shown great promise as flavoring agents and precursors for alternative fuels and 

polymers [12-16]. From sustainability standpoint, applying a natural mordenite catalyst for the synthesis of 

commercially interesting FA ether derivatives can be a promising alternative to the previously recorded methods. 

Indeed, the findings of the present work showed that both symmetric and non-symmetric ether derivatives of FA 

can be synthesized using TECHNOSA-H2 catalyst. More specifically, the synthesis of DFE and DFM was 

achieved in yields 30% and 11%, respectively, by the conversion of FA over TECHNOSA-H2 at 130oC for 3 h.  

In the presence of the same catalyst, using FA and ethanol as reactants, a yield of furfuryl ethyl ether of 60% at 3h 

and 150 °C, without high polymer byproducts production can be achieved. 

 

Another important biomass derivative is Citral. Citral is a monoterpene found naturally as a predominant 

component of the oil in varying citrus plants. Citral propylene glycol acetal (Citral PGA) and Citral diethyl acetal 

(Citral DEA) have been extensively studied due to their important applications in the food industry [17], [18], 

however, their synthesis may involve orthoformic triethylester in the presence of perchloric acid, or acid solutions, 
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such as H2SO4 [19]. In the framework of Green Chemistry, it is important to replace corrosive reagents with natural 

renewable ones. Hence, the substitution of homogeneous catalysts by the TECHNOSA-H2 catalyst would be a 

sustainable improvement to previously reported methods. In the present work, we proved that TECHNOSA-H2 

can be used for the production of Citral PGA with yields of up to 50% in a reaction time equal to 20 min and a 

temperature of 60 oC. At the same time and reaction temperature, the production of 50% Citral DEA is achieved 

by the reaction of the Citral with ethanol in the presence of TECHNOSA-H2.   

 

Other interesting reactions with terpenes are the conversion of a-pinene to campholenic aldehyde and the 

cyclization of citronellal to isopulegol. These two reactions draw a lot of attention not only because of the industrial 

importance of the products formed, but also because they are the two most frequently used catalytic test reactions 

for differentiating Brønsted and Lewis acidity of solid catalysts [20-22]. In the present work, we investigated the 

performance of the acid activated mordenite catalyst TECHNOSA-H2 in the reactions of a-pinene isomerization 

and citronellal cyclization. Our aim was to examine the potential of TECHNOSA-H2 being an active catalyst for 

the production of campholenic aldehyde and isopulegol from their biomass derived substrates respectively, and at 

the same time investigate the nature of the active sites of the catalyst through these two probe reactions. In addition, 

with regards to the isomeric composition of citral, we also examined the catalytic action of the acid-activated 

mordenite TECHNOSA-H2 in reactions that reveal shape selectivity properties between stereo-isomers, which 

include the conversion of the (E)-, (Z)- isomers of Citral. The successful isomerization of a-pinene oxide over 

TECHNOSA-H2 for the one-step synthesis of campholenic aldehyde in yields up to 57% at 10min and room 

temperature was proved, as well as the one-step cyclization of citronellal over TECHNOSA-H2 to isopulegol in 

yields up to 57% at 140oC and reaction time equal to 10min. Considering the product distribution in the two probe 

reactions studied and the available literature [20-22], we can conclude that the active sites on TECHNOSA-H2 are 

a combination of Lewis and Brønsted acid sites. Finally, shape selectivity was tested by the application of 

TECHNOSA-H2 over the (E)-, (Z)- isomers of citral. It was shown that TECHNOSA-H2 is an effective catalyst 

for the cyclization of neral i.e. the E-isomer of citral to afford p-cymene, dehydro p-cymene and terpinolene in 

60min at 130oC.  However, when TECHNOSA-H2 is applied, geranial i.e. the Z-isomer of citral, remains intact. 

This proves the shape selectivity of the TECHNOSA-H2 catalyst over the E- and Z- isomers of citral.   

 

Based on the findings of the current study, it is proven that TECHNOSA-H2 can be a very promising catalyst for 

various applications in organic synthesis, while some of these applications include acetalization, isomerization and 

etherification reactions, as well as reactions where shape selectivity between reactants is desired. 
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Biofuels, understood as derived from biomass, are essential to meet fast-growing demand for transportation and 

alleviate the negative impact of vehicles emissions. Alkyl levulinates can be produced from levulinic acid, one of 

the top 12 platform chemicals produced from biomass, and have been proposed as both gasoline and diesel 

additives capable of enhancing fuel quality, such as reduction in toxicity and sulfur content, improvement in 

lubricity, stability in flash point and viscosity [1]. Ethyl levulinate is the most widely studied alkyl levulinate that 

is already being used in flavoring and fragrance industry, plasticizers or as a solvent. Potentially produced from 

bioethanol constitutes a particularly attractive high value-added chemical from sustainability point of view. 

 

Conventionally, the Fischer esterification is carried out with strong mineral acid leading to corrosion, 

environmental pollution, and troublesome catalyst recyclability [2]. On the other hand, heterogenous catalyst are 

associated with lower reaction rates, side products or catalyst deactivation. Ionic liquids, although emerged as a 

green solution, are often characterized by complex preparation, possible toxicity, low biodegradability and high 

cost limiting their applications to a large extent. 

 

In this context, deep eutectic systems (DES) offer a pronounced advantage [3,4]. They are recognized by their 

straightforward and reproducible preparation, 100% atom economy, low-price, and often biodegradability and 

non-toxicity, especially in case of natural deep eutectic systems (NADES) that are composed of primary 

metabolites like, i.e., organic acids, sugars, amino acids or choline chloride. 

 

In the undergoing project, we investigated several NADES as catalyst for the esterification of levulinic acid with 

ethanol. The influence of various parameters, i.e., temperature, time, alcohol to acid ratio, catalyst loading, on the 

catalytic activity was studied in a batch mode. The green synthetic methods, including mechanochemical, 

microwave, and ultrasound-assisted organic synthesis were tested in order to optimize the conversion and 

selectivity towards the desired product. The obtained products were analyzed using HPLC with UV detector, TLC 

and NMR spectroscopy. The obtained results show that using NADES as catalyst for the synthesis of ethyl 

levulinate is very promising and can bring numerous advantages to the process. 
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Our Earth is built up from rocks which consist of minerals with well-defined structure, chemical composition and 

which are, apart from few exceptions, inorganic compounds. Based on their composition they can be assigned to 

10 groups (Strunz system).[1] As of today, more than 5700 minerals are known in the nature, of which at least 770 

are copper containing, [2] therefore we can safely say that copper is one of the most abundant metals. Although 

based on tonnage it is mainly used elsewhere, [3] copper catalysis has great significance in preparative organic 

chemistry and is widely used to prepare a large variety of biologically active compounds or even marketed 

medicines. [4] As copper production is a highly polluting process, bypassing it by the usage of minerals can lead 

to more economical, environmentally friendly methods.  

 
Figure 1.  Copper mineral catalyzed organic chemical reactions. 

 

In our present study we wish to showcase five examples for copper mineral catalyzed organic reactions. These 

highly versatile and thoroughly investigated reactions are preparation of propargylamines via A3 reaction, [5] 

Chan‒Lam arylation of benzimidazoles, [6] Goldberg arylation of amides, [7] Glaser‒Hay coupling of terminal 

alkynes [8], and the preparation of benzoxazoles and benzothiazoles in an Ullmann type intramolecular coupling 

reaction. Furthermore, as minerals are formed in the nature, their composition can have some inconsistencies, 

therefore we compared minerals from multiple origins as well as, when possible, their synthetic variants. ICP, 

XRF, XRPD, light microscopy, SEM, titration, IR and BET measurements were also carried out to fully 

characterize the minerals. 
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Lignin fractionation for the purpose of obtaining functional aromatics is a top trend in Green Chemistry. [1] Out 

of multiple routes available for the depolymerization of this renewable resource, we studied the catalytic reduction 

of α-O-4 lignin model molecule by using methanol/ethanol as a hydrogen donor solvent at temperature less than 

conventional, in the presence of calcined hydrotalcites of A(II)3B(III)Ox with A = Cu or Ni and B = Al or Fe.  

 

Typically, two reduction pathway schemes; Meerwein–Ponndorf–Verley (MPV) reduction and α-O-4 

hydrogenolysis with subsequent C-C and C-O hydrogenolysis were observed. The function of the catalyst 

composition and reaction media gave an insight on the competition between solvolysis, hydrogenation from 

solvent reforming, hydrogen transfer and hydrodeoxygenation reactions. The benchmark single oxide catalysts 

showed weak conversion with selective MPV hydrogen transfer. The nickel-rich mixed oxides gave 80% of 

conversion among which complete MPV hydrogenation, very weak α-O-4 hydrogenolysis, and effective C-O and 

aliphatic C-C hydrogenation was seen. The copper-rich mixed oxide showed 99% of conversion with nearly total 

α-O-4 hydrogenolysis, complete MPV hydrogenation and effective hydrogenation and hydrodeoxygenation. [2] 

This activity and selectivity data have been related to the in-situ evolution of the heterogeneous catalysts.  

 

The post catalytic characterization of the catalysts indicated that in case of nickel-rich catalysts, the in-situ 

reduction of CuO to Cu had just begun at 200˚C whereas in case of Cu-rich catalysts complete reduction of CuO 

to Cu and graphite was seen. Moreover, in the H2-TPR of NiCuFe and NiCuAl catalysts, CuO was found to be 

more easily reducible in comparison to NiO in the presence of iron. The reduction of CuO started exactly at 200˚C, 

just at the temperature used for the catalytic reaction.  

 

 
Figure 1. Activity and Selectivity vs. Cu/Ni ratio of calcined oxides 

Looking on the overall results, it was concluded that the presence of copper in the catalyst is critical for 

hydrogenation reactions, leading to yields increased by an order of magnitude. Fe-bearing catalysts got higher 

activity but introducing consecutive reaction with char formation and worse carbon balance than Al-bearing ones. 

The hydrogen-donor activity of the solvent is critical, either by direct exchange or by in-situ hydrogen generation, 

and a strict control of the redox environment of the system is required. The stability of the catalytic materials in 

different reaction media has proven to be a critical item for the implementation of the processes. 
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Introduction 

The ester hydrogenolysis is a key process in the production of a wide range of alcohols. There is large applicability 

of those alcohols in pharmaceutical and cosmetic industries as well as in polyurethane synthesis. The global market 

of fatty, C6-C22, alcohols annually raises about 5 % which underlines the importance of the process. Industrially, 

it is catalysed by Adkins catalysts that are based on copper chromite (CuO.CuCr2O4) [1]. Although Cr2O3 works 

as a structural promoter and contributes to i) better CuO dispersion, ii) stabilization of Cu active sites and iii) its 

higher thermal stability, it is also associated with significant environmental risks. Wastewaters containing Cr salt 

residues are produced in large volumes when manufacturing Adkins catalysts. These salts need to be later 

efficiently and costly removed. Also, there is a difficult catalyst reactivation or disposal at the end of its life cycle. 

Finally, the hydrogenolysis catalysed by Adkins catalyst requires severe reaction conditions such as pressures 

>200 bar and temperatures >250°C that make the process energy- and cost- demanding. Consequently, the 

motivation to find new environmentally-friendly alternative for Adkins catalysts is enormous. Our work provides 

a comprehensive study related to the development of such alternative catalyst for ester hydrogenolysis. 

Methodology: 

A large set of Cu-based catalysts was prepared using co-precipitation [2], impregnation [3], deposition-

precipitation [4] and chemisorption-hydrolysis [3]. ZnO, ZnO-Al2O3 MgO and ZnO-MgO were used as promoters 

in co-precipitated catalysts. Supported catalysts were prepared using Al2O3, SiO2, TiO2, ZnO, ZrO2, MCM-41, 

SBA-15 supports. The catalysts were reduced in hydrogen/nitrogen 10 v/v % (99.9%, SIAD Czech, s.r.o., Czech 

Republic) atmosphere at 220 °C and used in hydrogenolysis of dimethyl adipate (99%, Sigma-Aldrich, United 

States) at T = 160-250°C and p = 100 bar. 

 

Results and discussion: 

In this work, a wide range of catalyst promoters and supports, to replace Cr2O3, were investigated. A large number 

of co-precipitated (Cu loading of 40-50 wt%) and supported (Cu loading of 8 wt% Cu) catalysts were synthesized. 

We used rational design to evaluate the structure – synthesis – activity relationship, which in fact will help to 

design an optimized alternative catalyst. 

Catalyst structural and textural properties, in particular CuO/Cu nanoparticle size, catalyst surface area and specific 

copper surface area, were deeply investigated using XRD, TEM, N2-physisorption and N2O-chemisorption. Using 

co-precipitation, small Cu crystallites of 4-6 nm were formed, because of the structural promoters. They also 

increased the copper surface area compared to the unpromoted CuO catalyst. On the other hand, when depositing 

Cu on supports, the final Cu crystallite size was strongly dependent on the choice of both synthesis method and 

support. The smallest crystallites of 2-5 nm were observed when using ZrO2 or SiO2 as support. In contrast, TiO2 

or MgO were not suitable supports for the stabilization of Cu nanoparticles. We have identified chemisorption-

hydrolysis and deposition-precipitation as the most suitable methods that resulted in catalysts with a high copper 

surface area. 

The catalyst activity (Figure 1) and selectivity were investigated in dimethyl adipate hydrogenolysis to hexane-

1,6-diol (HDOL). Besides HDOL, the desired reaction product, a large range of by-products was formed by 

transesterification. Using pyr-TPD and CO2-TPD, we have found a dependence between acid-base sites and the 

catalyst selectivity to the reaction products. Catalyst activity and selectivity were compared with unpromoted 

CuO/Cu catalyst at given reaction conditions (T = 175°C & p = 160 bar for co-precipitated catalysts; T = 250°C 

& p =100 bar for supported catalysts). The addition of ZnO-Al2O3 significantly increased the hydrogenolysis 

activity among the co-precipitated catalysts, when Cu nanoparticles were due to their interaction with the oxide 

promoters well dispersed and stabilized. In supported catalysts, the use of ZrO2 and SiO2 enhanced the 
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hydrogenolysis activity of the Cu species. The strong copper – support interaction contributed to the formation of 

small and stable particles highly active in ester hydrogenolysis. 

In conclusion, we have investigated a wide range of promoters and supports. Their characterization and catalytic 

data will help us to tailor the final catalyst superior to Adkins catalysts both from performance as well as 

environmental point of view. 

 

 

Figure 1. Hydrogenolysis activity of co-precipitated and supported catalysts [5] 
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Biodiesel is an important alternative renewable fuel as it is environmentally friendly, non-toxic and has lower 

emission gases when used for combustion. Last years a lot of efforts had driven to the improvement of biodiesel 

production sustainability via the development of a value chain which includes the recycling and valorization of 

liquid waste from the vegetable oil refining industry (soap stock and fatty acids-FFA) via chemocatalytic 

processes. Catalytic esterification of fatty acids is a proposed key process for its production [1]. The current work 

presents the esterification of oleic acid, as a representative fatty acid, with C2 to C4 alcohols, using various types 

of zeolites and mesoporous metal phosphates as heterogeneous catalysts. In order to enhance the dispersion of 

active acid sites, hierarchical zeolites of type Y were also synthesized via desilication/dealumination procedures 

following the top-down method inducing thus additional intra-crystal mesoporosity.  

 

Concerning microporous materials, various zeolites were studied including MFI structures with molar ratios of 

SiO2/Al2O3 (SAR) 23, 50 and 80 (ZSM-5-23, ZSM-5-50, ZSM-5-80), zeolites of type Y with SAR 30 (USY-30) 

and 60 (USY-60), BEA zeolites with SAR 25 and 75 (Beta-25 and Beta-75) and a Mordenite with SAR 10 

(Mordenite-10). Those zeolites, provided from Zeolyst, were initially in NH4
+- form and converted to their final 

H+- form by calcination at 550 °C for 3 hours under air flow. In order to induce mesoporosity, hierarchical zeolites 

of type Y were also explored. More specifically, desilication step was applied with the presence of 

C16H33N(CH3)3Br (CTAB). Thus, a clear solution of CTAB (0.7g CTAB/g zeolite in 37ml DD H2O) was added in 

an alkaline aqueous solution of 0.2M NaOH (30ml/g zeolite) and stirring was followed for 30 minutes at 65°C. 

Desilication step was rapidly terminated in an ice bath. The modified solid powder was obtained after filtering and 

washing with distilled water. Furthermore, dealumination was processed by using 50 ml/g of aqueous 3M HNO3 

under stirring at 65 ºC for one hour. After filtering and washing, ion-exchange was followed by stirring the desired 

quantity of the zeolite with aqueous solution of 2M ΝΗ4ΝΟ3 at 75-80°C for 2 hours in order to activate the NH4-

form of the hierarchical zeolite. Calcination at 550°C for 3hours under air was finally executed in order to 

regenerate H-form of the zeolite. The obtained powder was designated as Z/DS/DA or Z/DS where Z is the initial 

zeolite used for the modification with (DS-DA) or without (DS) dealumination step. 

 

Metal phosphates have long received significant attention as active catalysts because of their bifunctional signature 

(solid acidity and redox capability). They have shown promising results on acid catalyzed reactions in liquid media 

making them ideal candidates for esterification reaction [2]. A series of that type of catalysts, such as Sn/P/O, 

Zr/P/O and Sn/S/O have been synthesized via soft-templating route with the use of Pluronic 123 (P123) and a 

parallel hydrothermal treatment [3]. In detail, P123 (2 g) and H3PO4 (2.3 g, 20 mmol) were dissolved in H2O (30 

g) and stirred for 2 h. Tin chloride pentahydrate (7 g, 20 mmol) dissolved in H2O (10 g) was added to the H3PO4 

solution. A white colloidal precipitate was slowly formed and then other 20 g of H2O were added. The whole 

mixture was stirred for another 3 hours and kept inside a polypropylene bottle at 100°C for 72 h. The white powder 

was collected by filtration and washing with distilled water. The mesostructured material was calcined at 500 °C 

for 5 h under air (SnP-P123). Similar method was followed for zirconium phosphate (ZrP-P123) and tin sulphate 

(SnS-P123) by using the respective metal sources with molar ratio of 1/1.  

 

All synthesized materials were fully characterized using ICP-AES, XRD, N2 porosimetry and in-situ pyridine-

FTIR. Screening of the above catalysts was applied for oleic acid esterification with ethanol (EtOH) in an autoclave 

reactor, at standard reaction conditions (150 °C, 60 min, molar ratio of oleic/EtOH= 1/6, weight ratio of 

oleic/catalyst=100).  

 

Porosity and acidity characteristics of the catalysts are presented in Table 1. Regarding commercial zeolites, the 

highest total surface area was noticed for Y type catalysts, while MFI (ZSM-5 zeolites) structure possesses the 

lowest surface area. In the case of Beta zeolites, besides microporous, an increased mesoporosity is also noticed. 

As it concerns acidity, it is well known that increase in Al quantity in zeolite structure (SAR decrease) leads to 

increase in total acidity. For similar SARs, ZSM-5 structure showed the highest number. Hierarchical zeolites were 

successfully synthesized (USY/DS and USY/DS/DA series) showing induced mesoporosity in any case. As 

expected, desilication and further dealumination of USY-30 and USY-60 zeolites (USY-30/DS/DA and USY-

60/DS/DA) leaded to decreased number of both Lewis and Brönsted sites due to the partial removal of Al content. 

Noticeably, luck of dealumination step (USY-60/DS) retained initial total acidity altering however Brönsted/Lewis 

ratio value (Table 1). Among metal phosphates, SnP-P123 proved to be the catalyst with the highest surface area 

inducing thus the formation of higher number of acid sites mainly, however, of Lewis type. 

 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

202 
 

Among commercial zeolites, USY-60 showed the best catalytic performance, while metal phosphate catalysts 

resulted to much lower conversion values (Fig.1). It seems that the presence of much less Bronsted acid sites, 

noticed in that catalyst category, was not sufficient enough for the desired reaction activation. Moreover, increased 

surface area, achieved for hierarchical zeolites of Y type with induced mesoporosity, further enhanced catalyst 

performance. Actually, esterification results, obtained from the studied acid catalysts, revealed a direct correlation 

of conversion degree with the dispersion of active acid sites. More specifically, the desired catalyst should have 

high surface area with specific number of acid sites in order to have the potential for optimal dispersion to be 

utilized to a greater extent upon contact with the reactant molecules. Besides catalyst activity, Turnover Frequency 

(TOF) proved to be even more beneficial for highly dispersed acid catalysts with low values of Total Acidity/SBET 

ratio (Fig.1b). It must be noted here, that all the above synthesized acid catalysts showed high stability since no 

metal loss was noticed during the reaction in any case. The optimal catalyst was selected for further study regarding 

the effect of reaction conditions and catalyst concentration. In addition, the effect of alcohols >C3 (glycerol, 1-

propanol, butanol) was also examined, with the aim of evaluating the influence of the carbon’s chain length and 

the location of OH on esterification performance. 

 
Table 1.  Porosity and acidity characteristics of the esterification catalysts 

Catalyst 

ΒΕΤ FTIR pyridine 

S.A.  

Total 

Pore 

Vol. 

Textu-

ral Vol. 

Meso-

pore 

Vol. 

Total 
Brönsted 

Acid Sites 

Lewis 

Acid 

Sites 

m2/g ml/g (μmol/g) 

ZSM-5-23 418 0.21 0.02 0.04 553.2 429.8 123.4 

ZSM-5-50 427 0.31 0.09 0.13 248.4 196.7 51.7 

ZSM-5-80 451 0.27 0.04 0.10 193.2 170.8 22.4 

USY-30 885 0.52 0.11 0.16 267.2 184.4 82.8 

USY-30/DS/DA 1007 0.90 0.05 0.75 91.1 68.7 22.4 

USY-60 918 0.55 0.09 0.23 150.5 118.2 32.2 

USY-60/DS/DA 953 0.78 0.20 0.32 127.0 105.5 21.2 

USY-60/DS 936 2.63 1.79 0.74 151.0 83.0 68.0 

Beta-25/cal 609 1.06 0.11 0.32 389.8 179.6 210.1 

Beta-75/cal 679 0.94 0.40 0.37 213.9 132.6 81.4 

Mordenite 528 0.28 0.06 0.04 536.3 431.8 104.5 

SnP-P123 184 0.34 0.99 0.65 236.2 51.5 184.7 

ZrP-P123 107 0.43 0.30 0.13 72.8 11.9 60.9 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  (a) Oleic acid esterification over acid catalysts and (b) correlation between the ratio of total acidity to SBET  with 

TOF  
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Biobased molecules with exceptional chemical functionalities can be obtained by the selective transformations of 

biomass and other non-fossil resources [1]. Such molecules have significant potential as feedstocks for the 

production of novel polymers to replace those produced from fossil-based counterparts. A biomass component of 

particular interest is lignin, being the largest renewable source of aromatic building blocks on Earth. The main use 

of lignin today is limited to combustion for energy production, and its valorization is pivotal in realizing more 

competitive and sustainable biorefineries. Although different kinds of lignin and lignin model compounds have 

been explored in the literature, the valorization of technical lignin is prioritized from an industrial standpoint [2]. 

 

In the present study, alkaline oxidative depolymerization was applied for the conversion of a technical softwood 

Kraft lignin stream, LignoBoost lignin (LB), into monoaromatic compounds. The reaction conditions were 50 g/L 

LB, 2 M NaOH aqueous solution, 150 °C, 5 bar O2, 10 min. The concentrations of monoaromatics in the generated 

product mixture were calculated for vanillin 1.023 (± 0.013) g/L, vanillic acid 0.454 (± 0.007) g/L, acetovanillone 

0.156 (± 0.001) g/L, and p-hydroxybenzaldehyde 0.019 (± 0.000) g/L. A sequence of membrane filtration and 

chromatographic separation was then used to recover the monoaromatics produced. About 96% of the major 

monoaromatic product, i.e. vanillin, was recovered in the water phase resulting from adsorptive separation. It was 

also possible to recover, in the same phase, approximately 91% of p-hydroxybenzaldehyde, 64% of acetovanillone, 

and 13% of vanillic acid. Moreover, we have demonstrated that a monoaromatic mixture containing the chemical 

composition of the water phase could react with biobased pentaerythritol, selectively yielding a vanillin-based 

bisphenol with a spirocyclic acetal structure under green reaction conditions (Scheme 1). This spiro-bisphenol can 

potentially replace bisphenol A in various applications, e.g., in the production of biobased epoxy resins, 

thermosets, polyesters, and polycarbonates [3]. The findings of this study present a proof of concept of the use of 

lignin-derived monoaromatics, for the production of performance-advantaged, biobased polymers. 

 

 
Scheme 1. Synthesis of spiro-bisphenol from lignin-derived monoaromatics. (pTSA, para-toluenesulfonic acid; IPA, 

isopropyl alcohol; RT, room temperature) 
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Introduction  

The present work is within the framework of the current energy transition, which proposes the progressive 

substitution of fossil-based raw materials to renewable sources, to produce both chemicals and fuels. In this context 

of a gradual transition to renewables, and considering the latest forecasts, biomass-derived products will play an 

essential role during the change. Furanic compounds obtained from biomass primary treatment (i.e. pyrolysis, 

cellulose hydrolysis and sugars dehydration) become interesting intermediates for high added-value chemicals 

production, for example aromatic compounds. BTXs (benzene, toluene and xylenes) compounds play an essential 

and unique role in areas ranging from fine synthetic chemistry to industrial chemical manufacturing. Diels-Alder 

cyclo-addition of biomass-derived furans with short chain alkenes and subsequent dehydration of the condensed 

intermediate is a promising route for the sustainable production of some of these aromatic compounds, such as p-

xylene (PX). In the case of PX, which presents numerous industrial applications as solvent, component for fuels, 

synthetic intermediate, etc., could be obtained by reacting a biomass-derived furanic (2,5-dimethylfuran, DMF) 

and an alkene (ethylene) over solid acid (Brönsted/Lewis) catalyst. Zeolites (H-Y, H-Beta, H-ZSM-5)[1] and M-

zeolites (M = Fe, Ga, etc.) with both Brönsted (Br) and Lewis (Le) acidity were active catalysts in the aromatization 

of furans to PX, although a strong catalytic deactivation by micro-pores blocking mainly due to carbonaceous 

compounds deposition becomes an important drawback. Other solid acids, such as metallic oxides (i.e. SiO2, 

Al2O3, TiO2, ZrO2, Nb2O5, etc.), also including supported heteropolyacids (HPAs), were used as catalysts for PX 

production from furans with low conversion and moderate selectivity, leaching of metals being one of the main 

problems encountered [2-4]. 

 

In this work, the aromatization of DMF with ethylene via Diels-Alder route is studied by using hydrothermally 

prepared WNb-O mixed oxides with pseudo-crystalline Bronze-type structure, enhanced acid properties with 

adequate Br/Le ratio, and high both thermal and chemical resistance as catalysts [5.6]. The catalytic activity of 

WNb-O materials with different composition is evaluate under moderated reaction conditions, and compared with 

H-ZSM-5 commercial zeolite. 

 

Experimental Procedure 

WNb-O mixed oxides were synthesized from their corresponding metals precursors by using the hydrothermal 

synthesis method [6]. WO3 and Nb2O5 oxides were also hydrothermally synthesized [6], while commercial 

zeolites, such as H-ZSM5 (CBV-3024E, Si/Al=13.7), among others, were purchased from Zeolyst Co. and used 

as reference catalysts. The materials were characterized by different techniques (XRD, ICP, N2 adsorption, FTIR, 

NH3-TPD…), and activated (calcined in air at 550 ºC) prior their use in catalytic tests. The latter were carried out 

in 12 mL autoclave reactors with carbon reinforced peek interior vessel, and equipped with temperature and 

pressure controllers, and valves for liquids and gaseous samples extraction/injection. DMF (0.30 g) in 1,4-dioxane 

(3.00 g) and catalyst (0.15 g) were introduced into reactor, which was hermetically sealed and pressurized with 

C2H4 at 20 bar, and then heated until 250 ºC during 6 h. Gases and liquid products where taken off from the reactor 

and analyzed by GC-TCD and GC-FID, respectively, while solid fraction (catalyst+residue) was analyzed by TGA. 

 

Results and Discussion 

The aromatization process for obtaining aromatics (i.e. p-xylene, PX) from biomass-derived furans with short-

chain alkenes (i.e. ethylene) involves basically a two steps mechanism including: i) a first Diels-Alder cyclo-

addition step, where a cyclo-adduct (oxa-norbonene) is formed mainly in the presence of Lewis (Le) acid sites; 

followed by ii) a second step of selective dehydration of the cyclo-adduct catalyzed by the presence of mainly 

Brönsted (Br) acid sites. In this complex process other competitive side reactions, such as DMF hydrolysis, olefins 

and cyclo-adduct polymerization, could also take place, their inhibition or minimization being required to achieve 

high selectivity to the desired aromatic product (PX).  

 

In a first attempt, catalytic tests were performed with hydrothermally WO3 and Nb2O5 oxides, and their results in 

terms of DMF conversion and liquids, gases and PX yields compared to those attained with H-ZSM5 (Si/Al = 13.7) 

commercial zeolite possessing both Br and Le acidity. As can be seen in Figure 1, H-ZSM-5 reference catalyst 

gave 70% conversion of DMF with 39% selectivity to PX (yield <20% on liquids basis), these results being slightly 

higher than those observed with Nb2O5 (DMF conversion = 72%, PX yield ≈10%). On the contrary, although lower 

conversions of DMF were reached with WO3 material, PX yield was higher than the values obtained with the 

zeolite. In addition, WNb-O mixed oxides with different W/Nb compositions were essayed, and the catalytic 

results are shown in Figures 1 y 2. Results clearly showed that the incorporation of small amounts of Nb species 

mailto:mdomine@itq.upv.es


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

207 
 

into the Bronze-type structure of the WO3 lead to materials that increased their catalytic activity for aromatization 

reaction compared to H-ZSM-5 catalyst, thus arriving to an optimal composition for WNb-O materials 

(Nb0.1W0.9Ox) that provide even higher activities and selectivities to PX (with PX yields ≈25%) than those achieved 

with WO3 sample (see Figure 2). 

 

 
Figure 10. DMF conversion, liquids, gases and PX yields in the catalytic aromatization of DMF with ethylene over WNb-O 

mixed oxides (H-ZSM-5 as reference catalyst). 

 
Figure 11. Effect of WNb-O mixed oxide composition on the selectivity to p-xylene (PX) desired product. 

The results indicate the necessity of presence of both type of acid sites, Br and Le, to develop efficient catalysts 

for PX production from biomass-derived furans. WO3 based solids modified by incorporation of small amounts of 

Nb showed an excellent level of PX formation, even higher than that presented by the H-ZSM-5 (reference 

catalyst). The study of W/Nb composition in the WNb-O mixed oxides allows inferring the degree of dependence 

between Br/Le ratios and the catalytic performance. Moreover, correlation of the catalytic behavior observed for 

WNb-O materials with their acid properties evidences that not only the amount and type of acid sites, but also an 

adequate Br/Le acid sites ratio is needed to reach high selectivity for the desired aromatic product.  

 

Summarizing, this work shows how the study of novel multifunctional solid catalysts with specific and controlled 

properties, and under adequate reaction conditions, allows developing catalytic processes to transform biomass 

derivatives into aromatic compounds useful as platforms for the production of numerous high value-added 

chemicals.  
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Abstract text:  

 

5-Methoxymethylfurfural (MMF) can be used as fuel or fuel additive due to its appropriate physical and chemical 

properties [1], in addition to this MMF can be converted into 2,5-furandicarboxylic acid, which can replace 

terephthalic acid as a monomer to prepare polyethylene terephthalate [2]. The MMF can be obtained by the 

etherification of HMF (platform molecules) using methanol as reagent, for this reaction HMF as well as methanol, 

both can be produced from biomass, and in the case of the methanol, is the cheapest aliphatic alcohol, therefore 

MMF production has significant application prospects. For MMF production acid catalysts are required. The 

heterogeneous acid catalysts present higher advantages than homogeneous acid catalysts, and one of the main 

problems associated to the use of platform molecules as raw material is the high number of reactions that can be 

produced.  

Concretely, in this work catalytic conversion of biomass, derived 5-hydromethylfurfural to produce MMF have 

been studied. For this purpose, different zeolites were employed as catalysts: ZSM-5, CBV2314 (SiO2/Al2O3 mole 

ratio = 23), CBV8014 (SiO2/Al2O3 mole ratio = 80), CBV5524G (SiO2/Al2O3 mole ratio = 50), β zeolite CP814E 

(SiO2/Al2O3 mole ratio = 25), H-Y zeolite, H-β zeolite, MCM-41 (Si/Al=5), and MCM-41 (Si/Al=10). In addition 

to this, CBV2314 and ZSM-5 were also modified with the addition of 3 % of different metals such as Cu, Co and 

Mn by wetness impregnation methods.   

 

All experiments were carried out in a 50 mL (±5 mL) batch-type lined with a 30 mL (±5 mL) glass vessel. The 

production of MMF from HMF was carried out using 15 g solution of HMF/MeOH (1/99 in wt. ratio) and 0.05 g 

of the selected catalyst. After loading this mixture in the reactor, it was sealed and pressurized by 2 MPa of N2 and 

heated to the experiment temperature (from 120 ᵒC to 220 ᵒC). Once the reaction time has been completed, to 

ensure the end of the reaction, the autoclave was cooled down by placing it in an ice bath, then, the pressure was 

released.  

 

The catalysts were characterized by N2 adsorption-desorption isotherms, and by Temperature-programmed 

desorption of ammonia (TPD-NH3). The catalysts with metals, they were also characterized by inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) to determinate the amount of metal. 

 

All the studied catalysts presented s a high surface area and low average pore diameter, (from 2.61 to 5.76). The 

incorporation of the Co and Cu on CBV2314 decreased a little bit the surface area, which can be attributed to the 

blocking of the pores by the metallic Cu and Co clusters present on the surface. Regarding the metal loading of 

the catalysts, the experimental value was found to be similar than the nominal one.  

 

Table 1.  BET and acidity results 
 

 

 

 

Sample SBET (m2/g) Pore volume (cm3/g) 

Average pore diameter 

(nm) 

mmol NH3/gcat 

 

H-Y zeolite 328.10 0.0799 3.43 
0.24 

H-β zeolite 324.50 0.3112 5.18 
0.17 

MCM – 41 Si/Al:5 n.a. n.a. n.a. 
0.10 

MCM – 41 Si/Al:10 n.a. n.a. n.a. 
0.13 

CBV8014 295.20 0.0889 2.70 
0.12 

CBV5524G 236.00 0.2489 5.76 
0.17 

CBV2314 298.90 0.0918 2.96 
0.46 

CBV2314+3%Co 271.00 0.0721 2.66 
0.43 

CBV2314+3%Cu 288.00 0.0816 2.61 
0.36 

CBV2314+3%Mn n.a. n.a. n.a. 
0.35 
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The acidic properties were studied by NH3-TPD. Table 1 shows that the zeolites presented different acidity, the 

highest value was reached by CBV2314, with a value of 0.46 mmol NH3/gcat. The acidity decreased when Cu was 

loaded onto the support. The incorporated Cu particles could be partially covering acid sites on the support, thus 

decreasing the catalyst’s total acidity3,4. The behavior of Mn and Co incorporation was similar; therefore, similar 

effect can be expected.  
 

 
 

Figure 1.  Activity results of the different zeolites 

 

 

The best HMF conversion and MMF yield were reached for the CBV zeolites. Probably they presented an adequate 

porosity and acidity for this reaction. The CBV8014 presented the best results, full conversion and a yield of MMF 

of 95 %. The second one was the CBV5524G, although the yield decrease with the time. The last one was the 

CBV2314 with a conversion of HMF of 92% and a yield of 79 %. There is a clear relationship between SiO2/Al2O3 

mole ratio and the catalyst activity and selectivity. When SiO2/Al2O3 mole ratio higher was increased, the activity 

and selectivity were also increased. This effect can be also observed in the MCM family. Therefore, it seems that 

the catalyst with an optimum SiO2/Al2O3 ratio favors the MMF yield.   
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Introduction 

D- and L-methionine (DL-Met) and 2-hydroxy-4-(methylthio)butyric acid (HMTBA), methionine hydroxy 

analogue (MHA), are key to achieve a future with zero hunger and with responsible productions of animal protein 

since these compounds are used to supplement animal feed to achieve optimal development and protein yields in 

livestock for human consumption [1] while minimizing livestock waste [2,3]. Currently, the industrial chemical 

synthesis of these compounds relies on non-renewable feedstock such as propylene or acrolein, making these 

processes rather unsustainable. The direct conversion of carbohydrates to MHAs could improve the sustainability 

of the processes but it has been little explored [4]. Here we present our findings concerning the conversion of 

tetroses to MHAs catalyzed by homogeneous and heterogeneous Lewis acid Sn catalysts. 

Experimental 

In a typical experiment at 50 mL Parr® reactor is loaded with a tetrose (7.5 mmol), Sn-BEA (790 mg equivalent to 

0.12 mmol of Sn(IV)), methanol (11.88 g) and naphthalene (120 mg) that is used as internal standard. The reactor 

is closed, purged three times with nitrogen gas and cooled to 258 K prior to the addition of MeSH (e.g. 368.2 mg) 

through a mass flow controller. The reactor is pressurized to 40 bar-g with nitrogen and finally it is heated to 373 

K and allowed to react for 3 hours with mechanical stirring at 800 rpm. The reaction is quenched by placing the 

reactor in an ice-water bath for 15 minutes. Afterwards, the reactor is depressurized, flushed three times with 

nitrogen gas, opened and the reaction mixture is collected for analysis. Reaction products were quantified through 

GC-FID and HPLC analysis. Compound characterization was performed through GC-MS and NMR spectrometry.  

Results and Discussion 

In a first study, we established the main reaction pathways involved in the conversion of erythrulose to sulphides 

of alpha hydroxy thioesters and esters (SAH(T)Es) in the presence of butanethiol and Lewis acid catalysts [5]. 

These SAH(T)Es are MHAs where the terminal sulphide contains a butyl chain instead of a methyl chain. We 

established that the formation of thioacetals was the main limiting factor for the reaction’s selectivity towards 

SAH(T)Es. The addition of base, water or polar protic solvents to the system increased the selectivity towards 

SAH(T)Es and decreased the formation of thioacetals. Yield and selectivity of 23% towards SAH(T)Es were 

obtained in a reaction catalyzed by SnCl4·5H2O in a butanethiol/methanol mixture at 353K during 6 hours. 

 

We also studied the conversion of tetroses to MHAs in the presence of methanethiol (MeSH), methanol (MeOH) 

and SnCl4·5H2O. We could corroborate that the major reaction pathways established in the presence of butanethiol 

also hold true for the synthesis of MHA in the presence of MeSH (see Scheme 1). These reaction pathways are 

coherent with the results obtained in parameter variation experiments and offered a roadmap to improve the 

reaction’s selectivity towards MHAs. For instance, the MeSH to MeOH ratio and the water content affect the 

reaction performance strongly. Especially, the addition of small amounts of water to the solvent mixture increased 

the yield of MHAs from 24% to 38% by hindering the thioacetalization reactions involved in the formation of by-

products. 

 

Finally, we studied the conversion of tetroses to MHAs catalyzed by Sn-deAlBEA zeolites. We found that the 

balance between Sn Lewis acidity (LA Sn) and Al Brønsted acidity (BA Al) in the catalyst affects the selectivity 

towards MHAs. A Sn-deAlBEA with a LA Sn / BA Al ratio of 4 allowed to obtain the highest yield of MHAs of 

39% (selectivity of 42%) at temperatures as low as 373K in reaction times as short as 3 hours (see Fig 1). We 

believe that this LA Sn / BA Al ratio allows a fast conversion of the tetrose to vinyl glyoxal through BA catalyzed 

retro-Michael reactions while LA Sn effectively catalyzes the final 1,2-hydride shift reaction needed to form MHAs. 

We also observed that the addition of water produced a modest increase in yield of MHAs. A kinetic profile, NMR 

spectroscopy of reaction mixtures and the analysis of used catalysts through pyridine probe FT-IR spectroscopy 

and elemental analysis by ICP-AES allowed us to establish the effects of our chemistry on the Sn-deAlBEA 

catalyst. We found a direct relation between thiol content in the reaction and leaching of Sn from the catalyst. We 

also found that the catalyst suffered a major decrease in BA and a minor decrease in LA during the course of the 

reaction, affecting its LA Sn / BA Al ratio and hence its catalytic activity. Catalyst regeneration proved to be effective 

to recover LA Sn but not BA Al.  
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Scheme 3. Reaction pathways for the Sn Lewis acid catalyzed conversion of tetroses to methionine hydroxy analogues. 

[a] Intermediate not detected. X and Y are independently a sulphur or oxygen atom.  R.M. = retro-Michael reaction. T.M. = 

Thiol-Michael reaction. O.M. = Oxa-Michael reaction. 1,2-H.S. = 1,2-hydride shift. 

 

 
Figure 12. Effect of Lewis and Brønsted acidity balance in Sn-deAlBEA zeolites in the conversion of ERU to methionine 

hydroxy analogues during 3 hours at 373 K (ERU=1g, catalyst =0.890g, molar ratios ERU/Sn=58 and ERU/MeSH=1). Acidity 

quantified by FT-IR spectroscopy of adsorbed pyridine. The sulfides of interest correspond to the sum of yield of MHAs, namely 

MMTHB, MMTHBT and HMTBA. The square marker corresponds to the benchmark yield of MHAs obtained by Haldor Topsoe 

in WO 2016174231 for the conversion of ERU catalyzed by Sn-BEA (1.6 wt% Sn) at 373K during 4 hours (ERU/Sn=65). 

Conclusions 

Our studies of the Sn Lewis acid catalyzed conversion of tetroses to methionine hydroxy analogues (MHAs) 

allowed us to establish the main reaction pathways involved in these transformations. These reaction pathways 

become a powerful tool to propose improvements to the selectivity of the reaction such as the addition of base or 

water to the reaction mixture to disfavor the formation of undesired thioacetals. Likewise, we found that an 

heterogenous Sn-BEA catalyst with LA Sn / BA Al ratio of 4 allowed to obtain the highest yield of MHAs of 39% 

(selectivity of 42%) at temperatures as low as 373K in reaction times as short as 3 hours. This result is in agreement 

with our reaction pathways that suggest that some BA would favor the transformation of the carbohydrate to a 

crucial vinyl glyoxal intermediate through BA catalyzed retro-Michael reactions, while LA Sn catalyzes a final 1,2-

hydride shift required to form MHAs. We could also establish that the presence of MeSH in the reaction mixture 

causes Sn leaching from the Sn-BEA catalyst. We found that the catalyst suffers a major decrease in BA and a 

minor decrease in LA during the course of the reaction, affecting its LA Sn / BA Al ratio and hence its catalytic 

activity. Catalyst regeneration proved to be effective to recover LA Sn but not BA Al.  
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Introduction 
Semi-aromatic polyamides, also termed as polyphthalamides (PPAs), are high performance engineering plastics 

commonly employed in applications where performance at elevated temperatures is pivotal. Due to their 

exceptional thermomechanical properties, chemical resistance, low moisture absorption and improved dimensional 

stability, the use of PPAs in the automotive, electronics and oil and gas sectors is expected to grow significantly.1,2 

At present, most of the commercially available PPA grades are produced using terephthalic acid (TPA) and 

isophthalic acid (IPA) as the aromatic diacid source. Both of these monomers are derived from unsustainable 

petroleum resources. 2,5-furandicarboxylic acid (FDCA) which can be obtained from a variety of biobased 

resources, has a strong potential to be utilized as a renewable replacement to these dicarboxylic acids. However, 

the current synthetic approaches to produce furan-based polyamides (FPAs) have shown limitations to provide 

polymers with a reasonably high molecular weight having analogous properties to their petroleum-derived 

counterparts.3–5 In this work, we have investigated an environmentally benign approach towards the synthesis of 

high molecular weight FPAs using a solvent-free melt polymerization technique in the presence of various 

organometallic catalysts. 
 

Materials and Methods 
In a typical run, equimolar amounts of dimethyl furan-2,5-dicarboxylate (DMFDC) and the respective diamine, 

e.g., hexamethylenediamine (HMDA) for PA6F; were weighed into a vial with magnetic stirrer. Calculated amount 

of the catalyst was injected from a stock solution. After transferring all the reactants, vials were sealed and purged 

with dry argon. Sealed vials were then placed into the reactor heating block. For the oligomerization step, the 

reaction was performed at a pre-determined temperature and time until the mixture solidified. In the 

polycondensation step, the vials were placed within the same reactor but fitted with an external argon / vacuum 

distillation assembly. After sealing the reactor, cycles of vacuum and argon were applied to ensure no oxygen was 

left in the system.  Heating was started initially under argon. The contents were heated to a desired temperature 

and the pressure was reduced to less than 1 mbar. Reaction was carried out under these conditions for 5 hours. 

Finally, argon was introduced into the reactor and sample vials were removed for analysis without purification. 
  

Results and Discussion 
Synthesis of poly(hexamethylene furanamide) (PA6F) was carried out as a model biobased semi-aromatic furanic 

polyamide. A range of environmentally benign, inexpensive and commercially available catalysts were tested 

following a two-step melt polymerization approach in the absence of any solvent. The initial catalyst screening 

revealed that incorporation of titanium-based catalysts, such as titanium (IV) isopropoxide (TIPT) and titanium 

(IV) citrate (TIC) can significantly improve the molecular weight and glass transition temperature of the ensued 

PA6F polymer when compared with uncatalyzed sample (Figure 1).6 Following this approach, PA6F polyamide 

having a  

Mn ~15 kg mol-1 and MW ~ 46 kg mol-1 was produced using very low catalyst loadings. To the best of our 

knowledge, such molecular weights for PA6F synthesised by melt polymerization procedure, have not been 

reported elsewhere. The PA6F polymer synthesized in this study also showed a significantly high Tg (~130 ᵒC) in 

comparison to those synthesised using conventional nylon-salt route and other solvent-based methods. The 

synthesis protocol was subsequently applied to other FPAs utilizing various aliphatic diamines differing in their 

carbon chain lengths. Consistently, high molecular weight FPAs were obtained. In most cases, these FPAs 

exhibited promising properties that were comparable to their petroleum derived counterparts (Figure 2). 
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Significance 
The incorporation of renewable monomers, such as FDCA, into the polymer backbone is highly desirable in the 

transition towards more sustainable resources. This study provides insights into an elegant approach to produce 

furan-based semi-aromatic polyamides with high molecular weight and interesting properties via a catalytic melt 

polymerization technique. The straightforward and environmentally friendly synthesis approach presents an 

attractive concept for the industrial-scale manufacturing of FPAs.  
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Figure 1. Inherent viscosity and glass transition temperatures (Tg) for 

PA6F samples synthesised without any catalyst and titanium 

isopropoxide. 

Figure 2. Thermal degradation temperature (Td) comparison of 

furan-based polyamides (FPAs) and TPA based semi-aromatic 

polyamides possessing different chain length diamines. 
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Biomass derived levulinic acid (LA) can act as a platform chemical for the development of other secondary 

chemicals such as γ-Valerolactone (GVL), which subsequently can be used for the synthesis of biofuels and 

biochemicals. To the best of our knowledge, this is the first study to optimize the effect of various process 

conditions on GVL production from LA using methanesulfonic acid (MsOH). The process parameters comprising 

temperature (25-200 oC), time (2-10 h), and catalyst loading (0.5-5 g) were investigated for the GVL production 

from LA. Under optimized conditions, LA derived from depithed sugarcane bagasse (DSB) was able to yield 

77.6% GVL. The hydrogen required for the reduction of LA to GVL was formed in-situ by formic acid and 

triethylamine in the presence of MsOH. Besides, process conditions, different solvents (including water and 

alcohols) were also tested to determine their effect on GVL yield, and out of which, water yielded the highest GVL 

conversion of 78.6 %. An attempt was also made to study the impact of different types of catalysts (mineral acids 

and ionic liquids) on GVL yield, and to develop a benchmark against MsOH. Figure 1 illustrates the reaction steps 

of GVL production from depithed sugarcane bagasse (DSB), the first reaction includes the production of LA from 

DSB using 1-ethyl-3-methylimidazolium hydrogen sulfate [EMim][HSO4] as a catalyst and the second reaction 

include the production of GVL from LA using methanesulfonic acid (MsOH) as a catalyst, and formic acid as the 

hydrogen donor with trimethylamine (Et3N) as a stabilizer.[1,2]  
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Figure 1. GVL production from LA derived from DSB 
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Abstract text:  

Hydrogenation reactions are common for the valorization of biomass derived platform chemicals, such as  furfural 

(FUR), 5-(hydroxymethyl)furfural (5-HMF) or lignin derived compounds, in order to decrease their O/C ratio [1]. 

In these upgrading processes, selectivity is very relevant as the C-O bond hydrogenolysis competes with the 

hydrogenation of aromatic ring. 2-methylfuran (2-MF) is a biomass derived molecule with uses as pesticide, 

antimalarial drug, and in the cosmetic industry [2]. It is also considered an excellent gasoline bio-additive due to 

its high octane number (103) and heat capacity [3]. The reaction route (Figure 1) involves the initial furfural 

hydrogenation into furfuryl alcohol (FAL). Subsequently, hydrogenolysis of the hydroxy group gives rise to 2-MF 

(route 1). This route competes with the hydrogenation of the furanic ring (route 2), which produces 

tetrahydrofurfuryl alcohol (THFA), which, in turn, can be transformed into pentanediols (1,5- and 1,2-PDO) 

through a ring-opening hydrogenolysis of the C-O bond. Ring hydrogenation derived products (RHDP), i.e. THFA 

and PDOs, are gathered together for a better discussion of the selectivity results.  

 
Figure 1.  Reaction routes for the transformation of furfural into 2-methylfuran and into main byproducts. Compounds in 

blue (route 2) are gathered under the acronym RHDP (Ring Hydrogenation Derived Products). 
 

Herein, we analyze surface chlorine effect on the activity and selectivity of Cu-Co catalysts supported on γ-Al2O3. 

Two different sources of chlorine were studied. First, bimetallic catalysts with a total fixed nominal metal content 

of 35 wt.% were prepared from different salts, chlorides and/or nitrates by the wetness impregnation technique. 

These catalysts are named as Cu(Cl/N)-Co(Cl/N), "Cl" refers to the chloride precursor and "N" to the nitrate precursor. 

Next, and in order to tune the surface chlorine content, different concentrations of HCl aqueous solution, i.e. 0.25 

M, 0.50 M and 1.00 M, were used during the wet impregnation of the precursors on the support. All the catalysts 

were treated under the same calcination and pre-reduction conditions. The activity tests were carried out in 50 mL 

batch reactors at different reaction temperatures and an initial hydrogen pressure of 30 bar. Prepared catalysts were 

characterized by XRD, XPS, TPR and TPD-NH3. Moreover, Periodic Density Functional Theory (DFT) 

calculations were carried out with the Vienna Ab-Initio Simulation Package (VASP) [4].   

 

Figure 2.A depicts the relationship between the selectivity, or the 2-MF yield, and the surface Cl wt.% (measured 

by XPS) for all the bimetallic catalysts tested. For the CuN-CoN catalyst (0 wt% residual chlorine in the surface), 

the RHDP/2-MF ratio is higher than one, indicative that the aromatic ring hydrogenation is favored. In contrast, 

for all the catalysts with surface chlorine, which were prepared using at least one chlorine salt and/or HCl in the 

impregnating step, this ratio is practically zero. These results indicate that surface chlorine inhibits the ring 

hydrogenation reactions.  

 

For a better understanding of these activity test results, DFT calculations were performed on ferromagnetic 

Co(111) and Co(0001) slabs, and examined the adsorption of FUR and FAL under different coverages of Cl. FAL 

can interact with the catalyst surface via flat (label a) or tilted (label b) adsorption modes. In the absence of Cl (θ 

= 0.00), configuration a is clearly favored over b by 0.84 eV. The same scenario is found when one Cl (θ = 0.06) 

is included (Figure 2B), obtaining a difference of 0.80 eV. Interestingly, this trend dramatically changes at higher 

coverages. With four Cl, both configurations are almost isoenergic, being a favored over b by only 0.20 eV. With 

five Cl (Figure 2B), the trend is eventually reversed, and b is now preferred over a by 0.63 eV. We expect that a 
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a −1.66 b −0.82

a −1.17 b −0.97

a −1.66 b −0.86

a −0.44 b −1.07

θ(Cl) = 0.06

θ(Cl) = 0.31

θ(Cl) = 0.00

θ(Cl) = 0.25

would lead to hydrogenation and possibly opening of the aromatic ring, while b would result in reactivity focused 

on the aldehyde (alcohol) group of FUR (FAL). 

 

  
Figure 2. A) Effect of surface chlorine (wt%) on RDHP/2-MF ratio and on 2-MF yield for all tested bimetallic catalysts. 453 

K, 3 MPa hydrogen, 0.125 gcat gFUR
-1, 3.5 h reaction time and 2-MTHF solvent. B) Structures and adsorption energies (in eV) 

of FAL on Co(111) at different Cl coverages. Atom legend: Co (blue), Cl (green), O (red), C (grey), H (white). 

 

In order to relate activity test results and DFT calculations, it has to be considered that the surface Cl/(Cu+Co) 

ratio for the nine catalysts presenting chlorine lies between 0.31 to 0.67. Therefore, they all presents θ(Cl) 

coverages for Co near or above 0.31, in which the tilted FAL adsorption mode is favored.  In contrast, the CuN-

CoN catalyst, with a θ coverage value of zero, will favor the flat FAL adsorption and the formation of RHDP.  

 

2-MF yield and the atomic Cl content (wt.%) follows a volcano-shaped data distribution (Figure 2A), with a 

maximum around 2-3 wt.% of Cl. For surface Cl values above 4 wt%, the 2-MF yield significantly reduces. Hence, 

there is an optimum surface chlorine content that maximizes 2-MF yield. The presence of chlorine in the catalyst 

affects the Cu/Co interactions, as confirmed by XRD. When one or two chloride metal precursors were used in the 

synthesis of the catalysts, there was a displacement of the diffraction peak identified as Cu/Co phase towards 2-

theta positions closer to Co(C), and isolated hexagonal and cubic Co phases were detected. Surface chlorine, 

coming either from the precursor or from HCl, also affected the TPR profiles of the calcined catalysts, and there 

was an increment in the reduction temperature of cobalt. The presence of surface chlorine might reduce the 

hydrogen activation capacity of copper, and/or the spillover of hydrogen atoms from copper to cobalt.  

 

In summary, there is an optimum surface chlorine value in which the adsorption mode of FAL changes from flat 

to title, which favor the transformation of FUR and FAL into 2-MF, but it is not high enough to negatively affect 

the Cu-Co interactions and the activation of molecular hydrogen. The amount of surface chlorine can be tuned by 

adjusting the concentration of HCl during the synthesis of the catalyst.  
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Abstract 

The structure sensitivity of CO2 hydrogenation reaction was explored over nickel particles (10-25 nm) supported on 

CeO2 nanorods. An optimum Ni particle size of 20 nm was revealed, with the corresponding sample demonstrating 

remarkable activity, i.e., 187 μmol CH4∙g-1∙s-1 and 92% CH4 yield at 275 °C, which is among the highest ever reported. 

Notably, the intrinsic activity on the basis of the exposed Ni sites or Ni-ceria perimeter is largely independent of the 

Ni size, showcasing that neither the exposed Ni sites nor the Ni-ceria interface can be employed as activity descriptors. 

A compromise between the length of the metal-support perimeter and the competitive presence of larger Ni particles 

is necessary for the optimum activity. On the grounds of a structure-sensitivity analysis, the superior activity of larger 

Ni particles could be attributed to the presence of under-coordinated step and kink sites, instead of largely inactive 

terrace sites. 

 

Introduction 

The coupling of a Carbon Capture and Utilization process with a RES-powered water electrolysis unit producing 

H2 can potentially provide an integrated scheme that not only prevents large amounts of CO2 from being released 

into the atmosphere, but at the same time it exploits the intermittency of renewable energy generation by eventually 

storing it into chemicals like synthetic natural gas [1]. A multitude of catalysts has been studied for CO2 

methanation, though CeO2 nanoparticles in particular are widely employed as catalytic support, owing to enhanced 

characteristics like oxygen storage capacity, oxygen mobility, strong metal-support interactions and 

interchangeability between Ce3+ and Ce4+ [2]. However, there still exists great ambiguity in the literature regarding 

the effect of Ni particle size, given the contradicting reports of both hindrance [3] and enhancement [4] of the CO2 

methanation activity by an increase in Ni size. In light of the above, in our previous work [5] we demonstrated the 

superiority of a nickel catalyst supported on CeO2 nanorods compared to Cu, Co or Fe. Herein, we report on the 

further fine-tuning and structure-sensitivity of Ni-ceria samples by exploring the effect of Ni particle size and 

interphase of Ni catalysts supported on ceria nanorods with variable Ni loadings. 

 

Materials and Methods 

Bare ceria nanorods (CeO2-NR) were synthesized in our previous work [5]. Subsequently, nickel was added into 

CeO2-NR via the wet impregnation method, by employing various Ni/Ce atomic ratios of x = 0.10, 0.25, 0.50, 1.00, 

1.50, through appropriate amounts of Ni(NO3)2·6H2O. The as-obtained powders were dried at 90 oC overnight, 

calcined at 500 °C for 2h under static air and were reduced at 400 °C for 1 h under pure H2 and are designated as 

NiCe-x. The samples were characterized by N2 physisorption, ICP-AES, XRD, Raman Spectroscopy and TEM. 

Catalytic evaluation experiments were conducted at 1 bar and in the temperature range of 200-450 °C in a quartz 

fixed-bed U-shaped reactor, placed inside a temperature-controlled furnace. The reactant gases were fed at a ratio 

H2:CO2 = 4 and at WHSV of 30, 60 or 120 L·g-1·h-1. The analysis of the gases was performed by a gas chromatograph, 

while a cold trap submerged in a water bath was connected to the reactor effluent for water condensation. 

 

Results and Discussion 

The results of the physicochemical characterization of the as-prepared samples are summarized in Table 1. More 

specifically, the actual Ni loading was very close to the nominal values, whereas the BET surface area decreased 

monotonically with increasing Ni loading. Also, the lattice parameter of ceria (calculated from XRD) is lower for 

all NiCe-x samples. Interestingly, the reduction is drastic in the case of NiCe-0.10, followed by a slight expansion 

upon further increasing nickel content. Moreover, the oxygen vacancy concentration was calculated by the ID/IF2g 

ratio from Raman spectroscopy and it was observed that Ni addition into ceria significantly increases the formation 

of oxygen vacancies, although the values are more or less constant for x ≥ 0.25. Besides, TEM analysis confirmed 

the distinct nanorod shape of ceria in all samples, along with a progressive increase in Ni particle size by increasing 

Ni loading, leading to decreased dispersion values. Also, HR-TEM confirmed the presence of cuboctahedral-like 

Ni particles submerged into CeO2 nanorods. 
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Table 1. Physicochemical characterization results of the as-prepared samples. 

Sample 
Ni loading 

(wt. %) 

BET surface 

area (m2/g) 

Lattice parameter 

CeO2 (111) (nm) 
ID/IF2g 

Ni particle 

size (nm) 

Ni dispersion 

(%) 

CeO2-NR - 79.2  0.5430 0.08 - - 

NiCe-0.10 3.6 76.9 0.5406 0.22 9.7 10.4 

NiCe-0.25 8.0 72.0 0.5408 0.62 10.4 9.7 

NiCe-0.50 13.8 65.3 0.5407 0.60 14.4  7.1 

NiCe-1.00 23.5 56.5 0.5408 0.66 20.3 5.0 

NiCe-1.50 32.5 51.3 0.5410 0.68 24.6 4.1 

The results from catalytic experiments are presented in Figure 1a. For the sake of comparison, complementary 

experiments were conducted over commercial CeO2 and NiO samples. The beneficial effect of Ni addition onto 

CeO2-NR is evident, since a drastic improvement in the catalytic activity was demonstrated for all NiCe-x samples, 

even in the case of the catalyst with the lowest nickel loading, namely NiCe-0.10. The observed CH4 yield trend 

indicates the existence of an optimum Ni loading equal to 23.5 wt. % (Table 1). Noteworthily, in the case of NiCe-

1.00, CH4 yield reached its maximum value of ca. 92% at 275 °C, which is among the best CO2 methanation 

performances in relevant nickel-ceria systems in the literature. Besides CH4, CO and light olefins were also 

detected at minor quantities. Furthermore, the intrinsic characteristics and structure sensitivity of the as-prepared 

Ni/CeO2 catalysts was examined. Noteworthily, the site time yield values are almost independent of the Ni loading 

(Figure 1b), showcasing that the population of the exposed Ni sites alone is not a descriptor for the differences in 

the catalytic activity. However, the STY values normalized by a single Ni crystallite site (STYb) shown in Figure 

1c perfectly match the catalytic results, demonstrating the high intrinsic activity of the samples with larger Ni 

particle size, even when accounting for the differences in the total perimeter between Ni and ceria induced by the 

variabilities in the content and dispersion of the nickel phase. The latter is better depicted in Figure 1d, where the 

mass-normalized reaction rates are plotted as a function of the length of the Ni-CeO2 perimeter. 

 

Conclusions 

The as-synthesized NiCe-1.00 sample, with a Ni particle size of 20 nm, exhibited a remarkable low-temperature 

catalytic activity, attaining 92% CH4 yield at 275 °C and a WHSV of 120 L∙g-1∙h-1, one of the highest rates ever 

reported in the literature. Also, structure-sensitivity analysis revealed that neither the exposed Ni surface area nor the 

total nickel-ceria perimeter can be directly correlated with the catalytic activity. However, although the existence of 

larger Ni particles inevitably decreased the length of the Ni-CeO2 periphery, the values for the site time yield 

expressed in terms of a single Ni crystallite was maximized at ca. 20 nm, in complete agreement with experimental 

results. Thus, a compromise between the general increase in the metal-support perimeter and the competitive presence 

of larger Ni particles is necessary for optimum catalytic activity. In any case, the original findings of the present work 

may be used as a starting point for the fine-tuning of Ni-CeO2 catalysts with optimum characteristics for the low-

temperature CO2 methanation, via adjusting catalytic features such as the Ni particle size, the length of metal-support 

interface and the distribution of the more active localized sites upon the catalyst's surface. 

 

  
Figure 1. (a) Catalytic evaluation results, (b) Arrhenius plots, (c) Ni crystallite-normalized STY vs. Ni particle size, 

(d) reaction rates as a function of the nickel-ceria interface perimeter. 
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Introduction 

Ethylene is a widely-used petrochemically derived monomer, with an annual estimated production growth of 2.4%, 

due to the population increase and the rising living standards. It is a valuable building block for many chemicals 

ranging from solvents to plastics. Nowadays, the non-catalytic steam cracking of naphtha is considered as the 

dominant process for ethylene production, mainly due to the “economy of scale” [1].  However, the abundance of 

the stranded gas reserves, combined with the so-called “shale gas revolution”, have revitalized the research interest 

for the employment of underutilized ethane towards the “on-purpose” ethylene production routes. The use of 

oxygen as an oxidant for the ethane dehydrogenation (EDH) process has been extensively investigated in literature, 

due to the exothermicity of the reaction [2]. However, the use of oxygen results in low ethylene yields due to the 

undesired total oxidation reactions towards COx. CO2 can act as a soft oxidant for EDH, shifting the 

thermodynamic equilibrium through H2 consumption via the reverse water gas shift (RWGS) reaction. Utilization 

of CO2 from large stationary points is in alignment with EU green deal and can significantly contribute to CO2 

emissions curbing towards 2050. Iron- and/or nickel- oxide based catalysts, supported on different oxides, have 

been previously investigated for the tandem reactions of EDH and CO2 reduction elucidating the role of an 

interface between iron oxide and nickel oxide [3, 4]. The latter interface was found to contribute to the enhanced 

performance. The goal of this study is to unravel the role of gaseous feedstock admission mode over an 

environmentally-friendly iron-oxide catalyst at 600oC: chemical looping vs cofeeding. In chemical looping, a 

conventional catalytic reaction is decoupled into sub-reactions with intermediates that react and are regenerated in 

a cyclic way. The latter reactions make use of a metal oxide (e.g., iron oxide) as oxygen storage material (OSM) 

(reduced form: M; oxidized form: MO), supplying lattice oxygen to the reductant (e.g., C2H6,). The lattice oxygen 

is then replenished by the gas phase oxidant (e.g., CO2).  Since the global reaction is split into two, the reduced 

and oxidized products can inherently be separated by performing the two reactions at two different points in time 

or space [5]. 

 

Materials and methods 

One pot synthesis protocol: 14wt%Fe2O3-10wt%NiO-MgO-ZrO2 catalyst was prepared using a sol-gel auto-

combustion method. The catalyst was calcined under constant air flow at 800oC for 5h, hereafter named “fresh” 

FeNiMgZr. Two-steps synthesis protocol: 10wt%NiO-MgO-ZrO2 support materials were prepared using a sol-gel 

auto-combustion method. The support was calcined under constant air flow at 800oC for 4h. At second step, 14 

wt% Fe2O3 was deposited on the abovementioned support by wetness impregnation. The catalyst was calcined 

under constant air flow at 700oC for 5 h, hereafter named “fresh” Fe/NiMgZr. 

 

Catalyst characterization: X-ray Raman Spectroscopy (XRS - ID20 ESRF) 

All XRS data were gathered at the beamline ID20 of the ESRF (Grenoble, France). The pink beam from four U26 

undulators was monochromatized, using a cryogenically cooled Si (111) monochromator and focused to a spot 

size of approximately 10 μm × 20 μm (V × H) at the sample position using a mirror system in Kirkpatrick-Baez 

geometry. The large solid angle spectrometer at ID20 was used to collect XRS data with 36 spherically bent Si 

(660) analyzer crystals. All measurements at O K- and Mg L2,3-edges were collected at room temperature. 
 

Catalytic tests 

Chemical looping activity measurements were performed at 600oC and atmospheric pressure, in a U-shaped quartz 

fixed bed reactor, which was housed inside an electric furnace. A sample with particle size fraction 106-180 μm 

was diluted with inert SiC (~180 μm) for improved heat conductivity. A mixture of 10 vol% C2H6 + Ar and 

CO2+Ar (CO2:C2H6 = 1:1, Ar internal standard) were applied during the CO2-EDH chemical looping, reaching a 

Wcat/Ftot = 11 kg∙s∙mol-1, while the reactor outlet was analyzed using a calibrated quadrupole OmniStar Pfeiffer 

mass spectrometer (MS). MS signals were recorded for all major fragments. A correction was applied to remove 

contributions from unavoidable interference with fragmentation peaks of other gases. 

 

Steady state activity measurements were performed in a quartz fixed bed reactor under the same applied conditions 

with the chemical looping tests. The reactor outlet leads to an Agilent® 7890A GC system for online analysis, 

equipped with one TCD and two in-series columns: Porapaq Q and Molecular Sieve 5A. Conversions and 

selectivities were calculated on a carbon basis. Closure of the carbon mass balance was better than ±2%. 
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Results and Discussion 

To assess the effect of feed admission mode, i.e., chemical looping vs cofeeding (steady-state experiment), a series 

of activity tests were performed at 600oC. During the chemical looping CO2-EDH process, a series of isothermal 

redox cycles were applied in a fixed-bed reactor in order to investigate the catalytic performance: diluted C2H6 is 

fed during the reduction half-cycle, resulting in C2H4, H2 and H2O production along with a reduced metal-oxide, 

while the oxidation half-cycle, involved the reaction of CO2 with the reduced metal oxide generating CO. Between 

the latter half-cycles the reactor was purged by inert Ar. Figure 1 highlights the effect of catalyst physicochemical 

properties, originating from the different synthesis method, on catalytic activity (C2H6 conversion) and selectivity 

towards C2H4. The Fe/NiMgZr (two-step synthesis protocol) was found to be active and selective for CO2-EDH, 

as it was reported elsewhere [6], under the co-feeding admission mode. DFT calculations elucidated that an 

interface between iron- and nickel- oxide could be responsible for the enhanced performance, compared to the 

sample without NiO into the support.  However, Figure 1(a) shows a different behavior when the same sample 

was used during chemical looping: the selectivity towards C2H4 drastically decreases during the first 3 cycles from 

100% to 3.3%. The latter demonstrates a change in the active sites, due to deep reduction of iron oxide. 

Stabilization of iron oxide, in order to avoid its deep reduction under reaction conditions, was achieved by 

modifying the protocol and applying the one-

pot synthesis. Figure 1 (b) shows the 

conversion of ethane and the selectivity 

towards ethylene for FeNiMgZr (prepared by 

one-pot protocol) during 8 cycles. The catalyst 

lost 28% of its initial activity during the 8 

cycles, reaching a C2H6 conversion of 16.6% 

and C2H4 selectivity equal to 78%, i.e., 13% 

C2H4 yield. During the oxidation half cycle, 

CO2 conversion was only decreased from 18.1 

% at the 1st cycle to 16.0% at the 8th. 

Accumulation of carbon was examined by 

means of O2-TPO and it was found to be 

negligible and equal to 0.1 molC/kgcat, implying 

the carbon-resistance of Fe-based catalysts [3]. 

Steady-state experiments were also conducted 

for the best candidate, FeNiMgZr (not shown), 

for comparison purposes, using the same 

conditions with those applied during the 

chemical looping experiments. Significantly lower C2H6 conversion was attained, varying from 5% to 3%, for 40 

mins time-on-stream during the co-feeding admission mode. C2H4 productivity was also calculated in order to 

better compare the catalytic performance between the two different admission modes. An almost two-fold increase 

of C2H4 productivity was found in case of chemical looping: 2.8∙10-5 mol∙s-1∙gcat
-1 for cofeeding vs 4.2∙10-5 mol∙s-

1∙gcat
-1 for chemical looping. 

 

To better understand the primary differences between the catalyst structure that can lead to the stabilization of iron 

and nickel oxides into the lattice and thus 

result in a stable performance during the CO2-

EDH chemical looping, systematic XRS 

measurements were performed at ID20 of 

ESRF, focusing on the local environment of 

light elements, i.e., Mg and O. Preliminary 

results highlighted the difference between 

10wt%NiO-MgO-ZrO2 support and the reference cubic MgO: presence of a strong pre-edge, different intensity 

ratio of the main edge. Modelling of latter support XRS data at Mg L2,3 and O K edges showed that NiO and MgO 

form a solid solution, where NiO is homogeneously distributed in the support structure and Mg occupies octahedral 

sites. The impregnation of Fe results in nano-sized γ-Fe2O3 particles at the fresh state (Fe in octahedral sites), as it 

was exemplified by EXAFS analysis at Fe K edge, while Mg remains at octahedral sites. However, upon CO2-

EDH reaction, Mg coordination changes from octahedral-only to mixture of octahedral and tetrahedral. The latter 

tetrahedral coordination of Mg was found to occur close to the Fe sites, being responsible for the stable catalytic 

performance. 

 

The present work highlights the effect of feed admission mode on ethylene productivity during the CO2-assisted 

ethane dehydrogenation reaction: chemical looping resulted in a two-fold increase compared to cofeeding. 

Advanced characterization techniques, focusing on light elements such as Mg, combined with activity tests can 

elucidate the pivot role of support on drastically enhancing the catalytic performance. 

Chemical looping
Two-steps synthesis

One-pot synthesis

(a)

(b)

Figure 13: Activity tests during CO2-EDH chemical looping at 

600oC. The duration of each cycle was 10 mins (reduction for 5 

mins-oxidation for 5 mins). (a): Fe/NiMgZr synthesized by the 

two-steps protocol, (b) FeNiMgZr synthesized by one-pot. 

Conditions: 600oC, Wcat/Ftot = 11 kg∙s∙mol-1, molar C2H6/CO2 =1. 
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Abstract text:  

 

In 2021 the IPCC released their sixth assessment report, where the need to reduce our greenhouse gas emissions 

to limit global warming was gravely stressed.[1] To reduce the amount of atmospheric CO2, our economy needs 

to transfer from a linear economy to a circular economy and eventually make use of CO2 as a carbo-circular 

chemical building block. However, CO2 utilization does generally require rather pure streams of CO2 which are 

not readily available since the carbon capture and release process is energy intensive. Currently, the industrial 

capture of (point sourced) CO2 involves the use aqueous monoethanolamine (MEA). CO2 desorption then occurs 

at elevated temperatures, where the high heat capacity of water causes most of the energy penalty.[2] Reducing 

the energy demand of the desorption step can make the implementation of capture and utilization more attractive. 

 

Here, we compare different green solvents regarding their carbon capture and release capacity, with most of the 

solvents having half the heat capacity of water. Analysis of the adsorption capacity and adsorption kinetics allowed 

the identification of multiple green, and in some cases even bio-derived, alternatives to water as a solvent for CO2 

capture with MEA. Figure 1 depicts the capture capacity of the different solvents in mol CO2 captured per mol 

MEA. Among the different possibilities butyl levulinate, a bio-derived, high boiling, solvent synthesized from 

(hemi)cellulosic feedstock stands out. CO2 capture in butyl levulinate resulted in 0.53 mols of greenhouse gas 

captured per mol of scrubber, almost matching the aqueous system with a respective value of 0.60. Most of the 

herein tested green solvents showed 100% adsorption of CO2 until minutes before saturation, proving their viability 

as contenders for the replacement of the aqueous system. 

 

With respect to utilization of CO2, the green solvents possess distinct advantages. Beyond the lower heat capacities, 

the use of green solvents like butyl levulinate, also enable a wider range of substrates and catalysts for utilization, 

given their different polarities and the absence of water. With high concentrations of CO2 already dissolved in the 

system, catalysis could occur at milder pressures and temperatures. Ultimately the goal is to arrive at a system 

where carbon capture and utilization in green solvents can be combined in one, as shown in Figure 2. 

 

 

 
Figure 1. CO2 capture capacities in mol CO2/mol MEA for different green solvents. All solvents were measured 

with a total liquid volume of 10 mL and 30 wt.% MEA, the green bar shows the capture capacity of the industrial 

standard, aqueous MEA. 
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Figure 2. Integrated carbon capture and utilization, where CO2 is first selectively captured from a diluted point 

source, followed by hydrogenation to, e.g., methanol.  
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Abstract 

The ever-growing increase of atmospheric CO2 concentration along with the continuous demand in fossil fuels 

requires the development of green and sustainable ways for the conversion of CO2 into valuable commodities. 

Furthermore, CO2 emissions are the main culprit for the deterioration of the greenhouse effect and subsequently 

the climate change. For these reasons, scientific research focuses on the development of innovative methodologies 

aimed at reducing the concentration of this pollutant in the atmosphere. The enzymatic reduction of CO2  is of 

significant importance and could be achieved through efficient multienzymatic cascade reactions [1]. The 

application of such systems offers significant advantages, such as the rapid and high-efficiency production of 

products, the reduction of operating costs and the reduced energy requirements. In the present work, we report the 

simultaneous co-immobilization of carbonic anhydrase (CA), formate dehydrogenase (FDH) and glutamate 

dehydrogenase (GDH) onto hierarchical porous carbon (HPC) nanoparticles for the development of a 

nanobiocatalytic system able to produce formic acid from CO2. HPC nanoparticles are characterized by large 

surface area and porosity that facilitate the immobilization of multiple enzymes, thus enhancing the mass transfer 

effects of the substrates [2]. The prepared nanobiocatalyst was characterized by various spectroscopic techniques 

and was evaluated in terms of its activity and operational stability. Compared with the free enzymes, the 

immobilized enzymes using bubbled CO2 as substrate exhibited almost 12 times higher formate production. 

suggesting its possible future exploitation in industrial applications concerning the CO2 utilization. Also, the 

incorporation of GDH into the system facilitated the co-factor regeneration, a main challenge in multi-step cascade 

reactions and yielded higher amounts of formic acid compared with the amount produced when applying only 

FDH and CA.  

 

Materials  

Carbonic Anhydrase from bovine erythrocytes (> 2,000 U/mg protein, lyophilized) and Glutamate Dehydrogenase 

from beef liver (15.5 U/mg, lyophilized) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Formate 

dehydrogenase from Candida boidinii (75 U/mL, liquid) was purchased from Megazyme (Chicago, IL, USA). β-

Nicotinamide adenine di-nucleotide, reduced dissodium salt (*H2O) (β-NADH) and L-Glutamic acid (>99%) were 

all purchased from Sigma-Aldrich (St. Louis, MO, USA). The HPCs nanoparticles were synthesized and provided 

from the Ceramics and Composite Materials Lab (Department of Materials Science & Engineering, University of 

Ioannina). 

 

Methods 

Non-Covalent Co-Immobilization of CA, FDH and GDH onto HPCs nanoparticles 

In a typical protocol, 2 mg of HPC nanomaterials (Figure 1) were dispersed in sodium phosphate buffer (5 mL, 50 

mM, pH 7.0) and the mixture was incubated in an ultrasonic bath for 30 min. After 30 min, an enzyme cocktail 

(total protein content of 4 mg) containing CA, FDH and GDH (in a typical mass ratio of 2:1:1) was added into the 

solution. Then, the mixture was incubated for 2 h at 30 oC. After incubation, the immobilization suspension was 

centrifuged for 10 minutes at 4,000 rpm, the supernatant was discarded, and the co-immobilized enzymes were 

washed twice with sodium phosphate buffer (50 mM, pH 7.0) to remove any unbound enzymes. Finally, the 

immobilized suspension was vacuum dried at room temperature, for approximately 2 hours and stored at 4 oC for 

further use.  

 
Figure 1.  Graphite oxide (GO) (left) and  Hierarchical porous carbons (right).  
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Conversion of CO2 to Formic Acid 

The biotransformation of CO2 to formic acid can be described as a two-step cascade reaction involving the 

synergistic action of several enzymes. For example, formate dehydrogenase (FDH) converts CO2 to formic acid, 

while the incorporation of another enzyme, carbonic anhydrase (CA), into the system could accelerate the 

hydration of CO2. In addition, as CO2 is a thermodynamically stable molecule, its reduction requires energy 

provided by a cofactor, the adenine nicotinamide dinucleotide (NADH) [3,4]. The development of an integrated 

system could include the incorporation of another enzyme, glutamate dehydrogenase (GDH) for the successful 

regeneration of the cofactor for successive reaction cycles. Under these conditions, the biocatalytic in vitro 

reduction of CO2 to formic acid consists a "green" process. The prepared nanobiocatalyst consisting of CA, FDH 

and GDH co-immobilized onto HPCs was applied for the bioconversion of bubbled CO2 into formic acid (Figure 

2). Briefly, 10 mL of phosphate buffer 50 mM, pH 7.0 were bubbled with CO2 for 1 h. Then, the  pH of the CO2 

bubbled buffer was adjusted back to the original solution’s pH with the addition of aliquots of 2.0 M NaOH 

solution. For the enzymatic catalysis of bubbled CO2, a mixture solution containing bubbled buffer, 10 mM L-

glutamate, 4 mM NADH, and 6 mg of immobilized enzymes in a total reaction volume of 2 mL was incubated at 

30 oC, 800 rpm, for 5 hours.  Then, the reaction was cooled for 2 minutes, centrifuged at 15,000 rpm, for 4 minutes 

and the produced formic acid was determined in aliquots of  50 μL of the reaction supernatant according to Lang 

& Lang protocol [5]. 

 
Figure 2. Schematic representation of the enzymatic reduction of CO2 to formic acid and the co-factor regeneration by GDH.       

 

Conclusions 

In the present study Hierarchical Porous Carbon (HPC) nanoparticles served as an ideal support for the 

simultaneous co-immobilization of three enzymes, CA, FDH and GDH. The developed nanobiocatalytic system 

was applied for the sequential reduction of CO2 to formic acid through a two-step cascade reaction along with the 

continuous regeneration of the NADH co-factor. The nanobiocatalyst was characterized by various spectroscopic 

techniques as well as in terms of its operational stability. Finally, the nanobiocatalyst yielded a maximum formic 

acid production of 1.25 mM, which is almost 12 times higher than the amount produced when a mixture of the 

free enzymes was used.  
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Introduction 

Global carbon dioxide emissions are increasing over the years, as energy demands increase and fossil fuels remain 

the main source of energy. The release of the greenhouse gases by consuming fossil fuels will cause the global 

temperature to exceed the 2oC threshold created by the Intergovernmental Panel on Climate Change (IPCC) by the 

year of 2050. In the meantime, renewable energy is slowly gaining ground in the energy industry while fossil fuels 

are running out. For all the reasons, it is of a great importance to speed up the production and therefore the 

utilization of green energy carriers. Hydrogen can be produced by few easily accessible methods and is one of the 

most popular green energy carriers due to its clean combustion. However, its storage as a fuel gas has some 

difficulties. Electrolysis of carbon dioxide and steam (H2O-CO2 co- electrolysis) [1] is a promising method for the 

production of green-energy carriers: the syngas (CO-H2 mixture) and a series of carbon-based fuels that can be 

produced by the Firscher-Tropsch, while making good use of the high levels of carbon dioxide produced by the 

industrial and energy sectors. Energy can this way be stored in chemical form and then be converted to electrical 

energy and vice versa, due to the reversible operation in Solid Oxide Fuel Cell/ Solid Oxide Electrolysis Cell 

systems. In this work, perovskite structure La0.75Sr0.25Cr0.9Fe0.1O3 material was used for the fuel (cathode) electrode 

of the SOECs, where electrochemical and catalytic reactions take place. 

Experimental 

Co-electrolysis was studied with electrolyte-supported button cells, where each layer was deposited by means of 

screen printing and the active electrode area was 0.785 or 1.766 cm2. The electrolyte substrates employed were 

8% mol Y2O3 stabilized ZrO2 (8YSZ) with thicknesses of 1.5± 0.5 mm (CoorsTek) and a diameter of 20±0.5 mm, 

while La0.75Sr0.25Cr1-xFexO3-δ (LaSrCrFe) and 50% wt. (La0.80Sr0.20)0.95MnO3-x - 50% wt. (Y2O3)0.08(ZrO2)0.92 (LSM-

YSZ, Fuel Cell Materials) were used as fuel and oxygen electrodes, respectively. The perovskite material that was 

used as fuel electrode was synthesized with the sol-gel method modified with citric acid [2]. A thin gadolinium- 

doped ceria (GDC10, Cerpotech) interlayer was applied between the LaSrCrFe electrode and the YSZ electrolyte 

to avoid formation of the non-conducting phase La2Zr2O7, thus ensuring high cell efficiency and prolonged 

lifetime. A mixture of LaSrCrFe with GDC was also evaluated as fuel electrode. The button cells were mounted 

in a two chambers test fixture with a standard two electrode setup and platinum meshes/ wires as current leads 

(ProboStatTM by NorECs). Fuel and oxygen compartments (cathode and anode, respectively) can be fed with 

various gas mixtures, through mass flowmeters (Bronkhorst), under a controllable (ambient) pressure. Saturated 

inert or feed gas (passing through a heated humidifier) was used for steam supply to the cathode chamber. A 

potensiostat/ galvanostat (Autolab PGSTAT302N, Metrohm), integrated with a frequency response analyzer, was 

used for the electrochemical measurements including recording of the current-potential (i-V) curves and the 

electrochemical impedance spectroscopy (EIS). The cells that were tested were characterized by terms of 

electrochemical performance, while the production of syngas was monitored as well by means of a 4-channel non-

dispersive infrared analyzer (Fuji), a gas chromatograph (Varian) and a mass spectrometer (Pfeiffer Vacuum). 

Results and Discussion 

The cells were operated in co-electrolysis mode with a mixture of CO2 and steam, in various H2O: CO2 ratios (0.5-

2), balanced with He or with H2: He of 1:1. The i-V curves recorded under co-electrolysis with H2 present in the 

feed stream for two button cells bearing fuel electrodes of LaSrCrFe and mixed LaSrCrFe-GDC, respectively, at 800-

900oC are presented in Figure 1a. The results show that the mixed 50% LaSrCrFe – 50% GDC electrode has similar 

performance with the pure LaSrCrFe electrode, indicating that the pure perovskite material has adequate conductivity 

(ionic and electronic) and electrocatalytic activity, which is not further improved by the addition of the GDC 

electrolyte material. 

(a) (b) 

Figure 1. (a) Polarization (i-V) curves and (b) Nyquist plot of impedance spectra measured at -100 mA cm-2 (100 kHz-10 mHz, 

20 mA amplitude) under co-electrolysis conditions in 21% CO2, 31% H2O in 24% H2/ He reactant gas composition. 

-400 -300 -200 -100 0
0.8

1.0

1.2

1.4

1.6

____La0.75Sr0.25Cr0.9Fe0.1

-------La0.75Sr0.25Cr0.9Fe0.1- GDC

 900oC

 850oC

 800oC

P
o

te
n

ti
a
l 
(V

)

Current density (mA cm-2)

31%H2O-21%CO2-24%H2 in He

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 ▪ La0.75Sr0.25Cr0.9Fe0.1

□ La0.75Sr0.25Cr0.9Fe0.1-GDC

 900oC

 850oC

 800oC

-Z
Im

 (
Ω

 c
m

2
)

ZRe (Ω cm2)

31%H2O-21%CO2-24%H2 in He, i=-100 mA cm-2



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

230 
 

The polarization resistance (Rp) of the cell with the LaSrCrFe electrode (0.20 Ω cm2) is lower than that of the cell 

with the LaSrCrFe-GDC mixed electrode (0.26 Ω cm2) at 900oC as shown in the galvanostatic impedance 

measurements presented in Figure 1b. The performance decreases, while the ohmic resistance (Rs) increases with 

the temperature drop, for both cells, as expected. 

Figure 2a presents the performance of a cell comprising LaSrCrFe cathode under three different H2O: CO2 ratios 

(0.5, 1 and 2) in a balance of H2/ He while Figure 2b under mixtures of CO2-H2O in pure He, at 900oC. The total 

energy demand (ΔH) of steam electrolysis is lower than that of the other endothermic reduction (CO2 electrolysis) 

and the co-electrolysis has the lowest [3]. The performance of the cell is not affected by the different CO2-H2O ratio, 

as depicted from the slopes of the i-V curve. Based on our previous study on SOECs bearing LaSrCrFe fuel electrodes, 

these exhibit a similar high performance for both steam and CO2 electrolysis processes; however, these are 

competitive processes and in the case of co-electrolysis, steam electrolysis is dominating, while CO2 is converted to 

CO almost exclusively via the catalytic reverse water gas-shift reaction (RWGS) [4]. This is supported by the cathode 

outlet gas analysis, where it was observed that the produced H2: CO ratio increases with increasing temperature, while 

CO production is favored at higher temperature, when H2 is not co-fed to the cathode. 

(a) (b) 
Figure 2. Polarization (i-V) curves for the cell comprising LaSrCrFe cathode at 900oC under co-electrolysis in three reactant 

gas compositions: 31% H2O/ CO2, 31% H2O- 62% CO2 and 62% H2O- 31% CO2: (a) in H2/ He and (b) in He. 

Perovskite materials due to their mixed conductivity show high electrocatalytic activity, even when hydrogen is 

absent from the feed and at the same time they can operate and maintain the activity under both reducing and 

oxidating conditions (redox stability) [5]. Exsolution, i.e., the phenomenon in which the catalytically active 

transition metals (in this case Fe), which are incorporated on the B site of the perovskite oxide are segregated from 

the oxide lattice to the surface under reducing atmosphere, is a key feature and a promising method to design 

advanced electrocatalysts for SOEC. The exsolved metal nanoparticles are pinned on the surface of the perovskite, 

and contribute to the electrocatalytic process [6]. Furthermore, it is quite remarkable that SOECs utilizing Ni-metal 

free electrodes which do not favor carbon deposition can produce green energy carriers, without the need of H2 

supply and at the same time with the utilization of renewable energy sources with no environmental cost. 

Acknowledgements 

The research work was supported by the Hellenic Foundation for Research and Innovation (HFRI) under the HFRI 

PhD Fellowship grant (Fellowship Number: 1311). The research leading to part of these results has received 

funding from the Fuel Cells and Hydrogen 2 Joint Undertaking under the project NewSOC (Grant Agreement No: 

874577). This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and 

Innovation Programme and Denmark, France, Italy, Spain, Poland, Netherlands, Greece, Finland, Estonia, 

Germany, United Kingdom, Switzerland. 

References 

1. L. Dittrich, M. Nohl, E.E. Jaekel, S. Foit, L.G.J. de Haart and R.-A. Eichel, High-Temperature Co-Electrolysis: A 

Versatile Method to Sustainably Produce Tailored Syngas Compositions, J. Electrochem. Soc. 166 (2019) F971 

2. K. M. Papazisi, S. Balomenou, D. Tsiplakides, Synthesis and characterization of La0.75Sr0.25Cr0.9M0.1O3 

perovskites as anodes for CO-fuelled solid oxide fuel cells, J Appl Electrochem 40 (2010) 1875  

3. Y. Zheng, J. Wang, Bo Yu, W. Zhang, J. Chen, J. Qiao, J. Zhang, A review of high temperature co-electrolysis 

of H2O and CO2 to produce sustainable fuels using solid oxide electrolysis cells (SOECs): advanced materials 

and technology, Chemical Society Reviews, 46 (2017) 1427 

4. D.J. Deka, J. Kim, S. Gunduz, M. Ferree, A.C. Co, U.S. Ozkan, Temperature-induced changes in the synthesis 

gas composition in a high temperature H2O and CO2 co-electrolysis system, Applied Catalysis A, General 602 

(2020) 117697 

5. L. Shu, J. Sunarso, S. S. Hashi J. Mao, W. Zhou, F. Liang, Advanced perovskite anodes for solid oxide fuel 

cells: A review, International Journal of Hydrogen Energy 44 (2019) 31275 

6. Q. A. Islam, S. Paydar, N. Akbar, B. Zhu, Y. Wu, Nanoparticle exsolution oxide and its sustainable 

electrochemical energy systems, Journal of Power Sources 492 (2021) 229626 

  

-400 -300 -200 -100 0
0.6

0.8

1.0

1.2

1.4

1.6

P
o

te
n

ti
a

l 
(V

)

H2O:CO2

 1

 0.5

 2

Current density (mA cm-2)

co-electrolysis @900oC

-400 -350 -300 -250 -200 -150 -100 -50 0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

P
o

te
n

ti
a

l 
(V

)

H2O:CO2

 1

 0.5

 2

Current density (mA cm-2)

co-electrolysis no H2 @900oC



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

231 
 

Electrochemical reduction of uncaptured flue gas in a membrane electrode assembly 

electrolyzer 

 
Ung Lee1* Yun Jeong Hwang2 and Da Hye Won1 

1Clean Energy Research Center, Korea Institute of Science and Technology, Hwarang Ro 14 Gil 5 Seong Buk Gu Seoul, 

Republic of Korea 
2 Department of Chemistry, Seoul National University, Seoul 08826, Republic of Korea  

*e-mail ulee@kist.re.kr 

 

Abstract text:  

Electrochemical CO2 reduction (CO2R) producing valuable chemicals is a promising technology for mitigating 

the global climate crisis and developing new processes for chemical production. The recent development of an 

electrolyzer gave a remarkable advancement of CO2R performance in production rate and selectivity. Most 

research, however, has been conducted using a pure CO2 stream (>99%) as the feedstock, but flue gases generally 

contain 5–40% of CO2. The direct conversion of flue gas has economic advantages, but technological issues must 

be overcome, including competitive oxygen reduction reactions, poisoning by toxic impurities, and poor CO2R 

performance limited by low concentrations of the CO2 feedstock.  

 

Among the CO2R products, CO has been considered an attractive product for practical applications because of its 

wide applicability and high efficiency. As a representative catalyst, Ag is one of the most extensively studied 

materials, achieving high CO selectivity (>95% CO Faradaic efficiency, FECO) via material engineering. 

Furthermore, an Ag catalyst on a gas diffusion electrode (GDE) demonstrated high current density and long-term 

stability, suggesting that a scaled-up system is feasible. However, under low concentration CO2 conditions, the Ag 

catalysts displayed a drastically decreased CO2R performance. The Kenis group reported that an Ag catalyst in a 

flow-cell system showed a 45% decrease in the partial current density for CO when the CO2 concentration was 

diluted from 100% to 10%. [1]  

 

As an alternative CO production catalyst, a Ni single-atom catalyst (Ni-N/C) has recently attracted attention 

because of its competitively superior CO selectivity associated with a preferable intermediate interaction for the 

CO2R over the hydrogen evolution reaction (HER) in comparison to other metal-incorporated single-atom 

catalysts. Ni-N/C demonstrated its outstanding performance, giving an FECO value of ∼80% with a current density 

of −2.9 mA cm–2 at 15% CO2 concentration in a H-cell system. [2](34) However, further systematic studies are 

required to understand the dependence of the behavior on the CO2 concentration and the controlling fundamentals 

in the MEA system, the most promising system for practical applications Herein, we explored the CO2 reduction 

with various CO2 concentrations in a zero-gap MEA electrolyzer and found that suppressing the hydrogen 

evolution reaction (HER) became more critical at low concentrations of CO2. We demonstrate that a Ni single-

atom (Ni-N/C) catalyst exhibits a high tolerance toward low CO2 partial pressure (PCO2) because of the 

intrinsically large activation energy of the HER. Ni-N/C outperformed the CO productivity of Ag nanoparticles, 

especially at low concentrations of CO2 in the zero-gap MEA. When the PCO2 was lowered from 1.0 to 0.1 atm, 

Ni-N/C maintained >93% of CO Faradaic efficiency (FECO), but Ag nanoparticles showed a decrease in FECO 

from 94% to 40%. Furthermore, on the basis of a computational fluid dynamics simulation, we developed extrinsic 

operating conditions controlling the water transfer from the anolyte to the catalyst layer and improved CO 

selectivity at low CO2 concentrations in the MEA electrolyzer 

 

To understand the different performances observed with Ag NPs and Ni-N/C, we investigated the intrinsic 

properties of each catalyst in the MEA. Activation energy of two reactions (that is, CO2 to CO and the HER) were 

measured by temperature-dependent activities from 303 to 343 K. Under all voltage conditions, Ni-N/C showed a 

lower CO Eact than Ag NPs, indicating that the intrinsic CO production capability of Ni-N/C was superior to that 

of the Ag NPs. Meanwhile, Ni-N/C exhibited a notably higher HER activation energy value in comparison to the 

Ag NPs under all voltage conditions, supporting its particularly sluggish HER. The activation energy gap between 

CO and the HER further hinted at the reaction selectivity of each active site developed on the Ag NPs and Ni-N/C. 

Consequently, Ni-N/C intrinsically preferred CO2 to CO and had an extremely poor HER. These results 

corresponded well with several previous studies that theoretically suggested the intrinsic catalytic properties of 

Ni-N/C through density functional theory calculations, [3,4](36,40,47,48) and furthermore it was experimentally 

demonstrated that the unique intrinsic property of Ni-N/C is still valid in the MEA electrolyzer. Most of the 

possible Ni–Nx sites required a higher binding energy for *H adsorption in comparison the Ag metal surface, 

implying that it is especially difficult for the HER to occur on Ni-N/C. Therefore, this unique catalytic activity of 

Ni-N/C could guarantee selective CO production performance, while protons were not attracted to the active 

surface, even under low-PCO2 conditions. 

 

To numerically validate this concept, we performed a CFD simulation to estimate the amount of water crossover 

from the anode to the cathode under typical experimental conditions and its variation with operating conditions. 
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The CFD simulation predicts a rapid FECO drop when a diluted CO2 feed is introduced to Ag NPs while Ni-N/C 

maintains a high FECO regardless of PCO2. The consistency of the results of the CFD simulations with 

experiments demonstrates that not only is the developed model suitable to describe the electrochemical reaction 

in the zero-gap MEA but also Ni-N/C is far less sensitive to the CO2 concentration changes. The CFD simulation 

results indicated that the water crossover can be suppressed at a high CO2 flow rate and a low aqueous anolyte 

flow rate, due to a higher interfacial pressure from the cathode to the AEM. In comparison to the typical conditions 

(i.e., 200 mL min–1 CO2 flow rate and 70 mL min–1 anolyte flow rate), a lower concentration of fluid was visually 

observed at the cathode/membrane interface under the modified conditions (i.e., 800 mL min–1 CO2 flow rate and 

7 mL min–1 anolyte flow rate). This implied the amount of water at the cathode could be controlled by the 

experimental conditions: that is, the extrinsic environment for the HER could be controlled in the MEA. 

 

Eventually, we performed the CO2R on Ag NPs and Ni-N/C with a PCO2 of 0.1 atm and the specific operating 

conditions predicted using the CFD simulation to induce different water contents in the cathode part: that is, 0.32, 

0.34, and 0.35 mL min–1. As the water content at the cathode decreased, the FECO values of the Ag NPs increased 

from 37% to 69% with an increase in the CO current density value from −56.7 to −118.2 mA cm–2. This 

demonstrated that controlling the the HER can be a rational strategy to achieve high CO selectivity under low-

PCO2 conditions. Interestingly, Ni-N/C showed similar performances for the CO2R and HER in terms of FE and 

partial current density, regardless of water crossover. In other words, the catalytic performance of Ni-N/C was 

insensitive to water/proton concentration, indicating that the uniqueness of Ni-N/C could be attributed to stable 

CO2R performance under various PCO2 conditions. Therefore, a poor proton affinity can be a key characteristic 

for the development of advanced catalysts for the direct intake of low concentrations of CO2 feed. 
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Carbon dioxide is the largest contributor to greenhouse gas emission, one of the responsible for the global warming 

and the climate change. However, the abundance of CO2 can be also viewed as an opportunity to source the C1 

building block of the future for fuels and chemicals.  Despite the large number of reports related to strategies for 

CO2 capture and activation, a viable solution with potential industrial applicability is lacking due to the harsh 

conditions, catalyst durability and loses activity at diluted sources of CO2. In this context, an ideal material would 

capture CO2 at near atmospheric pressure and catalyse the conversion into products of aggregate values, as cyclic 

carbonate.  

 

 Currently, the most common CO2 industrial capture technology is based on aqueous monoethanolamine (MEA) 

solutions. However, this process suffers from serious environmental, technological, and safety limitations.  

Regarding the CO2 reuse, one of the most studied added-value products is the cyclic carbonate. This because the 

cycloaddition of CO2 to epoxide presents an advantage because the CO2 is directly incorporated to the substrate 

without necessity of braking bonds of this gas. In addition, cyclic carbonates are widely applied as polar aprotic 

solvents, organic synthesis intermediates, electrolytes in lithium-ion batteries, cosmetic formulations, and 

monomers. In this context, the catalysis plays a key role in the development of efficient and sustainable processes 

to produce the cyclic carbonate. In general, 3 strategies are used: CO2 activation, epoxide activation or both. Viable 

solutions combining the activation of both substrates still rare in literature and needs the design of advanced 

materials with tailored properties.[1] 

 

Ionic liquids (ILs) and their covalently supported (SILs) or polymeric (PILs) analogues are multifunctional 

materials with the capacity to capture and activate CO2 at low pressure and temperature. The adsorption in PILs 

and ILs can occurs via physisorption and/or formation of HCO3
-/CO3

2-, which can be used as CO2 local source for 

further reuse reaction (Figure 1a). [2] With the correct combination of the cation/anion/solvent IL-based materials 

present buffer-like behavior in solution, acting as very mild bases that shift the thermodynamic equilibrium to the 

product side, creating an adequate environment to activate the CO2 and efficiently convert in value products. 

Additionally, the design of hydrogen bond functionalities allows the efficiently CO2 cycloaddition to a broad range 

of epoxides, yielding cyclic carbonates. [3] 

 

 Here, multifunctional IL-based materials applied to CO2 capture and conversion in cyclic carbonate reactions are 

reported (Figure 1). The balance between the catalyst functionalities is the key to decrease thermodynamic barriers 

and to selectively convert CO2 into values products.  Currently, we have been working to cross from batch reactions 

to continuous flow, combing the catalytic ability of ILs and SILs and the structured reactors prepared by additive 

manufacturing (Figure 1b).[3] The combination of the catalyst structure, buffering environment, hydrogen bond 

ability and flow chemistry resulted in promising catalytic activity in CO2 valorisation reaction. [2-3]   

 

 
Figure 14. a) Mechanism of CO2 capture using ILs-based materials. b) Continuous-flow 3D printed SIL-based 

structured reactors for CO2 cycloaddition to cyclic carbonates.  
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The high environmental impact of CO2 today has motivated the scientific community to find effective alternatives 

to reuse this waste and transform it in s added value chemicals. One of the most relevant pathways is represented 

by the reaction between CO2 and epoxides to give the corresponding cyclic carbonates [1]. This is a process that 

highly satisfies the principles of green chemistry. The reaction displays an atom economy of 100%. Moreover, it 

can be performed under solvent-free conditions and it can display a potentially low E-factor [1].  The use high 

energy starting materials, as espoxides, is essential for making the process thermodynamically favourable. In 

addition, a catalyst with a nucleophilic species, capable of opening the three-membered ring by nucleophilic attack, 

is required for the process to take place. In further details, the high energy input needed for the carbon dioxide 

transformation can be further reduced through the use of a co-catalyst that coordinates the epoxide oxygen with a 

metal centre acting as a Lewis acid or through the formation of hydrogen bonds [3]. In order to improve the 

performance of this process, several catalytic systems, both homogeneous and heterogeneous, were developed and 

recently, CO2 conversion into cyclic carbonates has been successfully obtained combining a Lewis acidic metal 

and a nucleophile such as a halogen anion in the same bifunctional material [4]. 

With the intention of following the promising path of heterogeneous two-component materials and exploiting the 

proximity effect that Polyhedral Oligomeric Silsesquioxanes (POSS) benefit [5-6], two new catalytic materials were 

synthesized by radical copolymerization of a tetrastyrylporphyrin aluminum chloride monomer (TSP-AlCl) with 

a bis-vinylimidazolium salt (bis-imi) carrying bromide anions as counter ion and the Octavynilsilsesquionaxe as 

inorganic core building block. 

All the materials prepared have been fully characterized by means of different analytic and spectroscopic 

techniques, and they have been tested in the synthesis of cyclic carbonates starting from CO2 and several epoxides. 

The results obtained show excellent TON values even at temperature ranges below 100 °C, indicating how highly 

promising this class of materials is. 

 
Figure 1.  Bicomponent catalytic system for CO2 conversion (top), Mechanism of catalysed and co-catalysed reaction 

between CO2 and epoxides (bottom), N1s high resolution XPS (left), Recycling tests (right). 
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Abstract text:  

In December 2020 the European Commission issued its new chemicals strategy for sustainability (CSS) setting 

out a vision for the EU chemical policy, to strive for a “toxic-free environment” and reduce environmental 

pollution to zero (the Zero Pollution ambition). The reduction of the net negative impact on ecosystems and people 

without burden shifting between different sectorial policy objectives, requires a clear departure from current 

practice. We need to move towards a more holistic approach, enabling the assessment of combined risks (by 

improving the methods for chemical testing and predictive toxicology) caused by exposures from different sources 

(by improving exposure assessment) under different regulatory frameworks, following the “one substance one 

assessment” principle. More interestingly for sustainable chemical innovation, the other key pillar of the CSS is 

the transition to chemicals that are Safe and Sustainable-by-Design. The SSbD concept is defined as a process to 

accelerate widespread market uptake of new and alternative chemical products and technologies that deliver 

greater consumer confidence in their safety, environmental and societal benefits and advance the transition towards 

a circular economy and climate-neutral society. Currently SSbD is at the core of institutional, process and 

technological systems innovation in the chemical industry and in chemical engineering in Europe and it has been 

integrated in the national research and innovation agenda in Greece. 

 

In this context, the most important action of Horizon Europe, the new framework instrument for research and 

innovation in Europe in vigour for the next seven years, in chemical engineering innovation to date is the creation 

of the EU-wide partnership on assessment of the risk of chemicals (PARC). PARC is an EU alliance bringing 

together 200 public institutions aiming to support the implementation of the “Green Deal”, the “Chemicals Strategy 

for Sustainability Towards a Toxic-Free Environment (CSS)”, including the “Industrial Strategy”, and the “New 

Circular Economy Action Plan”. Even though the criteria defining specifically the SSbD concept are currently 

being coined by the European Commission and are expected to be issued in October 2022, the need to move 

towards the operationalisation of SSbD is a key objective of PARC. Thus, a SSbD toolbox integrating tools for 

safety and sustainability assessment coming from different policy areas and strategies as well as new tools 

developed in PARC is being designed to integrate the state of the art in computational tools supporting the SSbD 

concept implementation. 

 

Examples of the SSBD methodology on major industrial chemicals such as plasticisers (chemicals existing in the 

market and their alternatives) will be demonstrated, including a broad array of interconnected methodological tools 

that allow the refinement of the assessment of chemical risks, including their entire life cycle. In this study we also 

present an innovative tool for integrated health risk assessment of plastic products and of plastic-containing goods 

during their whole life cycle until their final disposal as waste. The INTEGRA LCA software couples the integrated 

external and internal exposure assessment capabilities of the INTEGRA computational platform with life cycle 

impact assessment. The integrated software platform allowed us to perform a first-of-its-kind analysis of adverse 

health outcomes attributable to chronic exposure to persistent organic pollutants associated with plastic material 

use and disposal. Our analysis focused on plastic waste generated in the two main metropolitan centers in Greece, 

Athens and Thessaloniki. A comprehensive review of up-to-date information on plastic products and plasticizers 

used by the urban population was performed to build up the application-specific release/emissions inventory. This 

review included both plastic products (e.g. PET bottles, PVC material, polycarbonate products) and plasticizers 

used in food packaging. 

 

Compounds of interest in this regard include bisphenol A, phthalates such as DEHP and its metabolites, DINCH, 

di-(2- ethylhexyl)adipate. Integration of all human exposure routes and pathways to the toxic compounds contained 

in plastic was done at the level of systemic internal dose, that was linked with adverse health outcomes reported 

in the literature to quantitatively assess the related health risk. Our analysis highlights that landfilling is the worst 

waste management strategy on a global scale. At the same time, the investigated options for waste treatment 

coupled with energy and material recovery would result in very important benefits in terms of greenhouse gas 
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emission reduction. However, not all options are equally benign to the local environment and to the health of the 

local population, since both the former and the latter are still affected by non-negligible local emissions. 

Regarding public health impacts, adverse effects on the endocrine system with cascade impacts on human 

reproduction, metabolic syndrome and, even, neurotoxicity after chronic exposure to the persistent organic 

chemicals found in plastic products and waste were estimated. The coupled integrated exposure and life cycle 

assessment methodology developed herein and translated into the INTEGRA LCA platform is a significant step 

towards the direction of comprehensive, precise and transparent estimation potential health risks associated with 

use, management and disposal of plastics in urban settings and for the implementation of the SSbD concept in the 

design, manufacturing and end-of-life management of plastic products or of plastic-containing consumer goods. 

The incorporation of life cycle analysis produces different conclusions than a simple environmental impact 

assessment based only on estimated or measured emissions. Taking into account the overall life cycle of both the 

waste streams and of the technological systems and facilities envisaged under the plausible scenarios analyzed 

herein, alters the relative attractiveness of the solutions considered and enhances the robustness of the health impact 

assessment. 

 

INTEGRA LCA is empowered through the use of quantitative structure-activity relationship models for property 

prediction supported by a machine learning-based search engine that explores the relevant chemical space for 

alternative molecules that would eventually minimize the environmental and human health hazards associated with 

their use in consumer products. Thus an integrated framework for selection of chemicals for product redesign has 

been coined; the computer-aided workflow we present supports the redesigning of these chemicals to achieve the 

sought  out environmental and human health objectives using in silico generated structure suggestions. The case 

study selected in this study allows us to give an overview of the methodological and computational process 

proposed to identify chemicals suitable for redesign, including the available alternatives and essentiality of the 

respective properties for sustainable plastic product development. The last step in the methodological prodecure 

laid out in this study is the application of multi-criteria optimisation techniques to (a) define the viability kernel of 

the proposed solutions in terms of product redesign; and (b) proceed towards the synthesis of complex yet 

sustainable solutions supporting the multi-criteria analysis process in order to ensure that the finally proposed 

solution(s) satisfy the multiple criteria put forward by the stakeholders involved in plastic product synthesis, 

generation and finally disposal (when they become waste) adopting a circular economy paradigm. 
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CO2 mitigation has been receving a lot of spotlight recently, due to the fact that it is one of the main objectives to 

effectively delay and overcome the global climate crisis. Carbon capture and utilization (CCU), which is the 

process of producing useful chemicals from CO2 captured from absorbents, is deemed as a practical solution of 

CO2 mitigation. However, practical application of CCU technologies is hindered by the profitability of the 

processes, mainly owing to large amounts of energy usage, leading to high utility costs. Other than the utilization 

section, the largest consumer of energy is the amine regeneration section, and various studies have been conducted 

to develop amines that show low regeneration energy as well as good capture performance, especially water-lean 

amines [1]. Consequently, various studies have been conducted to discover new amines that are capable of 

reducing the regeneration energy, or to develop novel processes that minimize the overall energy usage required 

for CO2 utilization.  

 

CO2 hydrogenation to produce formic acid, has been considered as an economically viable option of CCU, due to 

the fact that CO2 is reacted with H2 directly from its captured state, greatly reducing the energy required by the 

overall process. While various amines are known to retain high CO2 capture rates and low regeneration energy, 

such as monoethanolamine or K2Sol [2], they are inappropriate to be used in CO2 hydrogenation applications since 

the CO2 has to be captured in a bicarbonate form for effective hydrogenation to formate. Thus it is important to 

assess and find new amines appropriate for this purpose, which have high capture rates as well as bicarbonate 

forming properties. Also, considering the fact that the final goal of CCU is commercialization for large scale CO2 

mitigation, it is essential to learn the thermodynamic and kinetic properties of the CO2 capture process. However, 

since new amines lack reaction data on reaction properties, numerous experiments based on varying reaction 

conditions are required, which is difficult to be performed consistently in a bench-scale process such as the CO2 

capture column. Thus applying machine learning methods to effectively make use of a minimial set of experimental 

data to estimate the reaction parameters are essential when studying a new amine.  

 

In this study, a new amine candidate for CO2 hydrogenation, n-methylpyrrolidine (NMPI), is studied for its CO2 

capture capability and CO2 hydrogenation potential. First, using a capture column 3.6m in height and 3in in 

diameter, the CO2 capture rate of 5M NMPI is tested, with respect to a gas mixture with compositions similar to 

industrial flue gas (15% CO2). Multiple sessions of capture experiments are conducted with varying liquid-to-gas 

(L/G) ratios, to minimize experimental error and to obtain sufficient data for effective parameter estimation. 

Secondly, thermodynamic and kinetic parameters of NMPI are estimated using the hybrid Gaussian process 

Bayesian optimization (hGPBO) method, which integrates the Gaussian process Bayesian optimization with a deep 

learning-based surrogate model to effectively estimate reaction parameters with small number of experiments [3]. 

A total of nine parameters, including the Gibbs free energy and enthanlpy of formation of NMPI, Arrhenius 

constants and activation energy values for CO2 capture reaction, and the equilibrium regression parameters for the 

NMPI hydration reaction, are estimated using the hGPBO in this study. Experimental results of the NMPI show 

great performance, with over 85% CO2 absorption when L/G ratios are larger than 1.4. Using the CO2 absoprtion 

rates and column temperature profile data, hGPBO is applied by integrating the process simulator Aspen Plus V11 

with Matlab. After developing a surrogate model, hGPBO is applied to estimate the nine parameters, where the 

results showed good accordance with respect to the experiment results, with the values falling in the 95% 

confidence interval of the estimated parameters. The results of this study shows that NMPI is indeed a viable amine 

capable of effectively capturing CO2 and can be used for CO2 hydrogenation reactions, and provides estimated 

parameter values that may be implemented for large scale simulation of related processes which can lead to a 

commercialized CCU application.  
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Table 1.  CO2 capture experimental data using NMPI, with respect to various L/G ratios. 

Amine 

 [L/hr] 

Gas 

 [m3/hr] 
L/G 

CO2 absorption 

 [%] 

CO2/Amine  

[mol/mol] 

5 1 5 100 0.149 

3 1 3 100 0.248 

3 1 3 100 0.248 

3 1.5 2 100 0.112 

2 1.5 1.3 100 0.167 

2 1.5 1.3 18.86 0.977 

3 1.5 2 98.8 0.651 

3 1.8 1.7 78.24 0.759 

3 1.7 1.8 100 0.438 

2 1.5 1.3 63.37 0.580 

2.5 1.5 1.7 93.27 0.464 
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Figure 15. CO2 absoprtion rate of the NMPI solvent with respect to varying feed ratio. Red dots 
show simulation results after hGPBO application 
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Flue gases contain large amounts of CO2 and N2. For the purpose of CO2 sequestration in depleted reservoirs or 

saline aquifers, a deep understanding about the interaction between these components with brine is vital. Among 

the most important parameters which should be investigated for such applications is interfacial tension (IFT) in 

these systems. In the current study we have measured IFT between N2 and different brines including monovalent 

and divalent ions at various temperatures and pressures at different salinity ranges. Various brines containing salts 

such as NaCl, Na2SO4, KCl, MgCl2, and CaCl2 were synthesized in the range of salinity between 10000 ppm to 

50000 ppm. IFT700 (Vinci, France) instrument was used for our experiments. The obtained experimental data 

were then analyzed using different machine learning algorithms. The prediction of IFT (mN/m) as a response 

variable with independent variables including temperature (K), pressure (Mpa), and molar concentrations of 

different anions and cations (M) was carried out using adaptive neuro-fuzzy inference system (ANFIS) and 

artificial neural network (ANN) with feed-forward architecture models. ANFIS is a powerful approach to modeling 

the input and output relationship in complex and nonlinear systems. It converges much faster and has the most 

efficient learning algorithm, compared with other models. On the other hand, the artificial neural network (ANN) 

is used as one of the most efficient and attractive non-linear multivariate modeling methods for laboratory works. 

ANN can learn from existing data. One of the benefits of ANN is that the operator does not need to look for a 

suitable fit function and the ANN can identify and predict any nonlinear correlation [1]. Due to the lack of 

comparison of the ability of these two powerful models in predicting the IFT in other studies, it was decided to 

compare the results of IFT modeling with both ANN and ANFIS models. The ANFIS and nntool toolboxes were 

used for model implementation in MATLAB R2017a software.  

 

Based on the present study results, the IFT was predicted accurately by ANFIS and ANN with good performance 

parameters. The coefficient of determination (R2), mean squared error (MSE), mean absolute error (MAE), and 

average absolute relative deviation (AARD%) were calculated to assess the accuracy of the models. Both models 

showed very good performance, with R2 coefficient above 98% for test data. The final regression of test data is 

illustrated in Figure 1. Therefore, ANFIS and ANN can be used for accurate prediction of IFT in the studied 

systems [2]. Sensitivity analysis was also performed by Pearson's correlation method to determine the most 

influential variables on the response parameter, which could be seen in Figure 2 [3]. According to Figure 2, the 

molar concentrations of different ions including AN1, CA3, CA4 and CA1 were the most influential variables on 

IFT, respectively. 

 

 
Figure 1.  Test data regression output based on ANFIS and ANN models. 
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Figure 2.  Sensitivity analysis using Pearson correlation. 

 

As it can be seen from the results, ANFIS and ANN methods were very successful for predicting the behavior of 

the complex systems studied in this work. 
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Plastic pollution, specifically plastics derived from fossil fuels, is one of the most challenging environmental issues 

of the past years. The solution offered by bioeconomy is represented by renewable bio-based polymers [1]. Even 

though several bio-based plastics have been commercialized in the last years, e.g. polylactic acid, polyhydroxy-

alkanoates, and more recently polybutylene succinate, the range of monomers derived from renewable resources 

expands [2]. Biocatalysis can boost such innovation, leveraging on enzymes that overcome the limitations of 

conventional chemical strategies by catalyzing, under highly selective and mild conditions, the targeted 

modification, synthesis or degradation of polymers and, most importantly, biobased polymers [3]. Hydrolases, 

such as lipases and cutinases, were successfully used by several groups for in vitro polycondensation of bio-based 

diacids and polyols, leading to biodegradable polyesters with controlled structures [4]. 

 

However, the experimental screening of new enzymes could be very expensive and time-consuming. In silico 

screening, using appropriate bioinformatics tools, can be an effective aid in reducing the number of experiments. 

From this perspective, in silico developing and screening virtual new enzymes can accelerate the optimization 

process[5]. The possibility to corelate structural features of a polymer and its biodegradability is important in terms 

of environmental safety and for new tailor-made biodegradable plastics design. Both polymers and enzymes 

informatics efforts succeed in the recent years by utilization of modern data approaches inspired by artificial 

intelligence and machine learning methods [6].  

 

The aim of RenEcoPol project is to develop a computational procedure able to analyze and evaluate the ability of 

different hydrolases to interact and to accept short chain substrates either for synthetic or degradative processes.  

In this respect specific modelling software’s for proteins and protein-ligands interactions such as molecular 

dynamics and docking were selected and integrated into an automatic workflow.  A series of bio-based monomers 

and enzymes were screened up to now and the computational studies results were correlated with some available 

experimental data and the results indicate that ability of enzymes to hydrolyze or synthesize polyesters can 

rationally selected by integrating different computational tools. 
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Solvents play an important role in the framework of green chemistry. Many organic solvents are hazardous, 

poisonous, and destructive to the environment. As a result, their usage endangers both human health and the 

environment. Understanding solvent properties is essential for sustainable development, hence various solvents 

have been evaluated according to their environmental, safety, and health features. To qualify as a green medium, 

the solvents must have several criteria, including biodegradability, recyclability, non-toxicity, and low cost. Deep 

eutectic solvents (DESs), a new category of green solvents, are rapidly becoming popular in the scientific 

communities. DESs are made up of hydrogen bond acceptors (HBAs), such as halides or ammonium salts and 

hydrogen bond donors (HBDs), such as carboxylic acids, amides, and alcohols. DESs possess low volatilities and 

tunable structures, and are found to be cost-effective and easier to synthesize in comparison to the ionic liquids. 

They have little or insignificant toxicity, and are biodegradable and easily recyclable. These characteristics make 

DES superior to traditional solvents used in extraction techniques and because of their extraordinary properties, 

DESs have gained popularity as viable solvents for a variety of industrial applications. 

 

To use a new solvent on any scale, from experimental to large industrial applications, it is necessary to know their 

fundamental properties, including the thermophysical properties. Density is a most important thermophysical 

property. It is quite easily measured experimentally. However, in the case of DESs, because of a significantly large 

number of potential DESs, not only due to the wide range of possible HBAs and HBDs, but also their various 

molar ratios, measuring the densities of all DESs is impossible. Thus, it is vital to have reliable thermodynamic 

models to predict the densities of various DESs.  

 

Artificial intelligence (AI) approaches may be viewed as clever instruments for comprehending various 

phenomenon and answering related inquiries. These strategies attempt to create a machine capable of solving even 

the most complex issues. The simplicity, flexibility, fast speed, and good learning ability of AI-based techniques 

are the most promising features [1]. Machine learning (ML) is a subset of artificial intelligence that enables 

computer systems to recognize patterns, learn from data, and make decisions without explicit instructions. Machine 

learning has also emerged as a new tool in chemical engineering over the last decade. Indeed, there is a strong and 

growing interest in machine learning among chemical engineers, owing to its execution speed, flexibility, and 

user-friendly applications [2]. However, the greatest concern of machine learning models is their correlative 

nature, which cannot be applied for predictions. To overcome this issue, in this study machine learning and group 

contribution are merged. The groups of the HBA and HBD compounds are considered as the input parameters of 

the model. Then training is carried out, so the learned machine can find the relations among the groups and their 

effects on the final desired DES property of density.  

 

In this study, a large data bank, including 1239 density data points for 149 various DESs, has been developed. The 

two different machine learning techniques of MLP neural network and LSSVM were applied to develop global 

density models for DESs. In these models, the groups of the HBA and HBD compounds, their molar ratio, and 

temperature are considered as the input parameters. The AARD% results below 0.2% for both of the developed 

models show the reliability and accuracy of the models.   
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Abstract 

 

Scientists from chemistry and chemic engineering and beyond have always sought to improve reactions and 

processes. This gained impetus when a framework in the form of the twelve principles of green chemistry has been 

circulated [1], followed by the formulation of the seventeen United Nations Sustainable Development Goals[2]. 

Chemists have ever since pursued more environmentally friendly pathways and this has translated to Green 

Chemistry Education, in theory and practice. 

 

The motivation might have been as diverse as a financial stimulus, an indefensible waste problem, an improved 

awareness of energy consumption, recognition[3] and competition between institutions and, of course, the desire 

to promote chemistry in a sustainable fashion, fit for future’s challenges. This appreciation of a possibility of a 

better future for all has stimulated a response with a mindfulness for limited resources and driven green topics in 

research and education. 

 

To advance consciousness about environmental solutions and green chemistry a concerted effort must start at entry 

level, and it is crucial to address green chemistry as well as sustainable processes, apart from highlighting improved 

laboratory efficiency. Examples for the latter include water saving laboratory equipment (i.e. recirculating or air-

cooling condensers[4]) that significantly reduce the carbon-footprint; whereas a project to improve an industrial 

process can be introduced already in undergraduate laboratory classes in a novel heterogenous catalyst for nylon 

production.[5] 

 

This presentation will underscore examples from undergraduate laboratory chemistry education and include 

established approaches involving green chemistry metrics, e.g. E-factor, atom economy, reaction efficiency, 

selectivity and turn-over. A focus is set, though, at the variation of trajectories to achieve the same target molecule 

and, moreover, through modifying chemical processes. Students are directed at assessing different engineering 

aspects, variables in methodology and identify pathways that are scalable, all from a selection of mechanochemical 

approaches, microwave and flow reactions, sonochemistry versus thermochemistry; and in the process[sic] identify 

sustainable batch and continuous conditions to synthesise a given target. 

 

In summary, the latest ideas how to raise awareness of green chemistry in chemistry education through engaging 

chemistry laboratory classes will be appraised against the backdrop of current undergraduate provision, while 

future developments will be shaped via ensuing dialogue 

 

Acknowledgements 

Education in the teaching laboratories at Southampton would not be possible without the generous support 

provided by academic colleagues, teaching assistants and technicians, all of whom are gratefully acknowledged. 

Special thank you to all those students, who went beyond their studies and suggested improvements during their 

lab classes, discussions, and presentation. 

 

References 

1. P. T. Anastas, J. C. Warner, Green Chemistry: Theory and Practice, OUP, New York, 1998. 

2. UN Sustainable Development Goals – https://www.un.org/sustainabledevelopment/ [accessed 07/03/2022] 

3. The Laboratory Efficiency Assessment Framework – https://www.ucl.ac.uk/sustainable/staff/leaf [accessed 

07/03/2022] 

4. E. W. Baum, J. J. Esteb, A. M. Wilson, J. Chem. Educ., 2014, 91, 1087-1088. 

5. S. Chapman, J. M. Herniman, G. J. Langley, R. Raja, T. A. Logothetis, J. Chem. Educ., 2019, 96, 2937-2946 

– Redox Aluminophosphates: Applying Fundamental Undergraduate Theory To Solve Global Challenges in 

the Chemical Industry 

  

mailto:thomas.logothetis@soton.ac.uk
https://www.un.org/sustainabledevelopment/
https://www.ucl.ac.uk/sustainable/staff/leaf


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

248 
 

A rational dimension of Green chemistry and  bethical education towards  Sustainability 

 
Mani Omprakash Srivastava , Chemistry Educator  

Tilak College and DAV Kharghar , Navi Mumbai , India  

*mane11in@yahoo.com 

 
An amalgamation of GREEN CHEMISTRY and ethical education to prepare leaners and spread the green culture 

with an army of green tender hearts to conserve Mother Earth and respect Nature’s serenity, tranquility and 

magnificence. 

 

Ethical and green sustainability pledge with joint research projects is to prepare the subsequent generation of 

learners for persuading and propagating principled and responsible revolutions which will empower learners and 

will result in no more disastrous constituents in substance of a viable Planet. 

 

A novel approach towards GREEN Chemistry education and Moral Code in Chemistry Education is TO CREATE 

ETHICAL IDEOLOGY. Shifting the Paradigm by embracing an interdisciplinary approach of ethical 

imagination and invention. Designed and implemented different researches towards a greener prospective 

program with full involvement of students, teachers and local communities. 

 

It’s to Initiate and prepare the subsequent generation of chemists and scientist by empowering them towards a 

fundamental change in society by bringing a radical revolution in human mind to develop an understanding that 

Chemistry is to CREATE NOT DESTROY. 

 

Developed a zero-tolerance approach towards ignorance and negligence in scientific inventions by highlighting 

the understanding towards whose responsibility is deadly plastics which has become threatening to all life, CFC 

generated broad spectrum thinning of ozone layers, heavy metal hazards, oil spill, COVID-19… many like these 

represents a big concern towards our planet and makes big inventions in vain. Inducing every learner and teachers 

towards the protection of environment and to protect humanity on Planet earth. The students were instilled with the 

oft repeated thought that, ‘We have not inherited this earth from our fore-fathers; we have borrowed it from our 

children’. 

 

Bridging the gap between green chemistry and sustainable education through ethical green expansions is by 

connecting the dots across as individuals, society, community, country and world.  

 

Through an approach that provides a framework to integrate sustainability principles and grow their minds to 

innovate and become curator of our Universe, with their skill to protect our planet’s peace, calmness and radiance 

for future generations. Ethical Imagination and invention transform the way of education is experienced inspiring 

young people to discover that there is far more within them than they think, to discover their grand passion in life 

and to explore what it means to live from a strong sense of responsibility.  

 

 It’s an approach to aim and design a “Sustainable World” with Green Curriculum and Green Pledge and to 

put a stop on the IGNORANCE in scientific INVENTIONS. 

 

Summary: 

 

Undertook various projects covering a wide expanse of soil and water, wherein the stress was not on the 

staple move of removing the irritants but to utilize them in a better manner so as to fulfill our dreams of a 

Healthy and Green World. 

Working on this line, we tried to use the industrial waste, discarded objects and contaminated water in an 

exhaustive manner to get rid of their evils and utilize them in a better way for sustainable development. The major 

Projects are as following: 

Free Radical scavenging activity by investigating Tagetes Erecta a scavenger of 

Sullage 

Nutrameal: Peel of fruits Antioxidants a hero 

component terminates the free radical chain 

reactions before the cell components are destroyed!  

Removal of Heavy Toxic Metal From waste 

water:To make potable water (devoid of Toxic 

Effluents) and make it available for masses.  
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Designed hydrophobic solution to Solve the Water Crisis:PMMA and 

SiO2 coating Used in Urinal to use water in flushing. A Nano solution to 

a Giga Nano problem which can save gallons of Water. 

ATMO POWER: Design a sustainable world with consideration to 

environmental impact by harnessing electricity from atmosphere. 

Developed Nutrameal A planetary 

Health diet to Save Earth before its too 

late and also for lower starta people: 

Nutrameal from weeds a cost-effective 

food supplement to combat dietary 

deficiencies and malnutrition as it provides balance diet in single food 

Bio Fuel: To create most valuable form of renewable energy a transportation fuel options 

to establish safe, clean and sustainable hydrocarbon. 

Offsetting Carbon Emission with Emerging Technologies; To reduce dependency on 

hydrocarbon for fueling the transportation and other sector; to provide more economic 

opportunities for the development of the country’ to reduce carbon foot print and save our 

environment for the future generation. 

 

In an ideal world, Education for GREEN Viable Advancement should pervade the entire school curriculum, 

with every subject area, at every year level, dealing with aspects of sustainability in broader way. 
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Abstract text:  

Advancement in the scientific development of sustainable chemistry and innovations regarding the principles of 

green chemistry are important to the world’s sustainable development [1, 2]. Chemistry, being a central science, 

has its vital roles in the collaborative efforts across disciplines for the achievement of Sustainable Development 

Goals and to address the emerging global challenges including those impacting the environmental sustainability 

[3]. A green environment, which is of particular significance regarding the worldwide growth of ageing population, 

is essential to human health and well-being [4]. In recent years, there have been strong advocations calling for 

reforms in chemical education based on systems thinking and its importance for nurturing the future generations 

to find the solutions the world needs [5, 6]. Recent reports have also described the efforts in the development of 

the IUPAC systems thinking framework in chemical education and demonstrated the remarkable application 

potentials by the use of systems-oriented concept map extension (SOCME) diagrams and integration with the 

molecular basis of sustainability [7-9].   

 

We now describe the design of SOCME visualizations and incorporation of systems thinking in the teaching and 

learning of chemistry in a community college in Hong Kong. In this study, three SOCME diagrams have been 

designed with relevance to the subject content and learning objectives of a general-education (GE) chemistry 

course at sub-degree level. The SOCME materials focus on polyethylene (PE), polypropylene (PP), and 

polyethylene terephthalate (PETE), which are common examples of daily-life thermoplastics. Adopting a systems 

thinking approach, interconnections of the impact of chemicals with the dynamic systems of human and 

environmental health are identified. Pedagogic design for applying the SOCME visualizations in a technology-

enhanced environment of learning chemicals will also be presented.  
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Introduction 

The philosophy of Green Chemistry is based on a cohesive set of 12 principles [1] and has served as a foundation 

for the development and establishment of Education for Sustainable Development (ESD) [2,3]. During the last few 

years, based on the Green Chemistry philosophy, the principles of Green Chemistry have become an important 

part of educational practice in secondary education. This fact stimulated the development of a considerable number 

of curricular materials that aim to develop students’ ability for societal decision making by considering all factors 

driving Green Chemistry and Sustainable Development [4].  

 

Burmeister et al. [2] identified four basic models on how Green Chemistry (GC) can be diffused in Chemistry 

Education (CE), which refer to: (I) adoption of Green Chemistry principles into school science laboratory, (II) 

using Green Chemistry issues as content in Chemistry Education, (III) addressing chemistry teaching and learning 

through Green Chemistry in an socio-scientific issues (SSI)-based context, and (IV) an understanding of Green 

Chemistry Education, as part of sustainability-driven development of school life. Furthermore, Jegstad and Sinnes 

[3] have modified Burmeister et al.’s model [2], resulting to a refined one for planning Green and Sustainable 

Chemistry Education that encompasses five different categories which represent different aspects of a complex 

whole and partly overlap to achieve a holistic perspective of Green Chemistry Education. The above mentioned 

four models can be classified as possessing differing degrees (weak to strong) of chemistry environ-mentalization 

which is a term used to describe the extent at which chemistry takes into consideration the interests of society in 

combination with the corresponding environmental and health threats [5].   

 

There is a lot of research documenting that students’ knowledge‐building in science classrooms should have some 

relationship to the way that science knowledge is developed in the scientific community and in fact the ‘doing 

science like a scientist’ approach has shifted from a focus on the individual to a focus on social context. Research 

focusing on learning theories in the last decades has offered a series of student-centered teaching strategies, 

including argumentation–based, case-based, context-based, problem-based, project-based, SSI-based, inquiry-

based, and a hands-on approach to teaching and learning [6]. 

 

Regardless of the teaching-learning approach, chemistry teaching and learning goals focus on four domains: (a) 

the affective domain that incorporates attitudes, motivation, interests, self-efficacy, and values [7]; (b) the 

cognitive domain which involves the conceptual structures and cognitive processes used when reasoning 

scientifically; (c) the epistemic domain which includes the frameworks used when developing and evaluating 

scientific knowledge; and (d) the social domain that relates with processes and contexts that shape how knowledge 

is communicated, represented, argued, and debated [8].  

 

The integration of the cognitive and affective domain constitutes a cornerstone of Environmental Education 

fostering awareness at several levels, including: (a) self-awareness, that reflects how one’s lifestyle choices impact 

on the environment; (b) social awareness, that depicts how people interact socially to influence individual choices; 

(c) environmental awareness that refers to how society impacts on ecosystems through political choices [9]. 
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Figure 1.  Factors addressing Green Chemistry in secondary Chemistry Education. 

 

While many chemistry departments have already incorporated the principles of Green Chemistry and the concept 

of sustainability in their curricula, the integration of Green Chemistry in secondary school curricula seems to be 

rare. Given its relative novelty to chemistry curricula, we treat Green Chemistry instruction as a school innovation 

that is being adopted by chemistry teachers. Teachers are ‘agents of change’ of educational reform, and their beliefs 

must not be ignored. Indeed, their pedagogical beliefs are at the ‘core of educational change’ [10]. Thus, this 

exploratory research study was designed to address two research questions: 

1. To what extent do secondary school chemistry teachers conceptualize what Green Chemistry Education is and 

how Green Chemistry can be diffused in Chemistry Education? 

2. What are secondary school chemistry teachers’ views related to how Green Chemistry can be incorporated in 

chemistry lessons? 

 

Method  

Because this study aims to describe and theorize chemistry teachers’ concerns about Green Chemistry instruction, 

we employed a qualitative design that allowed for the emergence of teachers’ ideas. Data analysis employed a 

grounded theory approach via which patterns emerged from teachers’ own words and were constantly compared 

with each other to generate larger themes [11]. 

Sample  

A total of 10 chemistry teachers participated in the study, accepting an invitation to attend a single interview which 

was no longer than 90 minutes in length. The participants were selected using an opportunity snowball sampling 

approach [12]. All research participants taught chemistry at the high school level and held bachelor’s degrees. 

Data Collection 

An authors-designed semi-structured interview protocol was developed. Each interview began with three open-

ended, free-response questions, given to the participants ahead of time. These questions gave the participants 

opportunities to describe their general views regarding the research theme, phrasing responses in whatever way 

they saw fit. Given that we were seeking to gain views on a complex matter for which ready views might not have 

been offered in a typical question and answer interview format, in the second part of the interview we used a bank 

of statements to elicit further participant comments, aiming at participants to organize the expression of their views 

to decide whether to agree or disagree with each statement presented. The statement card-sorting exercise acted as 

a component of the analytical tool known as Q methodology [13, 14] to support the process of discourse analysis. 

A set of 24 statements that represented a range of ways in which Green Chemistry principles are integrated in 

Chemistry Education have been utilized in literature as it pertains to this study. The full card set was presented to 

each participant who sorted the statements according to a five-point scale ranging from strongly disagree to 

strongly agree. Then, participants were asked (a) to report the way in which they had decided to categorize the 

statements, and (b) to put in order of importance their agreement regarding statements placed under each of the 

five choices, incorporating a think-aloud process [15].   

Data Analysis 

Data analysis was guided by a grounded theory approach. First, the constant comparative method [11, 16] was 

employed to code the interview transcripts. After open coding the transcripts, categories including these codes 

were developed and elaborated with respect to properties and dimensions [11, 16]. The boundaries, properties, and 

dimensions of these categories were explicitly defined in initial code notes and participant exemplars. The two 

authors reviewed 25 % of the transcripts using the detailed code notes and participant exemplars to determine the 
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extent to which analyses inferences were reliable. After a discussion of differences between two coders, a revised 

taxonomy and the final set of code notes were developed.  

Results, Discussion and Conclusion 

Given that data analysis has not been completed, the results, discussion, and conclusions of this study will be 

presented in the conference 
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Abstract 

To achieve better environmental quality and reduce human health risks, the Toxic and Chemical Substances 

Bureau (TCSB) under the Taiwan Environmental Protection Administration substantially enhanced the 

management of chemical substances in Taiwan since its establishment in 2016. TCSB collaborating with the 

Ministry of Education, promoted green chemistry (GC) education in colleges and primary schools and held the 

second Green Chemistry Creativity Competition for Universities. TCSB also provided a GC research fund for 

universities and NGOs to apply. In addition, TCSB collaborated with the Ministry of Science and Technology, 

research institutions, and private sectors to study the policy and techniques for safer alternatives for hazardous 

chemicals. Furthermore, TCSB launched the Green Chemistry Application and Innovation Award to encourage 

industries to develop green chemistry. Lastly, TCSB conducted education and promotion of GC to the public 

through community propaganda, media, Internet, publishment, etc.  

For GC education in the primary schools, TCSB finished more than six sets of environmental education materials 

and was promoted in 10 primary schools, with participants of more than 300 students and teachers. In addition, by 

cooperating with NGOs, TCSB held four green chemistry seed training camps for elementary school teachers, 

with 116 teachers trained. 

TCSB completed 16 green-chemistry teaching materials for the general education course for GC education in the 

universities. After analyzing 237 questionnaires from students who took the course, over 80% of students agreed 

that they could gain green chemistry knowledge. Furthermore, in holding the Second Green Chemistry Creativity 

Competition for Universities, 46 teams from 27 schools and 40 departments participated in the competition. 

TCSB offered a fund for colleges and NGOs to apply scientific green-chemistry studies, such as substituting toxic 

chemicals. By cooperating with the Ministry of Science and Technology, research institutions, and private sectors, 

TCSB has been developing a safe alternative screening system for hazardous chemicals since 2020. In addition, 

some information technologies, such as Python, artificial intelligence, machine learning, and the interconnection 

of international data banks, were applied to the system. 

In all, TCSB strives to manage chemicals well and safeguard human health.  
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Perfluorooctanoic acid (PFOA) is one of the most commonly used perfluoroalkyls in various industries, fire-

fighting training sites and household products due to their special oleophobic and hydrophobic properties and their 

chemical inertness. These are known as persistent organic pollutants as they are resistant to degradation by natural 

processes. As a result, they are quite often detected in surface and ground waters causing adverse health hazards 

to living beings [1]. Photocatalysis is an emerging advanced oxidation process where inclusion of sunlight as a 

renewable source of energy makes their decomposition reaction sustainable [2]. Reactive oxygen species generated 

from photocatalysis have the potential to degrade PFOA effectively. This study reveals the possibility of using 

bismuth oxyiodide, composed of earth-abundant Bi (0.00002% by mass in the earth’s crust) as a photocatalyst for 

the degradation of PFOA in water without the addition of any external reagents. 

 

Bismuth nitrate pentahydrate (˃98% pure) (Bi(NO3)3.5H2O) and perfluorooctanoic acid (PFOA) (˃95% pure) were 

purchased from Sigma Aldrich. Potassium iodide (˃97%) was obtained from BDH Ltd., Poole, U.K. Ethylene 

glycol of analytical grade of purity 99% was used. All the chemicals were used as such without any purification. 

2.0 mmol of Bi(NO3)3.5H2O and 2 mmol of potassium iodide (KI) were dissolved in 20 mL of ethylene glycol 

separately by ultrasonication to ensure the complete dissolution of the substances. Then, the KI solution was added 

slowly to the former solution and the resultant yellow-coloured transparent solution was transferred into 50 mL 

Teflon liners and heated in a muffle furnace at 160 °C for 12 h. The product was washed several times with ethanol 

and wáter and dried in air at 80 °C.  An aliquot of the product was calcined at 400 °C with a temperature ramp of 

10 °C/min for an optimised time of 2 h. 

 

The crystalline structures of the photocatalyst were analyzed by X-ray diffraction (XRD) (Siemens D500 

Kristalloflex Diffractometer) with a scanning range between 5 - 80°. The optical properties of the catalysts were 

measured by UV-Visible diffuse reflectance spectroscopy (UV-Vis DRS) (Jasco V-650 Spectrophotometer) with 

BaSO4 as the reflectance standard and the scanning range was set between 300 - 900 nm. The thermal stability of 

the catalyst was investigated by a thermogravimetry analyser (TGA Q 500) with a heating range and rate of 30 - 

1200 °C and 10 °C/min, respectively. The elemental composition was determined by X - ray photoelectron 

spectroscopy (Kratos AXIS Ultra DLD monochromatic) with a 150 W Al Kα x-ray source. 

 

The bismuth oxyiodide catalyst (1 g/L) was dispersed in 10 mL of 1 ppm PFOA solution in 50 mL glass vials. The 

vials were kept overnight to reach an adsorption-desorption equilibrium and later were placed inside an Atlas 

SuntestTM CPS+ solar simulator for irradiation, using a 700 W Xe lamp for different time intervals. After irradiation 

with the simulated solar spectrum (AM1.5), the solutions were centrifuged and the supernatant collected and stored 

for further studies. The control experiment was conducted without the addition of any catalysts. The photocatalytic 

degradation of PFOA was determined by negative ion mode electrospray ionization quadrupole time-of-flight mass 

spectrometry (Agilent 6546 LC/Q-TOF). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. XRD pattern of (A) BiOI and (B) Bi7O9I3. 

 

Figure 1 shows the XRD pattern of uncalcined (A) and calcined bismuth oxyiodides (B). The three major 

characteristic diffraction peaks of the uncalcined sample at 2θ = 29.8°, 32.3° and 55.5° correspond to (102), (110) 

and (122) planes of tetragonal BiOI (JCPDS no. 10-0445) [3]. The diffraction peaks of the calcined sample at 2θ 
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= 28.7°, 31.3°, 37.1°, 44.9°, 49.1° and 54.2° correspond to the (102), (110), (103), (200), (114) and (202) planes 

of tetragonal phase Bi7O9I3 [4]. The slight shift of the diffraction peak of (102) plane of BiOI from 29.8° to a lower 

angle of 28.7° in Bi7O9I3 is attributed to the distortion of the crystal structure. On the other hand, the intense narrow 

peaks in the Bi7O9I3 profile confirm better crystallinity compared to BiOI. The XPS survey spectra of Bi7O9I3 

confirms the presence of only Bi, O and I, and no other impurities have been observed. The UV-Vis DRS shows 

that Bi7O9I3 has satisfactory visible light absorption with an absorption edge about 532 nm. The material shows a 

blue-shift compared to the absorption spectra of BiOI (absorption edge at 667 nm) (spectra not shown). The band 

gap energy of Bi7O9I3 was calculated as 2.33 eV from a Tauc plot. Calcination removes defects from the crystal 

structure of Bi7O9I3 resulting in this observed blue-shift. The catalyst shows very high thermal stability with only 

a mass loss of ~16 % following heating to 1000 °C as confirmed by the TGA analysis. 

   

PFOA showed resistance to degradation under the simulated solar light irradiation in the absence of any catalyst. 

On the other hand, 80.0% degradation of 1 ppm PFOA in the presence of 1 g/L Bi7O9I3 after 4 h of photocatalysis 

was noted (Figure 2). Analysis of the valence band XPS data confirms that the more negative conduction band 

potential of Bi7O9I3 than E0 O2/O2
•- (-0.33 V vs NHE) allows the photoexcited electrons to react with oxygen to 

form superoxide radical anions (O2
.-) under visible light irradiation. On the other hand, the more negative valance 

band potential of Bi7O9I3 than E0 •OH/OH- (+1.99 V vs NHE) restricts the oxidation of H2O to form hydroxyl 

radicals (•OH). This study presents the potential for development of sustainable and efficient photocatalysts for 

removal of PFOA from contaminated water. Some of the challenges and opportunities in such catalytic system 

developments have been discussed in a recent publication [2]. 

 

 

 

 

 

 

 

Figure 2. Photocatalytic performance of Bi7O9I3 for the degradation of 1 ppm PFOA under 700 W simulated solar light 

irradiation (catalyst load: 1 g/L). 
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Photocatalytic oxidation is considered a promising and green alternative to the conventional methods of organic 

pollutants degradation in wastewater. Antibiotics are often detected in wastewater media in developed countries, 

especially molecules as tetracyclines, penicillins, fluoroquinolones and macrolides, together with analgesics [1]. 

Pure semiconducting oxides photocatalysts are infrequently used. One problem is the rapid recombination of 

excited electron-hole pairs, which are generated when the semiconductor is irradiated by light with an energy that 

matches or exceeds the band gap energy of the semiconductor. Metal and/or non-metal doping has shown 

promising results in diminishing the electron-hole recombination. In this work photocatalytic oxidation of 

ciprofloxacin (CP) antibiotic using heterogeneous semiconductor oxides such as lanthanum ferrite LaFeO3 (LF) 

and 10 different metal-doped LaFeO3 nanopowders is presented. The bandgap energies of LF and doped-LF are 

in the range of visible light energies. 

 

In this study ciprofloxacin (≥98%) is used as model pollutant. LaFeO3 (LF), 10 mol% Cu-doped LF (LFC10), 5 

mol% Mg-doped LF (LFM05), 10 mol% Mg-doped LF (LFM10), 20 mol% Mg-doped LF (LFM20), 10 mol% 

Ga-doped LF (LF G10), 3 mol% Pd-doped LF (LFP03), 5 mol% Pd -doped LF (LFP05), 10% mol Y-doped LF 

(LFY10), 20 mol% Y-doped LF (LFY20) nanopowders are prepared by citrate auto-combustion method [2] and 

characterized by Powder X-ray diffraction using a Bruker D8-Advance powder diffractometer equipped with a Cu 

k source and a Lynxeye XE-T® solid state detector. Crystallite sizes of the powders are calculated using the 

Williamson-Hall method using SRM676a corundum sample as a reference. The peak broadening of the individual 

peaks is determined by fitting the peak shape with a Lorentzian profile function by the software EVA DiffracPlus. 

Brunauer–Emmett–Teller (BET) specific surface area (SSA) of samples is determined using a Micrometric Tristar 

3000 automated gas adsorption analyzer. Scanning electron microscopy (SEM) is performed by using a FEI Quanta 

200 ESEM microscope, operating at 20 kV on specimens upon which a thin layer of gold had been evaporated.  

 

The photocatalytic degradation reactions are performed using a Ryonet reactor equipped with six lamps (8 W, GE 

lighting 10055-F8T5/D) emitting in the visible region. The temperature is kept constant at temperature of 28 ±1 

°C through liquid cooling system. Photocatalyst powder (ca. 2.6 mg) and H2O2 (4 drops) are added to 20 mL of a 

5×10-6 M CP aqueous solution. After stirring for 20 minutes in dark conditions, the six lamps are turned on. All 

experiments are performed in 4 hours. At different time intervals (t = 0, 30, 60, 120 and 240 minutes) small aliquots 

of the solution are drawn and centrifugated for 5 minutes at 3500 rpm. The resulting clear solutions are analysed 

with a UV-Vis spectrophotometer (Jasco V-650). The degradation of CP is calculated by evaluating the absorption 

peak of CP at 270 nm. 

 

Results: 

All the synthesized samples crystallize in an orthorhombic perovskite crystal structure similar to LF. No traces of 

side phases are found, except for a tiny trace of PdO in the 5%Pd-doped sample. The recorded XRD patterns are 

shown in Figure 1A. 

 

Photocatalytic degradation results after 4 h of irradiation under visible light in the presence of H2O2 are 

summarized in Figure 1B. (‘blank’ refers to the irradiated CP solution without any addition; ‘H2O2’ refers to the 

irradiated CP solution with H2O2 but without the photocatalyst). 

 

Doped-LF mediated heterogeneous photocatalysis is faster than photolysis (22% degradation, blank sample) and 

also outperforms the activity of hydrogen peroxide (only the Ga-doped LF has nearly no effect on the degradation 

rate with respect to H2O2). 10% Mg-doped LF and 10 and 20% Y-doped LF show the best results with a 

degradation of 78, 70 and 71% of the initial CP respectively, followed by 3% Pd-doped LF and 5%-Mg-doped 

with 69 and 67%. 
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Figure 1. X-Ray Diffraction patterns of the prepared photocatalysts (left) and CP degradation after 4h of visible light 

illumination (right). 

Also, the degradation of CP was analysed against the SSA of the photocatalysts and the calculated crystallite size. 

The results show that the extent of the degradation is uncorrelated with the microstructural features. In the applied 

experimental conditions (pH = 6.2) CP is mainly in its zwitterionic form. Complexation with positively charged 

sorbents can occur with the deprotonated carboxylate and the keto groups [3]. Likely, the degradation mechanism 

of CP is mediated via surface complexation. Physical mechanisms such as van der Waals forces attraction and 

hydrogen bonding between CP molecules and OH groups on the surface of the photocatalyst may also contribute 

in adsorption. 

 

The degradation kinetic parameters with the most performing photocatalyst (10% Mg-doped LF) is shown in 

Figure 2 

 
Figure 2. Pseudo-first order kinetics for the photocatalytic degradation of CP (5×10-6 M) in the presence of 10%Mg-doped 

photocatalyst. Rate constant k =0.0063 min−1(R2 >0.98). 
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How safe are we from agrochemicals? They are extensively used worldwide (and necessary for nourishment) but 

can be highly toxic. Their improper abusive use together with the problematic of threatening stockpiles (unused 

or prohibited) are of great concern, which require efficient neutralization and monitoring methods. Catalysts-by-

design is a promising approach for neutralizing toxic organophosphates (e.g. agrochemicals and chemical warfare), 

since these reactions are extremely slow. Our group has been focused in combating organophosphates, mainly 

seeking: (i) milder conditions for the neutralization/synthetic processes; (ii) catalysts derived from nanomaterials 

and sustainable sources (rice husk and shrimp shell); (iii) portable and colorimetric detectors.  

 

The organophosphates and imidazole-derivatives were obtained commercially or synthesized when necessary. [1-

2] Chemical functionalization was carried out in order to anchor different functional groups (imidazole, 

hydroxamate, thiol) on the backbone of various complex materials, such as graphene oxide, carbon nanotubes, 

gum arabic (commercial and industrial waste) and cellulosic wastes (rice husk and shrimp shell), (Figure 1). All 

materials were thoroughly characterized by several techniques. The efficiency of the catalysts was evaluated by 

following the kinetics of the neutralization reactions by UV-Vis spectroscopy. Mechanistic studies were based on 

magnetic resonance and mass spectroscopy. 

 

Figure 1 summarizes some of the results. The destruction of over 5 pesticides (paraoxon, ethylparathion, 

methylparathion, diazinon, glyphosate, methylparaoxon, isopropylparathion, acephate) were carried out in the 

presence of several catalysts. Homogeneous catalysts derived from imidazole (methylated, hydroxylated and 

carboxylated) showed to be highly versatile in the reaction with an interesting leaving group and thio effect 

(organophosphates with P=O or P=S), where the mechanism can be modulated and shifted. In general, for P=O, 

reactions occur exclusively on the phosphorus but for P=S, competitive pathways can occur, which ultimately 

influences the destruction process (less toxic?).[2] Indeed, these mechanistic studies have shown to be a valuable 

tool for modulating towards less toxic products. A bilinear variation of the Brønsted equation is proposed, which 

evaluates concomitantly the effect of the leaving and non-leaving groups. This optimized understanding of the 

structure-reactivity relationship allows to predict further neutralization processes and is key for chemical security. 

Moreover, the structure of neutralizing agents derived from imidazoles can be strategically designed for promoting 

a milder reaction, for example at neutral pH and in aqueous.[3] A myriad of catalysts (> 30 homogeneous and 

heterogenous) has been developed by the functionalization of various scaffolds under mild conditions (aqueous, 

neutral pH, ambient condition) anchoring imidazoles, hydroxamates, amidoximes and thiols, giving: (i) 

nanocatalysts derived from graphene and carbon nanotubes and (ii) sustainable biocatalysts derived from rice husk, 

gum arabic, shrimp shell and other cellulose-based materials.[4] The catalysts are able to act as neutralizing agents 

for organophosphates, accelerating the process to less than 1 day, that otherwise could take millions of years. The 

process guarantees less toxic products and is selective and recyclable. We highlight their easy handling and 

separation, particularly with thin films (derived from graphene) and magnetic catalysts (derived from carbon 

nanotubes.[5] Rice husk functionalized with hydroxamate is highly effective, despite its low degree of 

functionalization and constitutes a sustainable catalyst derived from waste. The bifunctionalized catalysts (with 

both thiol and imidazole moieties) derived from graphene oxide showed an interesting relationship between 

coverage degree, group identity and neighboring effects. The materials with the highest degree of functionalization 

were not the best catalysts. This was attributed to cooperative effects between neighboring groups that promote 

multiple catalyses (acid, basic and nucleophilic). An elegant bioinspired bifunctional catalysis with both thiol and 

imidazole is proposed. In addition, a higher coverage by functional groups can disturb or even inhibit possible 

catalytic mechanisms, either by steric effect or non-ideal positioning of the groups. This finding was extremely 

important since it shows that the functionalization process pursued should be driven by the application wanted 

since not always what we expect as a better functionalization methodology will lead to the best response for a 

specific application. The nanocatalysts also showed a dual function: could be used as sensors (surface enhanced 

Raman spectroscopy, electrochemical) for detecting these toxic agents. Finally, a portable, simple and compact 

colorimetric detector has been developed based on a led architecture, ideal for field analysis. The detector benefits 

from a colorimetric signal triggered from a reaction (neutralization or derivatization), which has been successfully 

validated for some agrochemicals (Parathion, Paraoxon and Glyphosate) in less than 10 min. This has great 

potential for food and field analysis. 
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Figure 1 – Overall summary of the studies carried out herein 

 

 Overall, we have shown how greening up the process by promoting faster reactions, under room 

temperatures, with low amounts of catalysts, using waste materials, carrying out environmentally friendly reactions 

can effectively tackle the worldwide concern with agrochemicals.[4] The combat against agrochemicals can 

benefit from peaceful and catalytic strategies- catalysis on demand-which are paramount to guarantee the chemical 

security of humankind towards such hazardous agents. Albeit versatility is sometimes considered an unwanted 

promiscuity, we show a variety of catalytic processes that can undergo specific pathways and this can be 

strategically used to project monitoring and destroying apparatus for various agrochemicals, and can also be 

extended to chemical weapons. It’s important to note that many sensors rely on the same method towards various 

different pesticides and we show here that this should be specific for each organophosphate. 
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Abstract text:  

Zeolites are the first and most widely reported solid materials that are used in primary amine containing post-

combustion CO2 capture (PCC) processes for quicker solvent regeneration at lower energy consumption. A 

catalytic solvolysis of the carbamate intermediate, assisted by the Brönsted acid sites (BAS), is commonly accepted 

as explanation. However, there is little, if any, attention given to the regeneration of BAS in such basic amine-rich 

solution. Herein, we revisit the role of zeolite for CO2 desorption in primary amine solution at room to moderately 

elevated temperature ranges. We noticed indeed an accelerating effect on the CO2 desorption rate in the presence 

of BAS. Both their numbers as well as their accessibility for the amine-CO2 adduct (i.e. carbamate) are important. 

However, we also noticed, using spectroscopic techniques and by zeolite reuse, a very strong chemical interaction 

between BAS and the regenerated amine. This suggests that BAS recovery to close the catalytic cycle is difficult 

and that zeolites can hardly be considered as genuine catalysts, but rather this study concludes a largely 

stoichiometric effect of the zeolites for the overall desorption process, and this in contrast to reference oxides such 

as TiO(OH)2, as shown in Figure1. 

  

 
Figure 1.  (a) Correlation between CO2 desorption amount after adding different catalyst with different amount (0 to16 g) at 

room temperature and CO2 desorption amount (blank deducted) for different systems when reaching 88 °C. (b) Proposed 

mechanism of BAS from zeolite aiding CO2 desorption in MEA solvent. 

 

This work revisits the role of acid zeolites in the reported ‘fast desorption of CO2’ from aqueous primary amine, 

viz. MEA, solutions. Our kinetic and spectroscopic study confirm that the zeolitic protons can assist, if sufficiently 

accessible, alike solubilized protons, quick decomposition of the typical carbamate intermediate into CO2 and 

amine, and this already at room temperature. However, the proton is rapidly inactivated by the released amine, as 

demonstrated spectroscopically and by a detailed study of spent acid zeolites, and therefore (almost) no catalytic 

turn-over is observed in a typical low temperature CO2 desorption experiment with acid zeolites. Other types of 

sites, able to assist the decomposition of the carbamate, but more tolerable for the amine, should be investigated 

in order to realize the efficient and effective (true) catalyzed CO2 desorption after its capture in aqueous amine 

solutions. 
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Abstract 

The CO and H2 oxidation functionality of the MnO2 system has been assessed by density functional theory (DFT) 

analysis of the adsorption and activation energies on a model Mn4O8 cluster, in both absence and presence of O2. 

Computational data signal a strong interaction of Mn(IV) centers with CO triggering a stepwise redox cycle 

involving both catalyst and gas-phase oxygen species, while weak adsorption and high energy barrier hinder the 

H2 oxidation functionality. Accordingly a MnO2/CeOx catalyst with large availability of Mn(IV) sites shows high 

CO oxidation activity, resulting inactive toward H2 oxidation below 393K. Empiric kinetics and reducibility data 

confirm that CO oxidation occurs via an easy abstraction of catalyst oxygen (Eapp45 kJ/mol), while a high H2 

oxidation energy barrier (Eapp70 kJ/mol) shapes the preferential CO oxidation (PROX) pattern of the studied 

catalyst. Conversion-selectivity of 100%, great stability during 72h of reaction time and moderate inhibiting effects 

of H2O-CO2 co-feeding document the reliability of MnO2 materials as efficient, robust and low-cost PROX 

catalysts. 

Introduction 

Proton-exchange membrane fuel cells (PEMFC) are attracting an ever-increasing attention for small-medium scale 

energy generation purposes, because of high energy-efficiency and zero-pollutant emission. Nevertheless, the 

production of hydrogen by the steam reforming of hydrocarbons or alcohols in combination with water-gas-shift 

(WGS) unit(s) implies a residual CO content (0.5–1%), which is detrimental for the Pt-anode because of the 

poisoning effect at the operative temperature of PEMFC (353K). Thus, a clean-up system is further required to 

reduce the CO level to less than 50 ppm [1]. Among the viable options for H2 purification, the preferential CO 

oxidation (PROX) appears the most appealing one, mostly for small-scale and mobile power applications [1]. 

However, none of catalysts currently under scrutiny, included supported noble metals (e.g., Pt, Pd, Ir, Ru, Rh), 

nano-gold and base metal oxides, meet the necessary requirements for commercial exploitation because of severe 

drawbacks like high cost, complex synthesis procedures, low selectivity, and poor stability in presence of CO2 

and/or H2O [2,3]. Therefore, considering the significant CO oxidation activity of MnO2 catalysts [4], a comparative 

DFT analysis of the functionality of Mn(IV) sites toward CO and H2, in both absence and presence of O2, has been 

carried out. Since DFT calculations predicting a typical PROX behavior of Mn(IV) centers under any condition, a 

nanostructured MnO2/CeOx catalyst with large availability of Mn(IV) sites was synthesized to assess the practical 

suitability of MnO2-based catalysts for the PROX reaction at T≤423K. 

Results and Discussion 

DFT analysis. Tailored from a pyrolusite lattice, a model Mn4O8 cluster has been selected to assess the oxidative 

functionality of Mn(IV) sites toward CO and H2 (Fig. 1, left) [3]. Its geometry was optimized considering all 

possible spin multiplicity states, with values ranging in-between 1 and 17 (i.e., having S value in the range 0-8). 

In its most stable configuration, the Mn4O8 cluster has a C2h symmetry with two topologically different A and B 

Mn(IV) sites, three not equivalent O-atoms, and 12 unpaired electrons (Fig. 1, left). Mimicking the structure of 

defective Mn(IV) sites at the surface of MnO2 materials, the DFT analysis unveils that CO adsorbs on both A and 

B atoms of the Mn4O8 cluster. However, the calculated adsorption and activation energy values show that the 

favored CO oxidation path involves only the Mn(B) site of the cluster (Fig. 1, center). Overcoming an energy 

barrier of 52.1 kJ mol-1, this triggers the formation of the first CO2 molecule by the shift of the dangling oxygen 

of the Mn(B) atom to the adsorbed CO.  
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Figure 1. The model Mn4O8 cluster (left) and DFT-based mechanism energy (kJ·mol-1) diagrams for the oxidation of CO 

(center): Mn (purple), O (red), C (grey) atoms involved in the reaction steps are highlighted. Energy barriers (Eb) and reaction 

energies (E) in the Table (right) are in kJ·mol-1. 

Then, the remaining O-vacancy prompts the adsorption of O2 (E, -93.0 kJ mol-1) and CO that give rise to a 2nd 

CO2 molecule restoring the stoichiometric Mn4O8 cluster (Fig. 1, center). At variance, DFT calculations indicate 

that all the reaction paths involving the H2 molecules are not competitive with the oxidation of CO owing to much 

weaker surface interactions and higher (by ca 35 kJ mol-1) reaction barriers, substantiating a typical preferential 

CO oxidation behavior of Mn(IV) centers in presence of H2 [5]. 

From theory to practice. According to theoretical predictions, a ceria-promoted MnO2 catalyst was designed as 

real counterpart of the model Mn4O8 cluster. In fact, a low ceria loading (Mnat/Ceat5) prevents the clustering of 

the active phase favoring the exposure of Mn(IV) sites [4]. The catalyst was synthesized via the redox-precipitation 

route and characterized by several techniques indicating the physico-chemical properties summarized in Table 1.  

 
Table 1. Physico-chemical properties of the studied catalyst. 

Chemical Composition Textural Properties Surface Analysis 
a Mn        Ce         K  

(wt %) 

a Mn/Ce 

(at/at) 

SA 

(m2/g) 

PV 

(cm3/g) 

APD 

(nm) 

b Mn/Ce 

(at/at) 

b-c Mn 

AON  

b Mn(IV) - Mn(III) - Mn(II) 

(%) 

 42.8       23.0     3.9 4.73 159 0.55 30 5.12 3.65±0.02 77             13            10 

a) from XRF analysis; b) from XPS analysis; c) from TPR analyses. 

 

As expected, the MnO2/CeOx catalyst features a large surface area and a typical mesoporous texture along with a 

surface Mn enrichment, mostly in the +4 oxidation state. The surface Mn(IV) sites shape the redox activity of the 

catalyst, although a crucial influence of the reducing species is evident from the CO-TPR and H2-TPR profiles, 

shown in Fig. 2A. These display similar features consisting of a main peak partly convoluted with a small 

component at higher temperature, although a gap of ca. 100K in the onset reduction and 1st-maximum indicates a 

much stronger reducibility of Mn(IV) sites under CO. This substantiates a different reactivity of lattice-oxygen 

towards CO and H2, which is at the origin of peculiar activity-selectivity pattern of the MnO2/CeOx catalyst. 

Indeed, CO oxidation (pCO/pO2, 1) tests in H2 atmosphere (pH2/pCO, 10-60) show a remarkable CO oxidation activity 

probed by conversion values rising steadily to maximum levels of 70-85% in the range of 293-533K, depending 

on the pH2/pCO ratio (Fig. 2B).  

 

 

              A)                                                                                                          B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. (A) CO-TPR and H2-TPR patterns of the MnO2/CeOx catalyst; (B) Activity-selectivity pattern under CO and H2 co-

feeding conditions (the various colors refer to data at pH2/pCO ratio; GHSV, 180,000 h-1). 

 

On the other hand, an incipient H2 oxidation occurs only at T>393K (Fig. 2B), similarly to that observed in the 

absence of O2 (Fig. 2A). Consequently, the MnO2/CeOx catalyst ensures O2-to-CO2 selectivity levels of 100% in 

the range of 293-413K, although the maximum CO conversion is only ca. 18% at 413K. Matching previous 

theoretical findings, this evidence suggests that the oxidation of the two substrates occurs via parallel reaction 

paths, implying a negligible influence of the contact time on the activity-selectivity pattern of the studied catalyst. 

In fact, PROX tests under real process conditions (GHSV≤3600 h-1) show conversion-selectivity levels of 100%, 

high stability during 72h of reaction time and minor inhibiting effects of H2O and/or CO2 cofeeding in the range 

of 353-423K, substantiating the suitability of the MnO2/CeOx catalyst for practical applications. 
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Climate change as well as growing amount of plastic waste are threats of global importance, that require urgent 

solutions. In 2020, the world plastic production reached 367 Mt [1]. The high global demand for plastic leads to 

the generation of enormous amount of plastic waste which need proper management. During the last six decades, 

only 9% of the generated waste plastic has been recycled [2]. Currently implemented waste plastic treatment 

methods are based on landfilling or incineration, which results in the release of the toxic gases and leaching of 

harmful substances into soil and groundwater [3,4]. Moreover, these conventional ways of plastic waste treatment 

do not allow for resource recovery. According to the European Union sustainable development policy, the 

landfilling and incineration of waste must be progressively reduced and recycling is promoted instead [5]. The 

European Union target addressed to the circular economy is to achieve the municipal waste recycling of 55% and 

65% by 2025 and 2035, respectively. Furthermore, the upper limit of plastic waste storage at landfills cannot 

exceed 10% by 2035. Therefore, effective methods of waste plastic recycling are highly sought. Another emerging 

environmental problem is the emission of greenhouse gases, which contributes to climate change [6–8]. Carbon 

dioxide is one of the main greenhouse gases, hence suitable approach to its management is essential. In this view, 

carbon capture and utilization technologies are under extensive attention.  Development of the pro-environmental 

technology of plastic waste processing as well as CO2 utilization is fundamental in terms of sustainable 

development and circular economy.  

 

Pyrolysis-catalytic-dry reforming (PCDR) process is a promising way of utilization of both carbon dioxide and 

plastic remains. PCDR allows for resource recovery and valorization of plastic waste - hydrocarbon carrier, that 

may be suitable raw material for production of valuable products, such as hydrogen and synthesis gas, widely used 

in the industry [9–11]. However, PCDR technology needs further development and optimization to be successfully 

implemented in the industrial scale. A key area that must be refined to achieve industrially mature process are 

catalysts. Currently used catalysts are not effective enough and suffer from deactivation [12,13]. This issue can be 

potentially overcome by use of metal carbide-based catalyst, due to its reported catalytic activity and stability in 

dry reforming of not only of methane, but also of other hydrocarbons [14–17]. Accordingly, the combination of a 

carbide catalyst with the conventional metal oxide-based nickel catalyst can be a solution that allows for an 

efficient and stable process of high-quality synthesis gas production. 

 

Therefore, nickel catalysts supported on MgAl2O4 were modified with TiC and examined in pyrolysis combined 

with dry reforming of waste plastic for syngas production. TiC was prepared from various organic precursors to 

determine the impact of carbon source on catalyst structure, hence its catalytic activity. Commercially available 

TiC was also used for comparison. The prepared catalysts were characterized with BET surface area, total pore 

volume and pore size distribution, X-ray diffraction (XRD), scanning electron microscopy (SEM), temperature-

programmed reduction (H2-TPR) and desorption (CO2-TPD) methods. Catalytic activity of investigated catalysts 

was examined in pyrolysis-catalytic-dry reforming processes of a set of various polymers representing plastic 

waste in the environment: low-density polyethylene (LDPE), polypropylene (PP), polystyrene (PS), polyethylene 

terephthalate (PET). PCDR processes were carried out in two-stage reactor system. The experimental system 

consisted of two separate fixed bed reactors with two separate furnaces. Pyrolysis of plastic sample was performed 

in the first stage reactor with argon as carrier gas. Pyrolysis gases were passed directly into the dry reforming stage 

reactor,  where catalyst was placed and carbon dioxide stream was fed. The pyrolysis stage reactor was heated 

with 10°C/min heating rate to temperature of 500°C and the dry reforming reactor was held at a constant 

temperature of 800°C. Qualitative and quantitative analysis of outlet stream was performed using gas 

chromatography-mass spectrometry (GC-MS) and gas chromatography with flame-ionization detection (GC-FID). 

The performance of catalysts was discussed with emphasis on the influence on synthesis gas yield, product 

distribution, H2:CO molar ratio as well as catalyst stability and deactivation.  BET and XRD techniques were also 

performed on used catalysts after the PCDR processes in order to determine changes in their structure and possible 

deactivation. Additionally, catalytic activity of Ni-TiC/MgAl2O4 were compared to other commonly examined 

carbide catalysts Ni-Mo2C/MgAl2O4 and Ni-WC/MgAl2O4 to compare effect of different transition metal on 

catalyst performance.  

 

The obtained results indicate that metal carbides have potential as alternative catalysts for syngas production from 

waste plastics. It was found that carbon source for TiC affects morphological properties of obtained catalyst, 

including the pore structure, size and shape, hence its catalytic activity as well as stability of obtained catalysts. 

The investigation has revealed that TiC prepared using organic precursors may be promising alternative to its 

commercial counterpart, thus can reduce its cost. Depending on the transition metal the catalytic properties differ, 

due to various changes in the structure of carbides, leading to different syngas yields. It was established that plastic 
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feedstock type has strong effect on process output including syngas yield and quality. Moreover, PCDR process 

leads to different distribution and composition of products depending on the type of plastic feedstock. 
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Abstract 

Solar steam generation is an appealing approach to compete the worldwide freshwater shortage, and for this reason 

various types of materials have been developed. Herein we present a low-cost attainable alternative to the so far 

proposed systems, made by cattle bone waste, for steam generation and desalination. This is achieved via thermal 

treatment, in a controlled environment, of bone samples for their conversion into highly porous photothermal 

materials. The carbonized bone (CB) is not only composed of intrinsically intertwined meso and microporous 

channels, for productive water transportation and vapor escape, but exhibits outstanding optical absorption (99%) 

of the solar irradiation, solar light-to-heat conversion, and low vaporization enthalpy. The CB device demonstrates 

a solar evaporation rate of 1.82 kg m-2 h-1 under 1 sun illumination, and this is attributed not only to its interaction 

with the sunlight but also to the enhanced evaporation rate in the dark, with the solar-to-vapor conversion 

efficiency of 80%. Moreover, the desalination efficiency of CB reaches 99.99%. This biowaste-based highly 

porous photothermal system is a promising material for the efficient collection of freshwater from seawater, 

because of its outstanding performance coupled with the wide availability of the biosource, the straightforward 

fabrication approach, and the thermal and chemical stability of the final material. With such valuable alternatives, 

new paths for managing the continuously rising food waste are opened. 

 

Materials and Methods 

Materials: Cattle bone waste was bought from a local market in Genoa, Italy. To develop artificial seawater, 

synthetic sea-salt (S9883) was purchased from Sigma-Aldrich. Deionized (DI) water was used for whole 

experiments. 

Materials fabrication: The bone waste was heated in water for 15 min to eliminate meat remains and other organic 

scums. Afterward, the boiled bone was kept in a freezer at -18 °C in an airtight plastic bag until further use. For 

preparation of the CB, bones were cut transversally into thin slices, vertical to the bone axis by a hacksaw. 

Sandpaper was used to set the dimensions of the slices such as thickness: 4.0 mm and diameter: 9.5-10.0 mm. 

These bone pieces were then carbonized in a tube furnace under nitrogen atmosphere (gas flow: 5 cm3 min-1) at 

temperatures of 600 °C for 1 h, with a heating rate of 5 °C min-1. After carbonization, the CBs were cooled down 

naturally till the room temperature is reached.  

 

Results and discussion 

For the real assessment of the light-to-heat conversion ability of the CB600, the surface temperature increase was 

measured under 1 sun illumination using an IR camera. Under disclosure for 18 min, the temperature of the dry 

sample increases reaching 35.7 °C, showing for that the CB600 relates better with the light transforming it into 

heat more resourcefully. 

One main aspect to evaluate the viability of a material for water harvesting is the solar evaporation rate (SER), 

which is clearly linked to the amount of purified water collected through the material via steam generation and 

consequent condensation. The determined evaporation rate after getting the steady-state condition is 1.81 kg m-2 

h-1, 6.2 times higher than the rate of the bulk water and 2.7 times higher than the evaporation rate of the CB600 

under dark. Based on these points, and after deducting the evaporation rate in dark situations, the SER of the 

CB600 touches 1.17 kg m-2 h-1, with solar-to-vapor conversion efficiency of 80 %[1,2]. The amount of the water 

collected from the condensation of the vapors produced via solar evaporation of synthetic seawater with a rate of 

⁓0.65 L m-2 h-1, discloses that the concentration of the five primary ions originally shows in seawater has been 

pointedly decreased by about three to four orders of magnitude, with ions elimination efficiency higher than 99.99 

% as compared to the saline water. Indeed, after the desalination experiment the ions concentration of Na+, Mg2+, 

K+, Ca2+, and Sr+ in the collected water are 8.6, 0.8, 0.74, 0.44, and 0 mgL-1, respectively lower than the values set 

by WHO (World Health Organization) for the drinking water such as (100, 50, 10, and 3 mgL-1)[3,4]. 

 

Conclusion 

The inherent light absorption capability, adequate thermal conductivity and improved surface wettability coupled 

with the interlinked microchannels and classified porous structure of the CB600 lead to its upgraded light-

harvesting and steam-generation capacity. Since the low-cost and higher availability of bone waste, a CB-based 

solar steam generation and desalination device explicitly intended in order to host and join multiple pieces of the 

active material can work as an suitable tool to alleviate the water scarcity isssue. Effective use of bone waste into 

a useful photothermal device, handle numerous issues elevated in the United Nation’s sustainable development 

goals. In particular, the current work not only deals with the inhibition of water scarcity problems contributing to 
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SDG6 but also exhibits an state-of-the-art and ecological way for food waste management participating to the 

SDG12. 
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Ionic liquids have been considered among one of the most promising materials under investigation for integration 

of CO2 capture and electrochemical reduction, due to their recognized sustainability and tunable properties, such 

as non-volatility, high CO2 solubility, high conductivity, and large electrochemical window. Electrochemical CO2 

reduction is a CCU (Carbon Capture and Utilization) research technology that is being intensively investigated not 

only for obtaining chemical building blocks and fuels, but as an excellent future option to store energy from 

renewable sources, such as solar and wind energy, that are seasonal, intermittent and geographical dependent [1,2]. 

 

In previous works, the development of a process to produce syngas (CO+H2) using electrolytes based on 1-ethyl-

3-methyl-imidazolium trifluoromethanosulfonate [EMIM][OTF] was reported [3-4]. In a more recent work, the 

effect of replacing the 1-ethyl-3-methyl-imidazolium cation [EMIM] by 1-ethyl-3-picolinium [C2-3-pic] and 1-

ethyl-4-picolinium [C2-4-pic] cations as electrolyte for electrochemical reduction of CO2 at pressures higher than 

atmospheric was published [5]. The objective of this work is to proceed the study of the influence of ionic liquid-

based electrolytes in electrochemical CO2 reduction. In this context, protic ionic liquids prepared by direct 

protonation of methylimidazole and picoline scaffolds using suitable organic acids have been investigated. 

 

All electrolytes are characterized by cyclic voltammetry and electrochemical impedance spectroscopy in order to 

evaluate their electrochemistry behavior for CO2 electroreduction processes. Productivities of gaseous products 

resulting from the co-electrolysis of CO2 and water together with their faradaic efficiencies have been also 

determined. 
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Corn (Zea mays L.) is the only crop in the world to exceed 1 billion tons of grains per year, since it is cultivated 

in almost all countries [1]. The corn grain is formed by endosperm, germ, pericarp and tip. The endosperm contains 

the carotenoids zeaxanthin, lutein, beta-cryptoxanthin, alpha and beta carotenes, among others [2]. Both zeaxanthin 

and lutein are extremely beneficial to human health as they are compounds that accumulate in the macula, the 

central part of the retina, helping to maintain eyes’ best functions [3]. Choosing appropriate solvents for analytical 

methods of quantification of carotenoids is an important step and takes into account factors such as solvent polarity, 

carotenoid chain length, sample matrix and moisture content. The most commonly used solvents are hexane, for 

less polar carotenoids, and acetone, for more polar ones such as zeaxanthin and lutein [4]. This work aimed to 

develop a green method for extraction and quantification of these compounds in corn grains and their associated 

by-products. First, two high-performance liquid chromatography coupled to PDA/UV/Vis methods were selected 

in the literature and transposed to ultra-high-performance liquid chromatography coupled to PDA/UV/Vis 

(UHPLC-PAD/UV/Vis) to serve as benchmark methods [5-7]. Then, a new UHPLC-PAD/UV/Vis as well as a 

new dynamic maceration-based extraction method were developed using Design of Experiments (DoE). The 

screened organic solvents were those classified as recommended in the CHEM21 solvent selection guide, such as 

ethanol, acetone, ethyl acetate, anisole, butanol, butyl acetate, dimethyl carbonate, ethyl lactate, heptane, 

isopropanol and isopropyl acetate [8]. For both the extraction and separation processes, procedures containing only 

water and ethanol presented the best performances, which were superior than the benchmark methods (Figure 1). 

The whole new procedure was validated. For instrumental precision, the relative standard deviations (RSDs) 

observed for retention time and peak area were 0.79 and 1.11% for zeaxanthin, respectively, and 0.77% and 0.67% 

for lutein. The maximum RSDs in a single day observed for retention time and peak area were 0.09 and 5,88% for 

zeaxanthin, respectively, and 0.09 and 6.74% for lutein. For inter-day experiments, the RSDs for zeaxanthin were 

0.26 and 7.66% for retention time and peak area, respectively. They were 0.25 and 8.36% for lutein. Finally, for 

intermediate precision, the RSDs for retention time and peak area were 0,13 and 6,65% for zeaxanthin, 

respectively, and 0.12 and 5.96% for lutein. From the optimized method, 0.077±0.005 and 0.055±0.003 mg/g of 

zeaxanthin and lutein were found, respectively, in corn grains. The same optimized procedure will be applied to 

corn by-products in order to know if there is an accumulation of these compounds in such materials. 

 
Figure 1: UHPLC-PAD/UV/Vis chromatograms at 450 nm of a representative corn grain extract analyzed under different 

separation conditions. Columns in A) and B): C18, 150 × 2.1, 1.7 µm (Kinetex, Phenomenex), in C) C18 150 x 3.0 mm, 1.8 

µm (Zorbax Eclipse XDB-C18, Agilent, USA). Mobile phases: in A) water and ACN:MeOH 7:3 (v/v), in the following 

gradient: 80-100% ACN:MeOH 7:3 (v/v) (0-12.42 min), 100% ACN:MeOH 7:3 (v/v) (12.42-17.82 min.), in B) ACN:DCM 

95:5 (v/v), in C) water and EtOH, in the following gradient: 80-100% EtOH (0-20, 30 min). Flow rates: A) 0.6 ml/min, B) 0.3 
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ml/min, C) 0.45 ml/min. Injection volumes: 5 μL. Analysis temperatures: 35ºC. On-line UV spectra of (1) lutein and (2) 

zeaxanthin are indicated over the chromatograms. 
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Abstract text:  

Polyolefin makes up approximately 50% of plastics consumed in Western Europe [1]. Chemical recycling is one 

of the preferred methods to recycle waste plastics by cracking them into basic chemical substances which can be 

reused in the petrochemical industry[2]. Characterizing alkenes in waste polyolefin pyrolysis oil is the key to 

chemical recycling, especially in the pyrolysis processes. In this way, deciding the chemical route and amount of 

reagents for the next process steps can be estimated correctly and easily. However, characterization is not easy 

because of the presence of a wide variety of different molecules and functionalities after cracking long chain 

hydrocarbons during the pyrolysis process of waste plastic, especially in PE (or PP) with no other functional 

groups, unlike other polymers (PS or PET).  Moreover, feedstock for pyrolysis can come from LLDPE, LDPE, 

HDPE, PP, or even a mixture of them, which can lead to a big challenge to characterize each type of alkene in 

waste polyolefin pyrolysis oil. 

 

Therefore, in this study, we propose a simple analysis method only using FT-IR to determine the kind and quantity 

of double bonds in pyrolysis oils. By studying different characteristic absorption peaks in the fingerprint region in 

the FT-IR spectrum between known and unknown samples, together with the estimated carbon number and 

molecular weight of those materials through the mass of methylene group (CH2), one main equation is proposed 

(EQ1’). This equation can give directly an amount of alkenes of an unknown sample under the form of “mole of 

double bonds per gram of sample”. In addition, our method can also give a ratio between monosubstituted and 1,1 

disubstituted alkenes, which are the two main alkenes in waste PE and PP pyrolysis oil, through the relationship 

of C-H bending at 910cm-1 and 885cm-1 on IR spectrum. To confirm the accuracy of the method proposed in this 

study, 1H-NMR has been used.   

 

Without sample preparations and solvent consumption, as necessary for titration, GC, or NMR,  our research aims 

for an analytical method following the green chemistry concept. Furthermore, this technique is simple, fast, low 

cost, and accessible for use in any general lab. We expect this could support the expansion of the application of 

recycling waste polymer in an industrial context.  

 

Materials and methods 

Waste PE and PP pyrolysis oil from the pyrolysis process of waste plastic from Indaver ( Belgium). Standard 

alkenes and alkanes (tetradecane, tetradecene, octadecene, decane, decene, 2-methyl-1-undecene…) were obtained 

from Acros Organics and Sigma Aldrich. All reagents of analytical grade were used directly without further 

purification.  

Fourier transform-infrared (FT-IR and  Nuclear magnetic resonance spectroscopy (H-NMR) were recorded on a 

Bruker FT/IR LUMOS spectrometer with ATR crystal (Bruker, US) and at 400 MHz with a Bruker Advance III 

HD 400 MHz spectrometer, respectively.  

 

Key results 

From our study, we proposed the main equation (EQ1’) for the measurement of double bonds in PE&PP pyrolysis 

oil:  

 

 
 

Where the detection of double bonds per carbon (DB/C) has been investigated by FT-IR of standard alkenes.   
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Figure 1. FT-IR spectrums of 1-tetradecene and 2-methyl 1-undecene. 

 

Figure 1 shows the strong peaks of C-H bending vibration at 910cm-1 for 1-tetradecene and 885cm-1 for 2-methyl-

1-undecene. Therefore, these peaks were selected to go study the relationship of the number of double 

bonds/carbon (DB/C) with the peak height of monosubstituted and 1,1 disubstituted alkenes. In the next step, 

different mixtures of the standard alkenes were prepared and analyzed on FT-IR to obtain peak height of the 

mentioned peaks, following the external standard calibration. Afterward, as shown in Figures 2 A and B, two 

calibration curves were obtained for the specific type of alkenes which correspond to PE and PP.  

 
Figure 2. (A) The calibration plot of monosubstituted alkenes analyzed at the 910 cm-1 band and (B) 1,1 disubstituted alkenes 

analyzed at the 885 cm-1 band, using the Bruker FT/IR LUMOS spectrometer with ATR crystal. 

 

After fitting two equations of DB/C measurement to equation EQ1’, three practical methods for the different cases 

of olefin pyrolysis oil were developed. Afterward, our new method was applied to detect the mole of double bonds 

per kilogram of the standard mixtures and waste PE&PP pyrolysis oil to check the efficiency of this method. NMR 

was also used to confirm the accuracy. Overall, obtained results show that our method worked sufficiently well 

with RSD below 10% in the carbon range from C10 to C20. 

 

In addition, to expand our method, EQ1 is suggested to use for complex mixtures (diene or triene), where gel 

permeation chromatography (GPC) can be used to quantify #C and MW. Nevertheless, in our study, for most of 

the oil fractions from waste polyolefin pyrolysis,  EQ1’ is sufficient to apply. 
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Flavonoids are a class of natural products that are investigated for several applications in pharmacy and agriculture 

[1,2]. They are present in agricultural and food wastes and thus could be obtained as high values chemicals in a 

biorefinery process [3]. In addition to their production from renewable resources, natural products are often 

associated with low ecotoxicity and non-persistence [4,5]. Nonetheless, understanding bioactivities of flavonoids 

is important in regard of possible applications and ecotoxicity evaluation. Therefore, the objective of this study 

was to provide ecotoxicity data to enable a better risk assessment. We investigated the algae growth inhibition of 

flavonoids, mixtures of flavonoids and the stability of test compounds during the test. 

 

Growth inhibition of the green freshwater algae Raphidocelis subcapitata was measured according to OECD 

guideline 201 with a miniaturized test system using 24 well plates. Cell density was measured at 24 hour intervals 

for a total duration of 72 h via chlorophyll a fluorescence (excitation: 450 nm/ emission 680 nm) using a plate 

reader (Synergy HT, BioTek Instruments). For the determination of ECr50 values ≥ 6 different test substance 

concentrations were used to obtain dose-response curves which were fitted with a linear regression of selected data 

points of the slope. Flavonoid concentration (initial concentration 5 mg/L) during the algae growth inhibition test 

was followed by analysis with HPLC-UV/vis (Shimadzu).  

 

We found that flavonoids have a moderate algae growth inhibition with ECr50 values in the range of 1 to 23 mg/L 

(table 1). The results of the 1:1-mixtures of flavonoids indicated synergistic effects for 5 out of 10 tested mixtures 

(table 1). However, the overall growth inhibition effect was not increased since most active mixtures were as active 

as most active flavonoids. Occurrence of synergistic effects suggests different modes of actions for different 

flavonoids. 

Analysis of concentration of 12 flavonoids during the algae growth inhibition test showed that the majority of 

flavonoids are instable at the test conditions (table 1). These initial observations suggest that there is no link 

between stability and activity. Growth inhibition of instable flavonoids raises the question if degradation products 

contribute to the observed effects. 

 

 
Table 1.  Overview of investigated substances, 1:1-mixtures and their half effect concentrations (ECr50) presented as average 

value with standard deviation (n=4). For single substances, stability is evaluated. For mixtures, occurrence of synergistic 

effects is evaluated. 

substances ECr50  

[mg/L] 

Stability during algae growth inhibition test  

(duration 72 h) 

Eriodictyol 0.70 ± 0.08 Instable 

Luteolin 0.94 ± 0.08 Instable 

Gossypetin 1.4 ± 0.2 n.d.  

Flavone 1.57 ± 0.02 Stable 

3-Hydroxyflavone 1.8 ± 0.3 Instable 

3,5-Dihydroxyflavone 2.2 ± 0.8 n.d. 

Luteoloside 2.3 ± 0.2 n.d. 

Quercetin 2.6 ± 0.3 Instable 

7,3’,4’-Trihydroxyflavone 2.7 ± 0.4 n.d. 

Myricetin 3.7 ± 0.6 Instable 

Morin 4.5 ± 0.7 Instable 

Diosmetin 5 ± 2 Stable 

Fisetin 5.4 ± 0.5 n.d. 

Dihydroxymyricetin 5.8 ± 0.4 Instable 

Taxifolin 8.1 ± 0.5 Instable 

Hyperoside 13 ± 5 n.d. 

Hesperetin 22.2 ± 0.6 stable 

mixtures ECr50  

[mg/L] 

indication for synergy 

Luteolin-quercetin 1.1  ± 0.1 No 

Luteolin-morin 2.6  ± 0.2 No 

Luteolin-taxifolin 0.8  ± 0.2 Yes 

Luteolin-hesperetin 1.0  ± 0.2 Yes 

Quercetin-morin 3.5  ± 0.5 No 

Quercetin-taxifolin 5  ± 1 No 

Quercetin-hesperetin 4.0  ± 0.7 Yes 
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Taxifolin-hesperetin 8.4  ± 0.6 Yes 

Luteolin-eriodictyol 0.7  ± 0.1 No 

Luteolin-taxifolin-hesperetin 1.1  ± 0.1 Yes 

 

 

Taken together, the moderate growth inhibition effect and instability of flavonoids indicate low ecotoxicity. 

However, environmental risks cannot be excluded due to the formation of degradation products. 
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In recent decades, many metrics have been developed and accepted for evaluation of environmental effects of 

chemical processes. However, obtaining a reliable overview of possible influence of a given process on various 

organisms is a very tricky task. In this work, we propose the concept of bio-Profiles of chemical reactions and 

describe its application for fast preliminary assessment of the impact of these reactions on living organisms by the 

example of the Suzuki reaction. The concept relies on our recent idea of tox-Profiles built on the basis of median 

lethal doses of chemical substances in various mammal species [1]. It suggests the usage of bio-Profiles built on 

the basis of cytotoxicity of all the components participating or forming in a particular chemical process (Figure 1). 

We also introduce bio-Factors of chemical reactions. bio-Profiles allow visual assessment of the contribution of 

various compounds to the “overall cytotoxicity” of a given reaction, whereas bio-Factors provide quantitative 

evaluation of changes in “overall cytotoxicity” during the reaction [2]. These data can be used for subsequent 

optimization of the chemical process from the viewpoint of toxicity of its participants. 

 

 
 

Figure 1. bio-Profile of an exemplary chemical reaction. Adapted and reproduced from [2]. 

 

Acknowledgements 

The work was supported by the Russian Science Foundation (RSF Grant 21-13-00049). 

 

References 

1. K.S. Egorova, A.S. Galushko, V.P. Ananikov. Angew. Chem. Int. Ed., 59 22296 (2020). 

2. K.S. Egorova, A.S. Galushko, L.U. Dzhemileva, V.A. D’yakonov, V.P. Ananikov. Green Chem., 23 6414 

(2021). 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

279 
 

Transformation Products of Sulfonamides in aquatic Systems: What can we learn from 

available environmental Fate and Behaviour data? 

 
Neele Puhlmann1, Oliver Olsson1, and Klaus Kümmerer1* 

1Centre/University/Company, Complete address, Country, Times New Roman 9 

*klaus.kuemmerer@leuphana.de 

 

Sulfonamides (SUAs) and their transformation products (TPs) contribute to environmental pollution [1,2,3]. 

Importance of research on TPs’ properties has been emphasised, e.g. allowing a comprehensive environmental risk 

assessment of their parent compounds. However, TPs’ properties have been discussed in reviews on SUAs only 

marginally, if at all [3-8]. Therefore, we want to discuss the current state of knowledge on SUA-TPs including 

research gaps, and commonalities of SUA-TPs and TPs in general based on a recent literature review. 

 

Literature on SUA-TPs was consulted systematically to collect data on occurrence, physicochemical properties, 

degradability, and (eco)toxicity. TPs of 14 SUAs were reviewed, and aspects applicable for TPs in general were 

identified to guide future handling of TPs as a complex category of compounds. The data of sulfamethoxazole 

(SMX), the main representative, was analysed in more detail to discuss insights on a chemical level.  

 

Literature search resulted in 607 SUA-TPs reported in 222 publications. Only for 4%, 4%, 31%, and 35% of these 

TPs, data on occurrence in aquatic systems, on physicochemical properties, degradation, and toxicity, respectively, 

was found (Figure 16).  

 

 
Figure 16: Overview of TPs with data entries regarding occurrence and properties. 

 

Several mixtures of SUA-TPs were more ecotoxic than their parent compounds, e.g. 10 of 15 mixtures of SMX-

TPs, consisting of 28 TPs. Only few TPs were tested as a single substance (Figure 17).  

 

Although several TPs could be eliminated experimentally (Figure 18), their mineralisation rate remained often 

unknown. Thus, further transformation to persistent TPs could not be ruled out. Standardised biodegradability tests 

of individual TPs would monitor their mineralisation rate, but are almost completely lacking. Reasons are likely 

poor availability of TPs, but also the focus on abiotic water treatment.  

 

Data assessment demonstrated that data of high significance according to standard methods, e.g. OECD methods 

for chronic (eco)toxicity and ready biodegradability, is needed to assess environmental risks of prioritised TPs, 

but also to redesign their parent pharmaceutical for complete environmental mineralisation in a long-term (Benign 

by Design) [9]. 
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Figure 17: Number of SMX-TPs with data entries on (eco)toxicity, grouped by test approach (test of mixture, of single 

substances in vitro or in silico) subdivided according to the classification “toxic”, “depends”, and “not toxic”. The result was 

classified as “depends” in the case of different (eco)toxicities per TP, due to the dependence on different endpoints. 

 

 
Figure 18: Number of TPs with data on degradation during different degradation tests with further classification, i.e. “not 

eliminated”, “eliminated” or “varying results” during degradation tests, mostly derived from kinetics. It depends strongly on 

the test conditions. 

 

Highlights: 

- 607 transformation products (TPs) of sulfonamides reported in 222 paper 

- Data on occurrence, physicochemical properties, degradation, and (eco)toxicity found for 4%, 4%, 31%, 

and 35% of these TPs, respectively 

- TP-mixtures can be more toxic than the single parent compounds  

- Lack of data of high informative value by standard methods  

- Mineralisation of TPs often unknown due to data gaps, especially for individual TPs 
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Solid phase microextraction (SPME) has been successfully applied for over 30 years in a wide variety of food and 

beverages applications. The limitations of SPME fiber over these years (e.g. small surface area, a limited amount 

of sorptive phase, the fragility of the fiber, etc.) are potentially overcome by the Hisorb tool (Markes Int.) that 

promises higher sensitivity. Therefore, a Hisorb sorptive extraction Thermal Desorption-Gas Chromatography-

Mass spectrometry (Hisorb-TD-GC-MS) method was developed for the analysis of volatile organic compounds 

(VOCs) of olive oil samples derived from four different olive mills in Cyprus last year (blend of different cultivars). 

Different factors were examined to optimize the Hisorb extraction conditions, such as the sample amount, sample 

agitation, equilibration time, extraction time, and temperature. In total, more than 80 VOCs were identified and 

semi-quantified, belonging to several chemical classes, such as hydrocarbons, aldehydes, ketones, alcohols, 

terpenes, esters, acids, and others. Aldehydes and hydrocarbons were the main chemical classes. Among 

aldehydes, (E)-2-Hexenal was the prominent compound (ranging from 0.52 to 2.83 mg/kg); it derives from the 

lipoxygenase pathway and is responsible for the green, fruity, and bitter sensory characteristics. Other important 

aldehydes are nonanal and hexanal, ranging from 0.41 to 2.83, and from 0.27 to 2.11 mg/kg, respectively. The 

overall method remains green, and non-invasive, offering the preconcentration ability as SPME, but requires a 

TD-GC-MS system. 
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Soil volatile organic compounds (VOCs) are one of the main molecules that are affecting soil ecology and function, 

while several studies suggest that on a regional and global scale, they may affect atmospheric chemistry. Besides, 

VOCs are key compounds contributing to the communication between plants, insects, animals, soil organisms, 

subsoil. Cyprus has a long history in wine production and vineyards are a significant component of rural areas and 

the agricultural ecosystem of the country. In this work, soil samples from 45 different vineyards of Cypriot main 

wine-making areas were studied for their VOC profile and classified through the headspace solid-phase 

microextraction gas chromatography/mass spectrometry (HS-SPME-GC/MS) analysis. Multi variety analysis 

showed significant differences among sites, and the differential abundance of the various VOCs determined was 

associated with the physicochemical and biological properties of the sampled soils. 

 

Keywords: VOCs, soil, Cyprus vineyards, soil nutrients, soil DNA 
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Abstract 

 

As with the increasing population, the increase in food resources is a major concern worldwide which requires the 

use of modern technologies in agriculture. There is a need for a more innovative fertilizer approach that can 

increase the productivity of food in agricultural systems and be more environmental friendly than synthetic 

fertilizers. Nanoparticles as nano fertilizers have the potential to promote sustainable agriculture and increase 

overall crop productivity, mainly by increasing the nutrient use efficiency (NUE) of field and greenhouse crops. 

These novel materials can release their nutrients at a slow and steady pace, either when applied alone or in 

combination with synthetic or organic fertilizers. Plant growth significantly depends on Zn nutrition because Zn 

is a structural component co-factor for various proteins and enzymes. Zinc nanoparticles in the form of ZnO are 

frequently used in modern agriculture, since they are more efficient and cost-effective than synthetic Zn fertilizers. 

In this study, zinc oxide nanoparticles were prepared by aqueous chemical growth method. The obtained material 

was characterized by X-ray diffraction (XRD), Transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDX). The average size was found in the range of 

10 to 20 nm. The synthesized material was applied in pots and in field in different concentrations for the growth 

of maize crop. The effects on the growth of maize crop through pot and field experiments were evaluated. The 

growth parameters such as plant height, root and shoot ratio, dry and fresh weight of the maize plants were studied. 

The maximum increase in growth and zinc accumulation was observed in the case of ZnO nanoparticles as 

compared to the ZnSO4 application. The data containing growth parameters and accumulation of zinc in the maize 

plants was also compared with that of the control samples (with no zinc application) and those with ZnSO4 which 

is a commercial fertilizer used by the farmers.  

Keywords: Zinc oxide nanoparticles, nano fertilizers, agriculture. 
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The studies for “greener” and economically feasible approaches such as photocatalysis, sonochemistry and flow 

chemistry for the selective transformation of organic-waste-derived compounds like aromatic alcohols (for 

instance: coming from underutilizaed lignin) by avoiding the drastic reaction-conditions/reagents concentrate the 

focus of attention of the last decade [1-3].  

 

In this work, to get insight into the mechanism of ultrasound-assisted methods, the whole spectrum of materials 

characterization techniques and basic kinetic studies and photocatalysts’ stability/recycling studies (using the 

appropriate flow (sono)-(photo)-reactors) have been carried out. The use of ultrasound-based procedures offer a 

facile, versatile synthetic tool for the preparation of composite nanophotocatalysts, often inaccessible through 

routine methods. Sonochemistry is the use of ultrasound to facilitate chemical reactions [4]. It has been shown to 

be effective in enabling various polymer chemistries and forming nanomaterials [5]. In this context, ultrasound is 

a mechanical wave that locally changes the fluid's density, which is often measured as pressure perturbations. 

Designing/fabricating photocatalysts by a sonochemical approach and testing them in an appropriate flow sono-

photo-reactors towards sustainable selective transformations of key organic model compounds of lignin, is what 

we want to achieve. 

 

The design and fabrication of novel photocatalysts are very challenging withing the lignin valorization concept. In 

this research work, the synthesis of TiO2 (both as a powder and a layer incorpadated in the internal wall of a flow 

micro-reactor) and metal-free carbon-based photocatalysts were performed by the ultrasound-promoted 

precipitation, sol-gel-immobilization and hydrosolvothermal methods, respectively. The physicochemical features 

were determined by a plethora of well-selected technical methods such as N2 sorption, HR-TEM, HAADF-STEM, 

EDX, XPS, XRD, EDX, thermal analysis, and diffuse reflectance absorption. The additive-free photoactivity 

showed that TiO2 (powder or layer inside the microreactor) and carbophotocatalysts revealed the highest yield of 

the target product than commercial TiO2 and g-C3N4. 

 

More specifically the work will be on: 

a. Design and development of monometal-containing TiO2 coated microflow reactor for 

photocatalytic partial oxidation of benzyl alcohol (BnOH) to benzaldehyde (BnAld): The presented 

investigation convers an efficient ultrasound-based monometal (Fe, Cu, Co)-containing TiO2 deposition on the 

inner walls of a perfluoroalkoxy alkanes (PFA) microtube under mild conditions. The experiments were carried 

out using commercial TiO2 and sol-gel synthesized TiO2. The rough surface formed during ultrasonication is the 

site for the deposition of these nanoparticles in the internal walls of the microtube. The photocatalytic activities of 

these semiconductor coated fluoropolymer based microreactors were evaluated for the selective oxidation of 

BnOH to BnAld in liquid flow phase. The analysis of the results showed that various features/parameters are 

crucial, and by tuning them, it is feasible to improve the conversion of BnOH and BnAld selectivity. Among all 

the metal-containing TiO2 samples, the 0.5 at% Fe/TiO2 (both, iron and titanium, as cheap, safe and abundant 

metals) photocatalyst exhibited the highest BnOH conversion under visible light (515 nm) in a microflow system. 

This could be explained by the higher crystallite size, high porosity, and flake-like morphology (Figure 1) [6]. 
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Figure 1. Schematic of the method of monometal-containing TiO2 internally coated flow microreactor and its photocatalytic 

activity in benzyl alcohol (BnOH) selective oxidation to benzaldehyde (BnAld). 

 

 

b. Designing/fabricating photocatalysts by a sonochemical approach, and testing them in the 

appropiate flow sonophotoreactor towards sustainable selective oxidation of key organic model compounds 

of lignin:  

The objective is to prepare metal-free carbon-based and TiO2-based photocatalytic materials through the 

physicochemical effects of low/high-frequency sonication (e.g., effective mass transfer, microstreaming, cross-

linked radical polymerization, etc., effects often inaccessible through conventional methods). It will be presented 

out the study of the physicochemical properties of carbon-based and TiO2-based materials (before and after flow 

(sono)-(photo)-catalytic test reactions), and testing them in the selective sonophotocatalytic oxidation and C-C 

sonophoto-reductive coupling of bio-oil-inspired model compounds (in flow liquid-phase) as a futuristic approach 

of bio-oil-based molecules valorization (for instance: 2-phenoxy-1-phenylethanol,  2,6-dimethoxyphenol, benzyl 

alcohol). Ultrasonication (US)-assited precipitation (Figure 2b) [7] and US-assited hydrosolvothermal (Figure 2a)  

methods were used for the synthesis of metal-oxide-based and metal-free-carbon-based photocatalysts, 

respectively. Additionally, we report selected experiments of intensification of a flow photocatalytic selective 

oxidation through the use of ultrasonic waves. The effort of our research is focused on the utilization of flow 

sonophotocatalysis for the selective transformation of lignin-based model molecules by nanostructured metal 

oxides (e.g. TiO2), and metal-free carbocatalysts. A plethora of parameters that affects the acoustic cavitation 

phenomena, and as a result the potential of sonication were investigated (e.g. ultrasound frequency and power). 

Various important photocatalytic parameters such as the wavelength and intensity of the irradiated light, 

photocatalyst loading, type of solvent, mixture of solvents, and solution pH were also optimized. 
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Abstract 

Biomass is assumed as a prosperous renewable feedstock since a plethora of high value platforms and chemicals 

can be derived by its catalytic transformation [1]. Specifically, lignocellulosic biomass is one of the largest raw 

source of aromatic chemicals in nature. Lignin is made up of aromatic subunits that are mainly linked to each other 

through C–O–C or C–C bonds. The selective catalytic conversion of lignin into value-added aromatics is important 

for providing sustainable development. Efficient and selective conversion of lignin to high-value products is still 

a challenging field of research because of its inherent heterogeneity and variability [2].  

Advanced oxidation processes based on heterogeneous photocatalysis using metal oxide semiconductors gain a 

continual increment of interested, especially for lignin valorization [3]. Titanium dioxide (TiO2) is considered as 

a promising candidate for heterogeneous catalysis due to owing unique physiochemical properties. Different 

synthesis methods such as hydrothermal, pyrolysis, sol-gel, etc. are being used for the synthesis of TiO2 [4]. The 

precipitation-based methods have advantages over the aforementioned methods due to the ability to control various 

physicochemical features, such as the particle size and size distribution [5]. In addition, the use of ultrasonication 

as one of the mechano-chemical approaches that has been proven as a promising and versatile tool for the 

synthesizes of novel titanium oxide nanostructures TiO2 [6]. The key advantage of sonication is the generation and 

growth of acoustic cavitation, leading to localized hotspots, where the local temperature and pressure can reach up 

to 5000 K and 500 atm, respectively. Moreover, sonochemistry also has positive effects on other physical or/and 

chemical phenomena such as better mass transfer phenomenon, de-aggregations, and the formation of free radicals, 

with all these factors to play a key role in the synthesis of nanomaterials [3]. From the point of view of sustainable 

catalytic processes, coupling of sonocatalysis with photocatalysis, known as sonophotocatalysis, also presents 

some advantages over photocatalysis, such as more efficient use of photocatalyst and increased amount of free 

radical species in aqueous medium and turbulence induced by cavitation phenomenon, which lead to the increase 

catalytic activity [7]. 

Considering all the above-mentioned, TiO2 catalysts were synthesized following an ultrasound-assisted 

precipitations method [8]. The ultrasound of 22 kHz frequency varying each time the power, such as 8, 24, 40, 56 

and 72 W was used during the synthesis step. A sample of TiO2 (MagS) was also synthesized by using magnetic 

stirring instead of ultrasound irradiation in order to study the effect of ultrasonication on the physicochemical 

properties and photocatalytic performance. A commercial TiO2 catalyst (P25) was additionally examined for the 

sake of comparison. These synthesized and commercial TiO2 catalysts were characterized using various 

characterization techniques. The photocatalytic performance of all the catalysts was investigated for the partial 

selective oxidation of a lignin-based model compound i.e benzyl alcohol (BnOH) to benzyl aldehyde (PhCHO), 

under low-intensity of UV light irradiation (365 nm, irradiance 100 W/m2) and without the use of 

additives/reagents. The TiO2 sample synthesized by using 24 W power of ultrasound showed the highest 

conversion of BnOH and yield of PhCHO as compared to all other synthesized TiO2 samples. Hence, it was 

selected among all other ultrasound assisted synthesized TiO2 samples for studying sonophotocatalytic 

performance along with MagS and P25 catalysts.  
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Figure 1. Catalytic performance of synthesized and commercial TiO2 

Regarding the physicochemical features, US22-24W showed the highest specific surface area (319 m2/g) and total 

pore volume (0.339 cm3/g) as compared to MagS and P25. Electron microscopy analysis revealed that the use of 

ultra-sonication during the synthesis led to the formation of nanorods. XPS analysis showed the presence of some 

reduced Ti sites on the ultrasound-assisted TiO2 compared to MagS, while MagS possess a higher amount of 

sodium than US22-24W.  

When low power ultrasound of 22 kHz frequency was coupled to photocatalysis by replacing the magnetic stirring 

then the increased yield of PhCHO was found as compared to yield obtained in photocatalysis (Figure 1). The 

increment in the yield led to enhanced the selectivity toward the PhCHO. The research work showed that the 

physicochemical properties, as well as photo-oxidation performance of synthesized TiO2, can be tuned by 

optimizing the power of ultrasound used during the synthesis step. By coupling ultrasound to photocatalysis, the 

yield of PhCHO was found higher as a result of the synergistic effect. 
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The use of a recyclable catalyst and environmentally friendly reagents is an elegant route for organic 

transformations. In general, for catalytic processes, an attractive approach is the use of supported catalysts and/or 

polymeric materials, which based on their structural/chemical properties offer several advantages on the regio- 

and chemo-selectivity of the catalytic organic process. Thus, Chemistry Over Materials can play a crucial role 

Forward the selective Organic Reaction Transformations (COMFORT). Based on this, herein we outline a research 

study aimed into the photo- and thermal catalytic applications of new AuNPs and AgNPs heterogeneous systems,1 

to afford green catalytic organic redox transformations, towards the synthesis of biological interesting hetocyclic 

compounds.2 Alongside, Cu-based 1D coordination polymers3 have been used successfully for the synthesis of 

several N-heterocyclic cores, using common starting materials and under one-pot process (Figure 1).3 

 

 

Figure 1.  New catalytic strategies for the synthesis of N-heterocyclics 
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Herein we report a new family of  tunable, heterogenous, fully-recoverable catalysts called POLITAG-Pd(0) for 

the low loading Heck-Mizoroki reaction. This type of catalytic systems are obtained by employing a polystyrene-

based gel-type support functionalized with ionic pincer-type ligand for palladium stabilization [1], [2]. By 

changing the ratio between the supported matrix and the ionic tag moiety 3 different type of supports were obtained 

(POLITAG-L, M, H). subsequently loaded with different amount of metal in order to obtain 5 different types of 

catalysts (POLITAG-LL, LM, MM, HM, HH). Furthermore all the systems were fully characterized (EA, XPS, 

TEM, HR-TEM).  

 
Figure 19. Schematic representation of the five POLITAGs-Pd0 here synthetized and studied. 

In order to test the efficiency of the POLITAGs-Pd0 synthetized, all the catalytic systems were tested on a Heck-

Mizoroki coupling first by using optimized reaction conditions already developed within our research group. In 

general all the catalytic systems has shown very low metal loss and, between them, the selected POLITAG-Pd0-

HM is characterized by a high TOF value (26786 h-1), affording the desired products in high isolated yields using 

only 0.0007 mol% of Pd. Moreover, this high catalytic activity coupled with the utilization of γ-valerolactone as 

green reaction medium led to the definition of a waste-minimized protocol. To fully demonstrate the advantages 

in customized catalyst-synthesis, Amiloxate, a widely used sunscreen agent, was synthetized with negligible metal 

contamination and low E-factor. 

 
Scheme 4. Representative Heck reaction with POLITAG-HM as catalyst 
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Understanding dynamic chemistry systems in Nature inspires chemists to design biomimetic synthetic materials. 

Disulfide bonds, the bonds that tie peptides, feature their dynamic covalent nature, that is reversible covalent 

bonds. Here we propose that making polymers with disulfide bonds can be a solution towards intrinsically dynamic 

materials. Unlike traditional plastics and noncovalent (supramolecular) polymers, poly(disulfides) can 

simultaneously exhibit chemical recycling ability and excellent mechanical performances. We will focus on the 

poly(disulfides) derived from thioctic acid, a natural small molecule, to show the promising applications of these 

intrinsically dynamic materials in self-healing elastomers, adhesives, and actuators [1-5]. Then I will move to our 

recent discovery that hydrogen bonds are essential in the control of disulfide chirality and enable stereodivergent 

chirality transfer. We find that the formation of S−S---H−N hydrogen bonds in solution can drive conformational 

adaption to allow intramolecular chirality transfer, while the formation of C=O---H−N hydrogen bonds results in 

supramolecular chirality transfer to form antiparallel helically self-assembled solid-state architectures [6]. 
 

 
Figure 1.  Dynamic disulfide chemistry for sustainable polymers 
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The stereochemistry of an organic compound can have a profound influence on many of its most important 

properties. For example, the enantiomeric forms of a drug molecule can have completely different biological 

effects, and polymers that differ only in the stereochemistry of their backbones can have quite dissimilar 

macroscopic physical characteristics. Control over the stereochemical outcome of organic reactions has thus long 

been recognized as a central concern across multiple sectors of modern synthetic chemistry. Asymmetric catalysis 

with single-site solid catalysts continues to attract great interest owing to the importance of heterogeneous catalysis 

in the production of commodity chemicals, and the lack of similar processes for the synthesis of optically active 

molecules. Naturally occurring amino acids, protected amino acids or amino alcohols are an important class of 

chiral ligands in asymmetric metal catalysis as they are cheap, affordable, scalable, and also easily tunable, and 

air-stable.1-2 However, the usage of amino acids as chiral ligands to construct robust single-site earth-abundant 

metal catalysts is very limited due to their lack of steric bulkiness and limited solubility in common organic 

solvents. Chiral amino alcohols, prepared by reducing chiral amino acids, are an important class of organic 

compounds containing both an alcohol and an amine functional group. Although optically active amino alcohols 

are primarily used to synthesize chiral oxazolines,3-4 their application in asymmetric metal catalysis as chiral 

ligands is limited due to lack of steric substituents leading to the formation of multinuclear catalytic species.  

Hence, we have developed amino alcohol functionalized metal-organic frameworks (MOFs) that are used as solid 

chiral ligands to prepare robust single-site earth-abundant metal catalysts via site-isolation for asymmetric organic 

transformations. vol-UiO-68 are constructed from L-valinol functionalized linear dicarboxylate linkers and 

Zr6O4(OH)4 secondary building units (SBUs) to afford UiO-frameworks.5-6 vol-UiO-68 were synthesized 

following a similar procedure via synthesizing the aldehyde-functionalized UiO-68-CHO MOFs, respectively, 

followed by the grafting of L-valinol within these MOFs.  The condensation reaction between the aldehyde moiety 

of MOF and amino group of L-valinol furnished the valinol-grafted chiral vol-UiO MOFs through the formation 

of imine linkages.7-8 The deprotonation of hydroxyl group of valinol moiety by LiN[Si(Me)3]2 (LiHMDS) followed 

by salt metathesis reaction with FeCl2 in THF afforded iron-metalated L-vol-UiO-FeCl. 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Design of amino alcohol-functionalized metal-organic frameworks to develop robust single-site earth-abundant metal 

catalysts for heterogeneous asymmetric catalysis.9 

 

Synthesized MOF catalyst was characterized using PXRD, BET, and TEM. Transmission electron micrograph of 

vol-UiO-68-FeCl displayed octahedron particles having the average diameter of 1.0 μm. Inductively coupled 

plasma optical emission spectroscopy (ICP-OES) showed Zr/Fe ratios of 1.66 and 1.44, corresponding to the Fe-

loadings of 60% and 71% with respect to the valinol moiety of vol-UiO-68. Metal loading ICP-OES data of Fe-

functionalized MOF were obtained with an Agilent 5110 ICP-OES and analyzed using Dichroic Spectral Combiner 

(DSC). The oxidation state and the coordination environment of the iron-center within L-vol-UiO-Fe were 

established by XPS, XANES and EXAFS studies. The XANES spectroscopy of vol-UiO-FeCl indicates the 

FeII oxidation state as its pre-edge position aligned well with that of FeCl2. The assignment of +2-oxidation state 

of iron was further supported by XPS spectroscopy based on FeII 2p3/2 binding energy of 709.4 eV and 

2p1/2 binding energy of 722.9 eV. XPS was recorded on an X-ray photoelectron spectrometer, PHI 5000 Versa 

Probe III using Al-Kα (hν=1486.6eV) X-ray source.   

                   

X = Si(OEt)
2
Me, SiH

2
Ph, 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

295 
 

 

At a 0.5 mol% Fe-loading, L-vol-UiO-Fe was an active heterogeneous catalyst in the hydrosilylation and 

hydroboration of a range of ketones at room temperature to afford the corresponding chiral alcohols with high 

yields and excellent enantiomeric excesses up to 99%. The conversions of the reactions and enantiomeric excess 

of products were determined by gas chromatography (GC) using Agilent 7890B gas chromatograph equipped with 

a flame ionization detector (FID) and a mass detector (Agilent 5977B GC/MSD) and, high-performance liquid 

chromatography (HPLC) using Agilent 1260 Infinity II liquid chromatograph equipped with Diode array detector 

(Agilent 1260 Infinity II).  The MOF-catalysts could be recycled and reused multiple times, and the leaching of 

iron into the supernatant was very low. L-vol-UiO-Fe catalyst have high turnover number of upto 15000 and could 

be reused at least 10 times without any loss in activity and enantioselectivity. Further, the detailed mechanistic 

investigation of the catalytic hydrosilylation reactions by kinetic, spectroscopic, and computational studies were 

also carried out. 

Acknowledgements 

This research is funded by the Science and Engineering Research Board (SERB), India (project 

ECR/2017/001931). Authors acknowledge the Central Research Facility, IIT Delhi, for instrument facilities. 

 

References: 

1.   S. Otto, J.B.F.N. Engberts, J. Am. Chem. Soc., 121 (29), 6798-6806 (1999). 

2.   Q. Shao, K. Wu, Z. Zhuang, S. Qian, J.-Q. Yu, Acc. Chem. Res., 53 (4), 833-851 (2020). 

3.   S.-G. Kim, H. Seong, J. Kim, K.H. Ahn, Tetrahedron Lett., 45, 6835–6838 (2004). 

4.   R. Hassani, Y. Kacem, H. Ben Mansour, H. Ben Ammar, B. Ben Hassine, Chem. Biol. Interact., 217, 41-48      

(2014). 

5.   Y. Bai, Y. Dou, L.-H. Xie, W. Rutledge, J.-R. Li, H.-C. Zhou, Chem. Soc. Rev., 45 (8), 2327-2367 (2016). 

6    S. Yuan, J.-S. Qin, C.T. Lollar, H.-C. Zhou, ACS Cent. Sci., 4 (4), 440-450 (2108). 

7    K. Manna, T. Zhang, M. Carboni, C.W. Abney, W. Lin, J. Am. Chem. Soc., 136 (38), 13182-13185 (2014). 

8.   R. Newar, W. Begum, N. Antil, S. Shukla, A. Kumar, N. Akhtar, Balendra, K. Manna, Inorg. Chem., 59 (15),          

10473-10481 (2020). 

9.  N. Antil, N. Akhtar, R. Newar, W. Begum, A. Kumar, M. Chauhan, K. Manna, ACS Catal., 11 (16), 10450-

10459 (2021). 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

296 
 

Copper oxide supported on red-mud as catalyst for organic conversion reactions: model 

reactions employing H2O2 as an oxidizing agent in liquid phase oxidation: Selectivity 

and structure-activity relationship 
 

Subhashree Mishra1, Rajaram Bal2, Ratan Kumar Dey1*  
1.Department of Chemistry, Central University of Jharkhand, Ranchi – 835 205, INDIA 

2.CSIR-Indian Institute of Petroleum, Dehradun – 248 005, INDIA 

*E-mail:ratan.dey@cuj.ac.in, rkdey@rediffmail.com, Contact: +91-8917570944 

 
Acetophenone is important for production of various commodity chemicals/material synthesis like resins, 

esters, alcohols, aldehydes and a range of fine chemicals.[1] Acetophenone is produced industrially by 

oxidation of ethyl benzene in presence of molecular oxygen as oxidant and cobalt 

cycloalkanecarboxylate/cobalt acetate [Co(OAc)2.4H2O] as catalyst in acetic acid solvent.[2] The process 

resulted in formation of µ-oxodimers that could deactivate catalyst. Transition metal-based heterogeneous 

catalysts are recognized as environmentally benign, capable of generating powerful hydroxyl radicals 

[Eo(*OH/H2O) = +2.8 VNHE]. The present research work reports facile synthesis of a new heterogeneous catalyst 

(CuO supported on activated red-mud, CuO_AARM) for oxidative conversion of ethylbenzene to acetophenone 

using H2O2 as oxidant. The catalyst promotes benzylic C – H bond oxidation in ethyl benzene to form 

acetophenone in optimized reaction conditions (Temp.: 75oC; solvent: mixture of H2O and acetonitrile 

(1:1)). Mechanistically, as shown in Scheme-1, the electron deficient metal species could abstract 

hydrogen from hydroperoxide to produce alkyl peroxide which rapidly decompose to yield acetophenone. 

DFT study shows that the optimized geometrical structure favor the reaction via hydroperoxyl radical formation 

in an endergonic process. The catalyst shows good kinetic control over the decomposition of H2O2. The 

synergy between the atomically dispersed CuO nano-particles and components in red-mud support promotes a 

facile and robust approach towards development of a recyclable and reusable heterogeneous catalyst with 86.0% 

conversion efficiency and 74.0% selectivity, thus indicating potential commercial use in a sustainable industrial 

process. 

 

 
 

Scheme-1: Mechanism of surface catalyzed oxidation of ethyl benzene to acetophenone using CuO-

_AARM. 
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Polymer microparticles are polymeric matrices containing an immobilized active compound to control its release 

for wide range of applications like food industry, cosmetics, and pharmaceutics. Their production is either by a 

chemical process like suspension polymerization and coacervation or by a physical process like atomization, 

extrusion, and microfluidics. The choice of the production process depends on the targeted application, production 

rate, and microparticles size dispersion. Applications that do not require a narrow size distribution of the 

microparticles but do require a high production rate, like milk powder, powder juice, or coffee, are often produced 

by spray-drying atomization due to its 100% yield at an industrial scale. In contrast, the control of size distribution 

is vital in applications requiring a controlled release like drug delivery flavors and aromas release. Apart from the 

process, the sustainable production requires the employment of renewable raw materials. In a recent submitted 

review, we discussed pros, cons, and sustainability challenges of production processes and raw materials. We also 

introduced the environmental factor (E factor) as another crucial parameter for the process choice criteria [1]. 
 

 
 

We showed that suspension polymerization, an easy to operate process to produce microparticles with wide size 

distribution at a low cost, requires an excessive use of organic and aqueous solvents. The usage of less solvents 

showed microparticles with weaker characteristics. The coacervation process produces stable capsules with high 

encapsulation efficiency but always with a wide size distribution. This process is relatively slow, necessitates a 

slow and energy-consuming post-processing step like freeze-drying, very sensitive to physical parameters, and 

employs toxic crosslinkers like glutaraldehyde. The atomization process allows 100% yield large-scale production 

at an industrial scale. However, the size distribution is wide, the energy consumed is high, and toxic solvents are 

used. The addition of spinning disk allows the size control but requires a larger reactor surface and will result in 

satellite droplets that meaning a loss of matter. Microfluidic processes propose a fast, efficient, and less expensive 

wide range of possibilities to produce microparticles with controlled size and conditions.  However, the 

microparticle size is dependent on the flow rates, which in turn fixes the quantity of solvent wastes generated by 

the process. This conditions the greenness of the process and makes it sustainable if and only if the continuous 

phase and solvents are recycled. Concerning the employed raw materials, we showed that fossil-based materials 

cannot be candidates for sustainable production due to the depletion of their source and their environmental 

consequences. Naturally occurring and synthetic bio-based materials were shown to be either mechanically or 

thermally weak or inappropriate for many applications. As a conclusion, we described the importance of 

discovering bio-based platform molecules that can produce tunable raw material with competitive characteristics 

while keeping the renewability advantage. The combination of the optimized microfluidic process and bio-based 

tunable material is a sustainable area of improvement for polymer microparticles production. 

  

mailto:*hassan.el-itawi@centralesupelec.fr


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

299 
 

 

References 

[1] Hassan El Itawi and others, ‘Green Assessment of Polymer Microparticles Production Processes: A Critical 

Review’, Green Chem., 2022 <https://doi.org/10.1039/D2GC00578F>. 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

300 
 

Use of bio-based resists derived from renewable monomers for sustainable 3D 

fabrication of automotive components through two photon polymerization 
 

F. Gontad1*, M. Rostagno2 and T. Robert3  
1AIMEN Laser Technology Centre, Polígono Industrial de Cataboi SUR-PPI-2 (Sector) 2, Parcela 3 - O Porriño, Spain 

2DIAD, Via Nicola Fabrizi 136, Torino 10145, Italy  
3Fraunhofer WKI, Bienroder Weg 54E, 38108 Braunschweig , Germany 

*Francisco.gontad@aimen.es 

 

Abstract text:  

Polymers have become one of the most researched materials for the structure, performance, and safety of 

automobiles in recent years, particularly with the development of electric cars with the aim of reducing the total 

automobile weight and carbon footprint. Bio - plastics represents nowadays less than 1 percent of worldwide 

plastic production. However, significant growth is expected in future years, following the more and more stringent 

normative about emissions reduction. It is foreseen that the bioplastic market will grow from 6 billion dollars in 

2018 to about 20 billion dollars in 2026 [1]. Besides weight reduction, their high absorption properties also allow 

the vehicle to meet stricter safety standards with a larger design freedom compared to metals. Anyway, the 

challenge in their development and production is not over yet, as the conversion to net shape production processes 

are strongly recommended for well-known environmental issues. 

 

Additionally, the use of these materials can be also applied not only for structural pieces, but also for the fabrication 

of interior parts with enhanced functional properties such as hydrophobicity, hydrophilicity, optical functionalities 

for increased driver safety (such as antiglare/antireflective) or even aesthetic applications (like personalised 

diffractive effects, see Figure 20).  

 

 
Figure 20 Diffractive logo of AIMEN fabricated on polymeric through Two Photon Polymerization. 

 

Most of the polymers used on the automotive industry are fabricated with conventional replication techniques, 

which are especially suited for the fabrication of large batches. However, the fabrication of very complex 3D 

pieces can be very difficult with such techniques, requiring the use of many fabrication and alignment steps for 

the fabrication of this kind of parts, particularly for those with re-entering features. To this regard, the latest 

developments of resin-based 3D printers, with higher accuracy and fabrication speeds, represents a valid solution 

for the fabrication of these complex 3D parts.  

 

There are several alternatives for resin-based 3D printing techniques, such as Stereolithography, Direct Light 

Printing or Two Photon Polymerization (TPP) with variable resolution and fabrication speeds. Amongst them, 

TPP is the 3D printing technique that provides a higher resolution, enabling the fabrication of functional 

micro/nanostructures for different applications [2,3] as has been already demonstrated for demanding applications 

such as the fabrication of 3D scaffolds for tissue engineering [4] or optical surfaces [5]. 

 

Currently, many commercial resists used for TPP have a synthetic origin. Therefore, despite the low waste 

generated with this technique, developing a biobased, eco-friendly, alternative resits is a strong requirement for 

the establishment of a sustainable and viable fabrication technique.  

 

In this work, bio-based materials derived from renewable monomers have been synthesized and formulated. These 

materials were also examined on their ability to be fabricated with a dedicated 3D-TTP printer available at AIMEN 

(Figure 21), with the aim of producing parts with 3D microstructured surfaces with diffractive colourful effects. 

The possibility of introducing advanced laser parallelization techniques such as the use of Diffractive Optical 

Elements or Spatial Light Modulators for an increased technique productivity will be also presented and discussed. 
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Figure 21 Optical setup for TPP available at AIMEN facilities 

 

 
 

TOPIC: 17. Green Chemistry and entrepreneurship – Sustainable industrial processes 
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Lignin is an aromatic biomacromolecule with enormous potential for the synthesis of bio-based materials. The 

production of monomers and polymers from lignin has been investigated for years and keeps on expanding, as 

proven by the flourishing literature.[1] However, the sustainability of the synthetic procedures has not been 

systematically analyzed. Green chemistry plays an essential role in this field and provides several tools to design 

environmentally friendly production methods. In a recent work,[2] we have thoroughly investigated the 

environmental aspects of 175 key monomer synthetic methods and 32 polymerization procedures based on selected 

criteria, including waste generation, atomic efficiency, energy efficiency, safer solvent use and biocatalytic 

methodology. Indeed, we strived to achieve three main objectives. First, to measure using green metrics, such as 

environmental factor (E factor) the greenness of plethora of authoritative published monomers and polymers. 

Second, to highlight from our findings how lignin can be more efficiently transformed through greener processes 

to provide genuine sustainable polymers. Finally, we wanted to: i) convince researchers to consider the green 

aspects of the synthetic methods, ii) redesign the current methods towards more efficient ones, and iii) include the 

sustainability factors along with the renewability in their future investigations. 
 

 
 

Our analysis showed that the usage of carbon from renewable resources should not be the only criterion in 

assessing alternatives to fossil-derived materials. Usage of excess solvents or reagents, multi-step reactions, low 

atom utilization, high temperature and time-consuming synthetic process have undeniable effects on the 

sustainability. On the other hand, although many of the existing synthetic methods in the literature show relatively 

high E factor values, the decision for sustainable development cannot be taken merely looking at these numbers. 

A thoughtful analysis for each factor contributing to the generated waste needs to be considered. Indeed, we have 

noticed that the reagent quantity and the amount of solvent used were not always optimized at the lab scale and 

for most of the cases, these are the reasons for higher wastage values. Furthermore, if one process has low wastage, 

but has high energy consumption, this can also affect the socio-economic development process. Generally, the 

time and temperature for any process are optimized at the lab scale and high energy, time-consuming or/and costly 

processes have less opportunity for further improvement in pilot or industrial scale. Due to the increasing 

awareness of the green synthetic methods, this study could be a major research foundation in the field of biomass-

derived monomers and polymers. The calculated green metrics and the sustainable overview provided in this work 

will conclusively help future researchers to develop and design more sustainable and green synthesis procedures. 
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Abstract:  

Lignin is one of the most abundant natural biopolymers on Earth and accounts for approximately 30% of the 

organic carbon in the biosphere [1]. The alkylphenolic structure of the lignin molecule can be catalytically 

transferred into low molecular weight compounds such as phenols, alkylphenols, and phenol resins to replace those 

obtained from fossil resources [2]. Thus, the valorization of lignin is one of the most important challenges for the 

development of cost-effective biorefinery processes based on lignocellulosic biomass. This study focuses on the 

evaluation of the techno-economic feasibility and the environmental performance of lignin-based adhesives 

production from softwood kraft lignin via base-catalyzed depolymerization (BCD).  

  

The design of the lignin-based adhesives production process is a mandatory step for the calculation of the mass 

and energy balances that will be used in techno-economic assessment and the environmental performance 

evaluation. The processing steps in this study were designed and simulated employing the UniSim Design 

software. The high-pressure catalytic reaction efficiency and the yields of the downstream separation and 

purification process are selected by identifying relevant literature-cited publications [2].  

 

The conducted techno-economic evaluation employed discounted cash flow analysis to compare the profitability 

and process viability of lignin-based adhesives as compared to appropriate reference products. The methodology 

for the estimation of fixed capital investment (FCI) and the cost of manufacture (COM) is implemented following 

well-known procedures and rules of thumb and these metrics are calculated for various plant capacities [3,4]. 

Based on FCI and COM, a discounted cash flow (DCF) analysis is carried out in order to estimate the minimum 

selling price (MSP) of the process, by determining the market price of the product where the NPV is zero at the 

end of the plant lifetime. Moreover, the discounted payback period (DPP) as well as the optimum plant capacity 

(OPC) for the investment plant are defined. The End-of-Life (EoL) options of PBS will also be evaluated to recycle 

the material back into secondary value chains. The conversion routes and the EoL option will be environmentally 

evaluated by the Life Cycle Assessment approach. Key impact categories such as global warming potential and 

cumulative energy demand will be considered. A holistic evaluation of the sustainability was subsequently carried 

out that integrates the environmental and techno-economic pillars into a unified life cycle cost by monetizing the 

environmental externalities [5]. 

 

The base-catalysed depolymerization (BCD) process results into two different products from lignin, the BCD-oil 

(liquid phenolic fraction) and the BCD-oligomers (solid phenolic fraction) which were used for adhesive 

production. The techno-economic metrics for these products indicate a MSP for the BCD-oligomers at 0.6 $/kg 

and for the BCD_oil of 0.8 $/kg at the optimum annual plant capacities of 40 kt and 20 kt, respectively. The global 

warming potential (GWP) was estimated at 2.16 kg CO2-eq for the BCD-oligomers and for the BCD_oil at 2.36 

kg CO2-eq. The abiotic depletion fossil (AP) at 40.25 and 46.00 MJ for BCD-oligomers and BCD_oil, respectively. 

The aforementioned technoeconomic and environmental metrics of the proposed process are lower than the 

petroleum counterparts (GWP 3.13 kg CO2-eq and AP 64 MJ).  

 

mailto:ladakisdimitris@gmail.com


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

304 
 

 
Figure 1.  The minimum selling price of the base-catalyzed depolymerization products oil and oligomers. 

 

Keywords: lignin, adhesives, base-catalysed depolymerization, techo-economic, life cycle assessment 
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Over the years, the disposal of fruit processing waste (FPW) has posed significant environmental concerns. Owing 

to their high organic and moisture content, FPW generates substantial amounts of greenhouse gases (GHGs) when 

disposed of in landfills. This biomass is a rich source of bio-actives that can be extracted using sustainable 

approaches to develop a green biorefinery. Pectin is a valuable high-demand polysaccharide extracted from fruit 

peels and widely explored in various sectors due to its unique structural properties. Pectin is majorly used as a 

gelling, stabilizing, and emulsifying agent by food industries. 

 

The conventional pectin production process is acid-assisted, energy-intensive, and generates acid waste effluents. 

This existing process was studied using life cycle assessment (LCA) and techno-economic analysis (TEA) 

methodology considering literature data to understand the challenges and opportunities to make the process 

sustainable. 

 

Ethanol reduction and elimination of acids were identified to be the major factors to address the sustainability 

issues. Based on the findings, a sustainable approach was designed to extract pectin from orange peels using an 

acid-free hydrothermal process. It was observed from the optimization data that the hydrothermal process reduced 

the extraction time by 75% compared to the conventional process, along with the elimination of acids. Moreover, 

the use of membrane-assisted purification of pectin solution can reduce the ethanol requirements significantly. 

Presently, we are performing quality assessment and further characterization of the purified pectin.  

 

 
Figure 1.  Major contributors to climate change impact categories in the base case. 

 

 
 

Figure 2. Comparison of climate change impact for different scenarios. 

 

 

The proposed pectin production process is a green, sustainable, and economical process that successfully addresses 

the sustainability challenges associated with the conventional process. 
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Dialkyl carbonates (DACs) are well-known green solvents and reagents that have been extensively investigated as 

safe alternatives to chlorine-based compounds. In fact, they can replace alkyl halides and dimethyl sulfate in 

alkylation and carbonylation reactions as well as phosgene and its derivatives in alkoxycarbonylation ones [1].  

Recently we have developed a high yielding scale-up synthesis of non-commercially available or expensive DACs 

via transcarbonylation reactions of an alcohol with dimethyl carbonate (DMC) promoted by the nitrogen-based 

organocatalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene TBD [2]. Compared to previously published works, [3] the 

proposed procedure has been customized for DACs large scale production (up to 100 mL of product obtained). 

Purification of these compounds has been achieved by fractional distillation and the exceeding reagents have been 

recovered and recycled. Selected DACs for this study include both symmetrical and unsymmetrical compounds, 

incorporating several alkyl, alkoxyalkyl, alkylamino and alkylthio functional groups. Chemical-physical properties 

of the new DACs have been also evaluated, as well as their water solubility. Furthermore, biodegradability and 

cytotoxicity tests have been carried out to investigate the effects of the different substituents on the greenness of 

these potential solvents and reagents. DACs application as green solvents for membrane preparation was next 

investigated, using non-solvent induced phase separation (NIPS) and vapor induced phase separation (VIPS) 

techniques, achieving both porous and plain membranes [4]. Morphology, additives effect, physical-chemical and 

mechanical proprieties as well as their performances in terms of water permeability and rejection were evaluated 

and compared to membranes obtained using commercially available cyclic carbonates (namely ethylene carbonate 

– EC and propylene carbonate – PC). 

 

Figure 22 – DACs synthesis and application as green solvents for membrane preparation. 
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Here is reported a waste minimized protocol for Copper Catalyzed Alkyne-Azide Cycleaddition (CuAAC) for the 

obtainment of a novel class of 1,4-disobstituted β-keto-1,2,3-triaozles using the azeotrope CH3CN:H2O and 

heterogeneous metallic copper (0) catalyst, under batch and its application in flow with a Copper Tube Flow 

Reactor. In the field of heterocycle chemistry, triazoles have emerged as one of the most studied structures, thanks 

also to the bioavailability and to the biological activity (anti-HIV, antibiotics, antiviral and antibacterial activities). 

[1, 2] Organic azides represente a versatile synthons to obtain 1,2,3-triazoles via click reactions which is a common 

strategy in the synthesis of triazoles. [1,2] Many efforts have been done to find new economically and 

environmentally sustainable processes for the obtainment of this class of compounds. [3] The goal of this project 

is to optimize the environmental footprint of the Copper Ctalyzed Azide-Alkyne Cycleaddition (CuAAC) process. 

Recently, our research group developed a novel protocol to obtain β-azidocarbonyls from α,β-unsaturated carbonyl 

compounds via β-azidation reaction, catalyzed by a novel heterogeneous organocatalyst, named POLITAG-F [4] 

(Polymeric Ionic-Tag with fluoride as counterion), in CH3CN:H2O azeotrope as recoverable reaction medium. 

Here is reported an efficient protocol for the synthesis of a novel class of 1,2,3-triazoles-1,4-disobstitued, starting 

from β-azidocarbonyl compounds previously synthesized with POLITAG-F and various functionalized terminal 

alkynes using heterogenous metallic Cu(0) as catalyst in CH3CN:H2O azeotrope as recoverable reaction medium. 

The use of azeotropic mixture allows to reduce drastically the E-Factor values for the synthesis of the interested 

triazoles. The application in flow using a reactor completely made of copper allows to increase the efficiency of 

the protocols obtaining the interested triazoles with good yields and a reduced environmental footprint. 

Furthermore, the application in flow allows to reduce drastically the copper content on the final product. Finally, 

the study has been completed with a comprehensive evaluation of the environmental performance of the developed 

protocols by considering the principal mass green metrics: E-factor, process mass intensity (PMI), atom economy 

(AE), reaction mass efficiency (RME).  

 

 
 
Figure 1. Copper Catalyzed Alkyne-Azide Cycleaddition with heterogeneous metallic Copper(0) and azeotrope CH3CN:H2O 

of previously sythesized β-azido carbonyls using POLITAG-M-F under batch and continuous flow condition  
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Currently, 25% of the marketed drugs and 30% of agrochemicals contain at least one fluorine atom, highlighting 

the importance of organofluorine molecules.1 However, the existing protocols for the preparation of these fluorine-

containing molecules rely heavily on the use of toxic organic solvents and reagents (Figure 1a).2 Hence, the 

development of effective sustainable protocols for incorporating fluorine atoms in organic molecules is of utmost 

importance to pharmaceutical industries. 

Water is widely considered to be an environmentally benign reaction media which can enable sustainable and 

economical routes to access pharmaceutically relevant drug molecules.3 However, its application to nucleophilic 

fluorination reactions has been prevented mainly due to the inactivation of fluoride as a nucleophile in water. By 

employing a surfactant-based catalytic system we have enabled nucleophilic fluorination in water (Figure 1b). We 

have successfully demonstrated its application to fluorinate β-bromosulfide and sulfonyl chloride substrates giving 

good conversions to the desired fluorinated products (up to 90%). This was achieved through an extensive 

optimisation of reaction parameters such as surfactant, temperature, fluoride source, and substrate concentration 

(Figure 1c). Further work is currently underway to extend its application to other substrates of pharmaceutical 

importance. 

 

 
 
c) Optimization of reaction parameters 
 

 
 

Figure 1. a) Traditional approaches to nucleophilic fluorination. b) This work: the development of an efficient sustainable 

nucleophilic fluorination reaction of β-bromosulfide and sulfonyl chlorides in water. c) Optimization of various reaction 

parameters to obtain an efficient sustainable nucleophilic fluorination protocol. 

We have developed an effective sustainable protocol for nucleophilic fluorination of β-bromosulfide and sulfonyl 

chloride substrates using water as the reaction media. This protocol occurs under environmentally-benign reaction 

conditions, utilizes a sustainable fluoride source, is economical, and does not require any drying of the reagents or 

solvents. 
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Aminals are the condensation product of aldehydes and secondary amines. Structurally similar to acetals, these 

compounds have been used as intermediates, chiral auxiliaries and protection groups in reactions and in the biology 

field.1 

The most common methodology for the formation of aminals involves the condensation of aldehydes with amines 

in ethanol or toluene under high temperatures using dehydrating agents to remove the water in the reaction, shifting 

the equilibrium to the product.2 However, performing the reaction in aqueous media instead of organic solvents is 

an environmentally competitive process for the preparation of aminals. 

This work reports on the formation of aminals, from aromatic aldehydes and furfural derivatives with different 

secondary amines in water under mild conditions (Figure 1a) as well as the formation of several thioaminals with 

yields up to 97% (Figure 1b).3 This is followed by the stability studies of different aminals and their use as 

protection group for aldehydes. Applying this approach together with the advantages of a continuous flow system 

allowed us to develop a new, simple and rapid methodology for selective removal of genotoxic aldehydes from 

APIs (Active Pharmaceutical Ingredient). Our method uses the diamine scavenging resin in a continuous flow 

system, generating the aminal within the microreactor efficiently (Figure 2).4 

The described aminal compounds were prepared with a more sustainable methodology allowing the use of these 

interesting molecules as protection group and presenting a noteworthy role on the removal of genotoxic impurities 

of the APIs. 
 

(a) 

 
(b) 

 
 

Figure 1. (a) Preparation of aminals from aromatic aldehydes and furfural derivatives with different secondary amines and (b) 

preparation of thioaminals from aromatic aldehydes with alkyl and aryl thiols, and morpholine in water under mild conditions.  

 

 
Figure 2. A new strategy for selective removal of genotoxic aldehydes from APIs. 
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Polycarbonates (PC) are widely used as engineering plastics due to their amalgamation of properties like clarity, 

toughness, low moisture absorption, good thermal stability and high mechanical durability. From a chemical point 

of view, PC are polyesters of carbonic acid [1–3]. Bisphenol A polycarbonates (BPA-PC) derived from petroleum 

is one of the most important and widely commercialized polycarbonates. However, bisphenol A is a toxic 

compound that can induce chronic toxicity and environmental problems [4]. The use of bisphenol A as a diol for 

the synthesis of polycarbonates is controversial. The detection of bisphenol A in the environment and food 

products has been the subject of much recent research. Some studies prove that thermal treatment of any product 

containing can bisphenol A makes it be released into food [5]. New methods of obtaining polycarbonates without 

the use of BPA are being sought. The best strategy for large-scale preparation of aliphatic polycarbonates is the 

two-step condensation polymerization of dimethyl carbonate (DMC) and aliphatic diols with more than three 

carbon atoms. Oligomers are obtained in the first, initial condensation step, due to the low equilibrium constant. 

In the second step, polymer chains propagated by transesterification, while high temperature and high vacuum are 

required to remove unreacted monomers and freshly generated byproducts [6-9]. The aim of the research was to 

synthesize new polymer compounds based on safe (BPA-free), non-toxic components. A method of synthesizing 

aliphatic-aromatic compounds derived on diphenyl methane has been developed. In this work, twelve new 

polycarbonates based on diols with DMC monomer were synthesized. Polycarbonates were obtained by 

polycondensation reaction and their chemical structures were confirmed by means ATR/FTIR.  The thermal 

stability were examined by DSC and TG analyses. The presence of a carbonyl bond on the spectroscopic spectrum 

confirmed the polycarbonate production. Moreover, GPC analysis was performed to check the molar masses of 

the obtained polycarbonate. Summary, proposed method applied DMC reagent for introducing carbonate groups. 

The transesterification reaction DMC with diols in the melt phase was performed, resulting in the formation of PC 

precursors. In the next step PC compounds are amenable to polymerization reaction. The polycondensation step is 

carried out under a vacuum condition to remove methanol produced as a recyclable by product. 

 

The synthesis of monomers - diols has been developed at the Department of Polymer Chemistry of the Maria 

Curie-Sklodowska University. A detailed description of the reagents and procedure has already been published 

[9]. Three diphenylmethane derivatives were obtained and were named diol M (methylenedi(4,1-

phenylene)dimethanol), diol E (2,2’-[methanediylbis(benzene-4,1-diylmethanediylsulfanediyl])diethanol) and 

diol H (6,6’-(methanediyl(benzene-4,1-diylmethanediylsulfanediyl)dihexan-1-ol. Polycondensation reactions 

were carried out with the commercial reagent DMC (dimethyl carbonate). Four organic catalysts were used: zinc 

acetate, 4-dimethylaminopyridine, benzyltriethyloammonium chloride and bis(dibutylchloritin (IV)) oxide. 

 

 
Figure 1.  Scheme of diols and DMC reactions. 

 

Short synthesis description: In the three-necked flask equipped with a distillation cooler, gas source and 

thermometer, Substrates were added in a stoichiometric amount of 0.5:2 (diol:DMC). The catalyst was added in 

an amount of 0.5 mol%. The reactions were carried out on a heating plate equipped with a magnetic stirrer, in an 

oil bath, under nitrogen atmosphere for 3 hours after the complete melting of the components. The temperature 

was kept at 150-170oC. As the reaction proceeded, methanol was released which was fed by a gas to the flask. 

After two hours, the gas was disconnected. The reactions were carried out for another 2 h under reduced pressure, 

keeping the temperature at 160°C. The resulting polycarbonates were placed in beakers and quenched with 

methane dichloride (50 ml) and precipitated with methanol. They were then allowed to evaporate the solvent. In 

order to completely dry the polycarbonates, they were placed in an oven for 12 hours (50oC). 
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Figure 2.  Scheme of transesterification and polycondensation reactions [8-9]. 
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Abstract text:  

Active Pharmaceutical Ingredient (API) is the pharmacologically active component of a drug and is 

responsible for its efficacy. API constitutes about 25% of a drug’s retail selling price, and its cost is increasing 

significantly in recent years. Chiral APIs are essential building blocks to produce pharmaceuticals, agrochemicals 

and biologically active molecules. The industrial synthesis of chiral compounds typically depends on the solvent-

intensive optical resolution or precious late transition metal-based homogeneous catalysts,[1][2] primarily because 

of the lack of efficient heterogeneous earth-abundant metal catalysts.[3] Due to the rising demand for chiral 

compounds and the increasingly strict safety, quality and environmental requirements of bulk scale synthesis, the 

development of highly active and enantioselective heterogeneous catalysts based on earth-abundant metals and 

inexpensive chiral feedstock is an open challenge in the pharmaceutical and chemical industries for environment-

friendly and economical production of optically active compounds. 

 

We have recently developed a strategy to synthesize novel heterogeneous enantioselective catalysts based on 

amino acid-functionalized metal-organic frameworks (MOFs) and earth-abundant metals for sustainable 

asymmetric organic transformations.[4] Constructed from metal-cluster secondary building units and organic 

bridging linkers, MOFs provide a unique platform for the simple preparation of single-site chiral catalysts via site-

isolation owing to their porous and crystalline nature as well as modular and tunable properties.[5][6] The chiral 

MOF-iron catalyst was synthesized following a multi-step post-synthetic modifications of easily affordable amine-

tagged zirconium UiO-68 MOF having a formula of Zr6O4(OH)4(L-NH2)6 (L-NH2 = 2'-amino-[1,1':4',1''-

terphenyl]-4,4''-dicarboxylate).[4] The tandem amide coupling between the amino-group of UiO-68 MOF and the 

carboxylic acid group of N-Fmoc-protected L-valine in the presence of HBTU and diisopropylethylamine in DMF, 

and subsequent deprotection of amino-group afforded amino acid-grafted UiO-68-MOF (L-val-UiO). L-val-UiO 

was further modified by treating with picolinaldehyde at room temperature to give the corresponding pyridylimine-

bearing tridentate nitrogen-donor ligand-functionalized MOF (L-valim-UiO). 1H NMR spectrum of the digested 

L-valim-UiO displayed the characteristic peaks of the pyridylimine moiety with the evidence of complete 

functionalization of the amino-groups of L-val-UiO.  

 
The deprotonation of amide NH of L-valim-UiO by sec-BuLi followed by the reaction with FeCl2 in THF 

afforded the corresponding iron-metalated MOF (L-valim-UiO-FeCl). The crystallinity of MOFs was maintained 
upon lithiation and metalation as evidenced by the similarity of its PXRD pattern with that of pristine UiO-68-
NH2. ICP-OES analysis of the digested metallated L-valim-UiO-FeCl revealed the Fe-loading of 27 with respect 
to the N-donor ligand. L-valim-UiO and L-valim-UiO-FeCl have a BET surface area of 1765 m2/g and 987 m2/g, 
respectively. L-valim-UiO-FeCl particles have octahedral morphology, and the average diameter of the particles 
is 1.0 µm as shown by transmission electron microscopy. The DFT-optimized structure revealed a five-coordinate 
iron-species of L-valim-FeCl(THF) within the MOF in THF as the ground state. X-ray absorption near edge 
structure (XANES) analysis indicated that the oxidation state of the iron-center in L-valim-FeCl(THF) is +2. 
Fitting of the extended X-ray absorption fine structure (EXAFS) regions of L-valim-FeCl at the Fe K-edge revealed 
the coordination of each FeII center to three nitrogen atoms of a chelating valim-ligand, one chloride and one 
oxygen atom of a THF in a distorted square pyramidal geometry.  

 
Upon treatment of LiCH2SiMe3 (1.2 equiv with respect to Fe) in THF, chiral L-valim-UiO-Fe became a highly 

active and enantioselective catalyst for hydrosilylation and hydroboration of a range of aliphatic and aromatic 
carbonyls to afford the corresponding chiral alcohols with enantiomeric excesses up to 99%. The chemoselectivity 
and enantioselectivity of chiral MOF-catalysts could be easily optimized by adjusting their pore sizes and post-
synthetic modification techniques. At a 0.5 mol % Fe-loading, hydrosilylation of ketones using (OEt)2MeSiH was 
completed within 2 h in THF at 25 °C to afford silyl ethers in excellent yields, and the corresponding secondary 
alcohols were obtained after hydrolysis with high enantiopurity. Under the standard reaction conditions with 0.5 
mol % L-valim-UiO-Fe, acetophenone and several substituted acetophenone bearing methoxy, hydroxy and nitro-
functional groups were efficiently reduced to the corresponding alcohols with enantiomeric excesses ranging from 
90-99%. Impressively, the MOF-Fe catalyst displayed high turnover numbers of up to 10000 and was recycled 
and reused more than 15 times without diminishing the enantioselectivity. The enantioselectivities of 
hydrosilylation reactions were also very high for a range of alkyl aryl ketones, unsymmetric benzophenones and 
heteroaryl ketones, and aliphatic ketones such as 6-methylhept-5-en-2-one, 2-octanone and cyclopentyl methyl 
ketone. Alcohols with 99% ee were afforded in quantitative yields from alkyl aryl ketones and unsymmetric 
benzophenones. The reduction of heteroaryl ketones such as acetyl pyridines and 2-acetyl thiophene generates the 
corresponding optically active alcohols with 99% and 84% ee, respectively. L-valim-UiO-Fe displayed much 
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higher activity and enantioselectivity than its homogeneous control catalyst, likely due to the formation of robust 
single-site catalyst in the MOF through site-isolation.[4] The yields of the reactions and % ee were determined by 
Agilent 7890B gas chromatograph equipped with a mass detector (Agilent 5977B GC/MSD) and HP-5MS Ultra 
Inert 30 m-250 µm-0.25 µm column for GC-MS and chiral CycloSil-B column 30 m-250 µm-0.25 µm for GC-
FID analysis. 

 

 
 

In the case of hydrosilylation reactions, the spectroscopic, kinetic and computational studies suggest iron-

silyl as the catalytic species, which undergoes enantioselective 1,2-insertion of carbonyl into Fe‒Si bond as the 

turnover limiting step to give Fe-alkyl intermediate. The subsequent σ-bond metathesis of Fe-alkyl and silane 

generate the chiral silyl ether products. This work highlights the importance of MOFs as the tunable molecular 

material for designing chiral solid catalysts based on inexpensive natural feedstocks such as chiral amino acids 

and abundant metals for the sustainable production of optically active compounds. 
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Green synthesis to access chemicals are of significance for the development of green and sustainable chemistry. 

Our group has been working in this fields with focus on green solvent-mediated approaches [1-8]. At this 

symposium, I will talk about our recent work on ionic liquids (ILs)-promoted green synthesis. ILs are a kind of 

molten salts composed of organic cations and inorganic/organic anions, remaining in a liquid state below 100 °C, 

and there exist multiple interactions among the IL systems, which provide the ILs with unique properties and 

advantages over traditional molecular solvents and thus wide applications. In chemical reactions, ILs have been 

employed as solvents, catalysts and additives.  

 

Our group has designed task-specific ILs to realize chemical reactions in green way, and proposed several metal-

free approaches to access chemicals over ILs under mild conditions [1-6]. For example, we synthesized CO2-

reactivle ILs that are able to chemically capture and activate CO2 via forming anion-based carbonate/carbamate 

intermediates, thus further accomplishing its transformation to a series of heterocycles including quinazoline-

2,4(1H,3H)-diones, cyclic carbonates, 2-oxazolidinones, oxazolones and benzimidazolones under metal-free 

conditions [1,2]. We developed IL-catalyzed approaches to reduce CO2 with hydrosilanes and amines, in which 

ILs are capable of activating the Si-H bond in hydrosilanes and the N-H bond in amine substrates via H-bonding, 

thus achieving the reductive transformation of CO2 to formamides, benzimidazoles and benzothiazoles via 

cooperative catalysis. We found that azolate anion-based ILs that can chemically capture CO2 via formation of 

carbamate could serve as robust nucleophiles to attack CC bond in propargylic alcohols, and could efficiently 

catalyze the hydration of propargylic alcohols to produce α-hydroxy ketones with the assistance of atmospheric 

CO2 gas under metal-free conditions [3].  

 

We proposed cooperative catalysis strategy of hydrogen bond donor and acceptor of ILs for chemical reactions 

[4,5]. In this protocols, cations of the ILs act as the H-bond donor and anions as the acceptor, forming H-bonds 

with the reactant molecules, respectively, in opposite ways, which can cooperatively catalyze some reactions. For 

example, the acidic IL, 1-butylsulfonate-3-methylimidazolium trifluoromethanesulfonate ([SO3H-BMIm][OTf]) 

was found to be capable of efficiently catalyzing the ring-closing C-O/C-O bond metathesis reactions of aliphatic 

diethers to O-heterocycles [4]. The ILs with cation as H-bond donor and anion as H-bond acceptor, e.g., 1-ethyl 

hydroxyl-3-methylimidazolium trifluoromethanesulfonate ([HO-EtMIm][OTf]), can also catalyze dehydrative 

etherification of monohydric alcohols and dehydrative cyclization of diols to ethers under metal-, acid-, solvent-

free and mild conditions [5]. [HO-EtMIm][OTf] shows performances even better than sulfuric acid in some cases, 

and a series of aliphatic ethers, aromatic ethers and cyclic ethers could be obtained in 100% selectivity and high 

yields. We believe that the above IL-catalyzed metal-free processes and strategies display promising practical 

applications. 

 

In addition, we also developed some IL-metal catalytic systems, and realized the selective transformation of 

CO2 to value-added chemicals. For example, we performed the reduction of CO2 with amine and H2 over Pd/C in 

1-butyl-3-methyimidazolium tetrafluoroborate, which could realize the selective production of formamides (at 120 
oC) or N-methylamines (at 160 oC) in high yields. Moreover, 1,2-bis(N-heterocyclic)ethanes were for the first time 

obtained from cyclic amines and CO2/H2 via McMurry reaction of formamides coupled with subsequent 

hydrogenation [6].   

Our findings are expected to bring new opportunities in the field of green chemical reactions, which will 

promote the development of new technology. The ILs-based green processes and strategies may be 

commercialized for production of value-added chemicals in the future. 
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Green chemistry possesses the spirit of sustainable development and is entering as a dynamic force to a constantly 

increasing number of chemical processes in the 21st century. In the chemical world, strategies for increasing 

sustainability often require the redesign of reactions and modifications of existing chemical processes aiming, 

among other things, at the prevention of waste, minimization of byproducts, reduction of chemicals used as 

solvents and auxiliaries in a wide range of laboratory and industrial applications.  

 

Natural Deep Eutectic Solvents (NADES), eutectic mixtures comprised of natural products (primary and secondary 

metabolites) have been characterized as the green solvents of the 21st century. They possess favorable properties 

and advantages over common organic solvents such as low vapor pressure, high extractive capacity, low 

production costs, low toxicity, biodegradability as well as etc. The array of potential applications of NADES spams 

from organic synthesis, enzyme-catalyzed reactions, extraction processes, drug delivery, CO2 capture and storage, 

biocompatible nanosystems and many more. 

 

This presentation will emphasize the multifaceted character of NADES showing case studies on their applications 

as solvents for extraction of valuable phytochemicals from plants and biomass as well as their ability to act as 

solvents and catalysts for the development of greener synthetic methodologies for bioactive organic compounds. 

[1-5] 

 

As far as the extraction processes are concerned, the development and optimization of the ultrasound-assisted 

extraction of phytochemicals from wild rosehip “pseudofruits” and olive leaves will be presented. The process 

development involves the synthesis, characterization and screening of a variety of NADES possessing different 

physicochemical properties, which affect the quality of the obtained extracts. The optimization of the process is 

performed using experimental design, and examines the effect of the most important process parameters such as 

extraction time, NADES/H2O ratio and solvent/dry biomass ratio on the antioxidant activity, the Total Phenolic 

Content (TPC) and Total Flavonoid Content (TFC) of the extracts. 

 

The application of task-specifically designed NADES in carbon-carbon forming reactions, such as the 

Knoevenagel and aldol reactions, will be also presented, focusing on the role of the NADES components on the 

reaction yield and efficiency as well as on the recyclability and reusability of these solvents. The reaction proceed 

smoothly in the selected NADES and the developed methodologies are very promising especially for the synthesis 

of small “chemical libraries” of flavonoid analogues. 
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The biocompatible natural deep eutectic solvents (NADES) can solubilize and stabilize various of molecules such 

as polyphenols, DNA, and proteins [1]. This feature of NADES is partly due to their supramolecular network. 

NADES were shown to dissolve the components of biofilms, providing a green solution for membrane biofouling 

in reverse osmosis [2]. Here we focus on an application of NADES as green solvents for the stabilization one of the 

least stable macromolecules, RNA. 

 

In order to investigate the stability of RNA in NADES, several NADES were prepared by combining various 

primary metabolites and mixing them at elevated temperatures. Total RNA was extracted from human HeLa cells. 

The stability of RNA molecules in NADES was monitored over time by evaluating the RNA quantity and quality 

through concentration measurements and gel electrophoresis, respectively. 

 

The extracted RNA maintained 100% of its initial concentration when stored in NADES compared to ~90% when 

stored in water (Figure 1).  

 

 
Figure 23.  The concentrations of RNA stored for two weeks in different media compared to their initial concentrations. 

 

Our preliminary results show that NADES can maintain the concentration and integrity of RNA. The increased 

stability of RNA molecules could enhance the robustness and accessibility of mRNA vaccines, facilitating their 

storage and transport. 
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Ionic liquids are liquids composed of a cation and anion, with a melting point at or near room temperature.1 These 

ionic liquids have seen great use in several applications, to name a few, biomass extraction, biphasic reactions, 

catalysis and in CO2 capture. Understanding the thermal stability of these ionic liquids is vital for implementation 

of ionic liquids in industrial applications that require elevated temperatures. Currently, a limited number of ionic 

liquids have been studied for their thermal stability and corresponding degradation mechanisms, and they are often 

costly with limited industrial applicability.1,2  

 

In this research, the ionic liquids employed focus on pairing of the hydrogen sulfate anion, [HSO4]-. Additionally, 

a range of cations based on mono/dialkylated imidazole and tri/tetra alkylated amine were studied. To give a 

thorough comparisons these were studied alongside conventionally popular ionic liquids based on pairings 

utilizing the following anions: chloride, Cl- and acetate, [OAc]-. These hydrogen sulfate ionic liquids are of interest 

as they have recently found application in biomass processing whilst synthesis of these ionic liquids is 

advantageously simple and of a low-cost.3,4,5 

 

In this talk, I will present thermal gravimetric data showing the greater thermal stability of low-cost hydrogen 

sulfate ionic liquids compared to common analogous ionic liquids. Additionally, thermal differences between two 

different classifications of ionic liquids; protic and aprotic ionic liquids. The suitability of the current range of 

techniques used to deduce the thermal stability of protic ionic liquids will also be discussed. Analytical techniques 

which will be discussed include: thermogravimetric analysis coupled with mass spectroscopy, direct-insertion-

probe spectroscopy, simultaneous thermal analysis. Additionally, experimental data will be used to support the 

investigation of the relative stability and identification of ionic liquid decomposition products at ambient pressure 

and under vacuum. 

 

Thermogravimetric analysis under ambient pressure showed that protic and aprotic hydrogen sulfate ionic liquids 

are more stable than the equivalent chloride and acetate ionic liquids. Under vacuum, the molecular cation for the 

protic imidazolium based ionic liquid was detected, whilst the mass spectrum of the aprotic analogue only showed 

molecular fragments, suggesting that evaporation of the amine occurs for the protic ionic liquid under vacuum. In 

order to differentiate between the evaporation and degradation of the protic hydrogen sulfate based ionic liquids, 

isothermal TGA and STA was carried out for [HC4im][HSO4], [C4C1im][HSO4] and [N4110][HSO4] under air, 

nitrogen, helium and argon.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.  TGA thermographs for several imidazolium hydrogen sulfate based PILs (solid green) and AILs (dashed green); 

Imidazolium chloride PILs (solid blue), imidazolium and ammonium chloride AILs (dashed blue); Imidazolium protic and 

aprotic acetate ILs (solid and dashed red) and ammonium acetate PILs (solid red). Chemical structures of select protic and 

aprotic hydrogen sulfate based ionic liquids used throughout this study.  
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In recent years, the field of ionic liquids (ILs) application has expanded significantly. As alternative 

solvents ILs are used in chemical synthesis, catalysis, biocatalysis, electrochemistry, analytics, for the extraction, 

and separation of bioactive compounds, etc. ILs have been shown to possess a wide range of biological activities, 

including cytotoxic, antiviral and antimicrobial properties. [1] Lately, a large study on the mechanisms of cytotoxic 

action of various classes of commercial ILs was made and guide for designing ILs with targeted biological activity 

was complied. [2] 

However, widespread use of ILs is hindered by their high cost and toxicity. The rational design of ILs based 

on the selection of cations, functional groups, linkers, and anions will make it possible to influence the 

physicochemical and biological properties of the final ILs. It is assumed, that the use of initial reagents obtained 

from renewable biomaterials will significantly reduce the cost of ILs and their environmental impact. So, various 

bio-derived ILs were obtained from natural compounds, such as choline, amino acids, carbohydrates and various 

organic acids and oils. 

Earlier, we demonstrated that depending on the position of the biofragment (in the anion or cation) and the 

substituents in the cationic center, the properties of the final ILs differed significantly. For example, for cinnamate-

based ILs, the introduction of cinnamic acid into the cation leads to a more significant increase in cytotoxicity than 

in the anion. [3] The cytotoxicity of ILs with salicylate-anion was higher than that of imidazolium ILs with cation 

functionalized with salicylic acid. [4] 

Recently, new protic ILs from a bio-derived platform chemical (5 HMF) were obtained, and their 

physicochemical and biological properties were studied. [5] Novel ILs had a protonated tertiary amino group in 

the cation and different inorganic anions (Cl-, SO4
2-, H2PO4

-). Most of them had low (< 88 °C) and were readily 

soluble in water. Cytotoxicity of several 5-HMF-derived ILs in human fibroblasts was comparable to that of 

common imidazolium ILs, whereas other ILs were significantly more active. The substituents in the cationic core 

had a prominent impact on the cytotoxicity of the ILs, whereas the nature of the anion was less important. 

Bactericidal activity of the ILs against Gram-negative and Gram-positive bacteria was tested. The IL with the 

sulfate anion demonstrated a cellulose-dissolving ability. 
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Cornelian cherry (Cornus mas L.) is a plant that mainly grows in Europe and West Asia. Its edible fruits are deep 

red in color and have oval shape and sour or sweet taste. Their beneficial health effects (e.g. antioxidant, 

antimicrobial, anti-inflammatory, neuroprotective) have been attributed to the presence of various bioactive 

compounds such as phenolic acids, flavonoids, anthocyanins, iridoids, vitamin C etc. [1, 2]. Their levels depend 

on the cultivar, the stage of maturity as well as the cultivation practices. In this view, cornelian cherry fruits as 

well as their extracts, find applications in the development of novel functional food products including ice creams, 

beverages, beers, vinegars and meat products [3]. Conventional extraction techniques often involve the use of toxic 

organic solvents. The last decades, the interest of the scientific community has been focused on alternative green 

solvents, such as the aqueous solutions of cyclodextrin, that could reduce the negative health and enviromental 

impact. More specifically, cyclodextrins, can be used as extraction enhancers through the formation of inclusion 

complexes with a variety of bioactives, such as phenolic compounds [4]. Even though cyclodextrins have been 

already used for the extraction of phenolic compounds from various plant materials, e.g. beetroots [5], coffee pulp 

[6] and red grape pomace [7], to the best of our knowledge, extremely limited is the information regarding their 

use for the recovery of phenolic compounds from cornelian cherry fruits [8].  

In this frame, the aim of the present study was the optimization of a green extraction approach for the recovery of 

bioactive compounds from cornelian cherry fruits with the use of aqueous solutions of β-cyclodextrin (β-CD) as 

extraction enhancers with the aid of Response Surface Methodology. 

Fresh cornelian cherry fruits were provided by “Physis Ingredients” (Serres, Greece). Upon arrival at the 

laboratory, the fruits were destoned, homogenized in a Pulverisette 11 Knife Mill (Fritsch GmbH, Idar-Oberstein, 

Germany) and then stored at -20 ˚C until further analysis. An unblocked full factorial central composite design 

(CCD) was applied to the study of four factors, namely, duration of extraction (min), temperature of extraction 

(˚C), solvent to solid ratio (v/w) and concentration of cyclodextrin (mg/mL). Each of these factors had five equally 

spaced levels in the design, coded as follows: −a, −1, 0, +1, +a, where a = 2n/4, n = number of variables, and −1, 

+1 and 0 correspond to the low, high and mid-levels, respectively (Table 1). The CCD had 7 of the factorial points 

at the center of the design, for a total of thirty one experiments, replicated for the estimation of error. The runs 

were set using the software Minitab 15.1.20.0 (Minitab, Inc., State College Pennsylvania, USA). Polynomial 

response surfaces were fitted to the response variables namely, total phenolic content, total monomeric 

anthocyanins, total flavonoids and antiradical activity. Statistical analysis of the experimental data was performed 

using the same software. Water or aqueous-alcoholic solutions were also examined for comparison purposes.  

 

Table 1. Levels of factors in actual and coded values used in the experimental design. 

 

Factors   Level   

   Coded values   

 -a -1 0 +1 +a 

   Actual values   

Duration (min) 10 23 35 48 60 

Temperature (˚C) 40 50 60 70 80 

Solvent:solid ratio (v/w) 5 17 28 39 50 

Concentration of β-cyclodextrin (mg/mL) 0 4.6 9.3 13.9 18.5 

 

Linear, quadratic and interaction effects of the examinated factors were found to significantly (p<0.05) influence 

the recovery of the compounds of interest from cornelian cherry fruits. Cyclodextrin was found to contribute to 

the recovery of the examined bioactives as extraction enhancer. 
 

Our proposed procedure is suitable for food, pharmaceutical and cosmeceutical applications. 
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The use of polymer membranes for the separation of CO2 from natural gas presents several advantages, such as 

low energy demands, small equipment volume and absence of liquid wastes [1, 2]. For these reasons, such process 

has been suggested for CO2 capture from flue gases generated form fossil fuels combustion.  

In this study, the sorption of CO2 in composite polymer membranes, consisting of cellulose acetate, as polymer 

matrix, and an ionic liquid, as potential absorption promoter, was experimentally studied. Two ionic liquids were 

selected for investigation, 1-butyl-3-methylimidazolium hydrogen sulfate ( [BMIM+][ΗSO4
−] ) and choline glycine 

( [Ch+][Gly−] ), since they present adequate CO2 dissolution ability, due to the presence of the hydrogen sulfate 

anion (ΗSO4
−) [3] and the glycine anion (Gly−)[4], respectively. Experiments were performed at 35oC and 

pressures ranging from 50-70 bar.  

The composite membranes were prepared through the solvent casting method. In more detail, cellulose acetate 

was dissolved in acetic acid, up to 5 wt.%, and, subsequently, ionic liquid was added, resulting in solutions 

containing 0 and 20 wt.% ionic liquid with respect to the polymer weight.  The solutions were casted into petri-

dishes and remained at room temperature for around 48 hours. Upon solvent evaporation, the films were removed 

from the petri-dishes and dried under vacuum for 3 days to remove residual solvent. The obtained films were 

stored in a desiccator before investigation.  

Subsequently, the amount of the dissolved CO2 in the composite polymer matrix was determined using the Mass-

Loss-Analysis technique [5]. According to this method, a known mass of the composite polymer matrix is inserted 

in a high-pressure cell under CO2 atmosphere of constant temperature and constant (high) pressure.  The 

equilibrium amount of the sorbed CO2 in the polymer matrix is determined by monitoring the gas desorption after 

the quick depressurization of the system, assuming the diffusion behavior. The equilibration time was determined 

through several preliminary experiments.  

Some representative results for the sorption of CO2 in CA − [BMIM+][ΗSO4
−] and CA − [Ch+][Gly−]  composite 

membranes are presented in Figures 1 and 2, respectively.  

 
Figure 1.  Sorption of CO2 in CA − [BMIM+][ΗSO4

−]  composite membranes. 
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Figure 2.  Sorption of CO2 in CA − [Ch+][Gly−]  composite membranes. 

 

 

The results reveal that only [Ch+][Gly−] acted as CO2 dissolution promoter, since the CO2 sorption in the 

composite increases with increasing ionic liquid concentration. This observation can be attributed to the existence 

of the amine group in the glycine anion that induces the chemical absorption of CO2 in the [Ch+][Gly−] containing 

polymer matrix, contrary to the mainly physical absorption in the [BMIM+][ΗSO4
−]  containing composite.  
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Organonitriles play an important role in organometallic chemistry for numerous applications both in organic 

synthesis and catalysis [1−3]. Herein, various nitriles compounds have been investigated as complexing agents 

(CAs) for double metal cyanide (DMC) catalysts (Figure 1(a)). The complexation of these CAs within DMC 

framework was characterized by combining structure-sensitive characterization techniques. The catalytic activity 

of the resultant DMC catalysts was evaluated via the ring-opening polymerization (ROP) of propylene oxide (PO), 

ε-caprolactone (CL), and copolymerization of PO with CO2 (Figure 1(b−d)). 

 

 
Figure 1. Typical structure of the DMC catalyst bearing various nitrile Cas (a) and catalytic activity of the DMC catalysts for 

the ROP of propylene oxide (b), ROP of ε-caprolactone (c), and copolymerization of propylene oxide with CO2 (d). 

 

Table 1.  Summary of the polymerization results. 

Catalyst 

ROP of PO ROP of CL Copolymerization of PO and CO2 

tp (min) 
TOF 

(min−1) 
tp (h) TOF (h−1) CO2 (%) Yield (%) Mn (g/mol) PDI 

DMC-AN 21 429 5 51 38.04 65 9000 4.76 

DMC-IBN 28 327 3 83 32.31 63 2100 2.70 

DMC-BN 30 294 4 61 34.04 67 2700 2.20 

DMC-SN 30 333 5 57 34.50 75 4200 2.01 

DMC-PN 22 381 7 33 33.13 65 3800 2.62 

DMC-TMAN 38 221 5 47 34.68 56 2700 2.05 

DMC-MBN 20 561 8 37 30.77 65 3500 2.85 

 

The DMC catalysts bearing nitrile CAs exhibit remarkably higher activity than the conventional DMC catalysts 

using tert-butyl alcohol (TBA) as a CA. 

 

DMC-MBN and DMC-IBN showed highest activity for the ROP of PO and CL, respectively, whereas DMC-SN 

exhibited highest efficiency toward copolymerization of PO and CO2. 

 

The resultant polypropylene oxide polyols were characterized by narrow dispersity (1.1−1.2) and low unsaturation 

level (0.004−0.014). Tunable molecular weight polycaprolactone polyols (500−9,800 g mol−1) were successfully 

synthesized. Polycarbonate polyols with relatively high yield (56−75%) and carbonate content (30−38%) were 

also achieved. 
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Abstract 

Plating on plastics (PoP) is a key process for producing a metallic coating on non-conductive polymeric substrates 

to enhance their wear and corrosion resistance and to aesthetically improve their appearance. The process can be 

divided into four main steps whose objectives are: (a) to remove dirt (degreasing), (b) increase the hydrophilicity 

and roughness of the surface (etching), (c) seed the surface with nucleation sites (activation), and finally (d) create 

a conductive thin metallic layer (metallization). Currently, industrial processes employ toxic and/or expensive 

chemicals such as chromic acid for the etching and Pd-Sn colloidal solutions for the activation of the polymeric 

surface before the final electroless deposition step [1]. In the last 20 years, the PoP research community has been 

investigating greener and less expensive alternative procedures that do not involve the use of Cr6+ and/or Pd-Sn 

[2,3,4]. In addition, coupling of PoP with 3D polymer-based printing technologies can lead to the manufacturing 

of complex, custom-made metallized plastic objects that are used in scientific, industrial, and daily-life 

applications. 

 

In this study, photocurable resin artifacts were 3D printed via stereolithography (SLA) and then coated via an 

environmentally benign and cost-effective process that employs potassium hydroxide (KOH) for the etching 

(instead of Cr6+ solutions) [5], nickel acetate [Ni(CH3COO)2] for the activating (instead of Pd-Sn colloidal 

solutions) [2], sodium borohydride (NaBH4) as the reducing agent [2,5], and Ni-P electroless solution for the final 

metallization step (Table 1) [5,6]. The chemical and morphological properties of the polymeric surface were 

evaluated by FT-IR spectroscopy, thermogravimetric analysis (TGA), contact angle measurements (CA) and 

scanning electron microscopy (SEM). Adhesion tests were also used in order to evaluate the adhesion quality of 

the metallic layer on the plastic substrate. In Figure 1 a graphical representation of the current industrial process 

and the alternative proposed method is presented. 

 

 
Table 1.  Chemical composition of Ni-P electroless bath. 

Compound Concentration (g/L) 

NiSO4·6H2O (nickel sulfate hexahydrate) 32 

Na3C6H5O7 (trisodium citrate) 20 

NaPO2H2 (sodium hypophosphite) 28 

NH4Cl (ammonium chloride) 25 

NH4OH (ammonium hydroxide) pH = 9 at 45 °C 

 

 
Figure 1.  Graphical representation of the current industrial process (top) and the proposed method herein (bottom). 

 

 

A comparative study was conducted to optimize the etching process by varying the KOH concentration (100 – 200 

g/L), immersion time (15 – 120 min) and temperature (25 – 60 °C). The results showed that metallization was 

successful under specific set of conditions. Room temperature etching required rather long immersion times, 

greater than one hour, which would make the overall electroless PoP process time-consuming and practically not 

industrially applicable. An elevated temperature of 45 °C and a KOH concentration of at least 150 g/L were 

necessary to successfully etch the polymer surface within 30 min, a time period that is reasonable for an industrial 

process. Higher temperatures led to excessive etching and sample degradation, even for shorter immersion times, 

mailto:*a.bairamis@creativenano.gr


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

331 
 

whereas more diluted KOH solutions led to insufficient etching and as a result, metallization was not possible. 

Similarly, optimization of the activation process by varying the aforementioned factors was also performed.  

The overall results suggested that electroless PoP of 3D printed resin artifacts was feasible at a temperature of 45 

°C and immersion time intervals of 30 min for the etching (200 g/L KOH), activation (5 g/L Ni(CH3COO)2) and 

Ni-P metallization steps. In Figure 2 some 3D printed artifacts of complex geometry are presented, before and 

after their metallization. 

 

 

       
Figure 2.  3D printed artifacts of complex geometry before and after their metallization. 
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Introduction:  

In recent years, colloidal zinc oxide quantum dots (ZnO QDs) with dominant defect chemistry have befitting utility 

in the emerging areas of agriculture, energy, and health care. The novel characteristics of ZnO QDs are primarily 

accredited to the singly ionized oxygen vacancies (VO
•) that render them unique size-controlled optical, 

physiochemical, and biological properties. These intriguing features of ZnO QDs are accomplished through the 

fabrication methods and process variables adopted. However, recent studies involving conventional batch 

synthesis of nanomaterials have revealed flawed process control, the discrepancy in scale-up, poor reproducibility 

and yield, leading to unnecessary energy consumption and material wastage. To combat these challenges, rapidly 

evolving quantum dots production technologies that tend toward sustainable development have ushered in newer 

strategies which, in the long run, will be beneficial to meet the increased demand for high-quality ZnO QDs [1] 

[2]. Thus, in this study, the structure-property interlink has been explored for defective ZnO QDs synthesized by 

a sustainable continuous flow synthesis platform by certain sophisticated characterization and analytical 

techniques, including high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM), 

Fourier transform infrared (FTIR), electron paramagnetic resonance (EPR), and UV-visible spectroscopy. This 

will promulgate the idea of enhanced functionality of the QDs induced by the confluence of “green chemistry” 

and flow synthesis, which has the potency to accelerate application based-pristine-quantum dots development. 

Experimental:  

Zinc acetate ((Zn(CH3COO)2) and lithium hydroxide (LiOH) were procured from Sigma Aldrich (USA). The as-

purchased precursors were dissolved in absolute ethanol (99.99%). Synthesis of defect-enriched colloidal ZnO 

quantum dots (Zd-QDs) was performed in the constructed continuous flow platform. This in-house platform 

consists of a stainless-steel helically coiled reactor positioned inside a water bath held at 75°C and a T-mixer to 

aid fast mixing and efficient heat transfer. These are essential for accelerated nucleation-growth kinetics that 

eventually led to monodispersed QDs. Ethanolic solutions of the raw precursors were fed by the peristaltic pumps 

into the mixing junction via the two separate inlets of the T-mixer. The pumps were calibrated to ensure a constant 

flowrate of 2.4 ml/min. The strategies for process intensification also involved heating the Zn(CH3COO)2 solution 

(0.1M) to 75°C and maintaining this temperature throughout the synthesis by placing the round bottom flask 

containing the solution in a heating mantle. However, the LiOH solution (0.1 M) in the beaker was held at room 

temperature. These ambient synthesis conditions were aimed to enhance the defect-mediated luminescent 

properties of Zd-QDs as well as other properties of nanosystems that rely on homogenous particle sizes. The 

competency of this designed sustainable flow assembly was validated by HAADF-STEM, HR-TEM, FTIR, EPR 

and UV-visible spectroscopy for transmittance studies. The HAADF-STEM and HR-TEM images were captured 

by the Tecnai G2, F30 transmission electron microscope (acceleration voltage of 300 kV). FTIR, UV-visible, and 

EPR spectroscopic measurements were done in JASCO FT/IR-600, Carry 100 UV-Vis, and JES - FA200, JEOL, 

Japan, respectively. 

Results and discussion:  

The particle size distribution and crystalline nature of quasi-spheroid-shaped Zd-QDs were analysed systematically 

by HAADF-STEM and HR-TEM.  Fig. 1a demonstrates the HAADF-STEM image of homogenous sized Zd-QDs 

revealing an average size of 4.5 nm determined from the narrow particle size histogram, denoting enhanced 

structural attributes. Coupled with this imaging technique, HR-TEM was performed to investigate the  internal 

features of nanostructured Zd-QDs. It is apparent from the corresponding image (shown in the inset of Fig. 1a) that 

the estimated lattice fringe spacing of 2.6 Å can be well correlated to the (101) plane of the wurtzite structure of 

ZnO. Further, the HR-TEM image corroborated that the “green” continuous flow approach could precisely 

synthesize phase-pure Zd-QDs on a large-scale. Besides, to gain an in-depth understanding of the surface 

functionality of Zd-QDs, FTIR spectroscopy was employed to identify the active functional groups with respect to 

the peak value in the IR region, as shown in Fig. 1b. The results elucidate the presence of a number of absorption 

peaks from 1000-4000 cm−1. The symmetric and asymmetric stretches of ʋC=O (carbonyl group) at 1588 and 1421 

cm−1 identified the acetate groups attached to the surface of the Zd-QDs via chemisorption. The peak in the range 

of 3000- 3700 cm−1 and 1012 cm−1 is typically due to ʋO-H stretching and bending modes of hydroxyl groups. 

FTIR spectra suggest that these functional groups are present only at the surface of Zd-QDs. The absorption peaks 

due to the interatomic vibrations of Zd-QDs are usually present below 1000 cm−1 (fingerprint region). The Zn-O 
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vibrational modes were identified in the near-infrared (NIR) region at 665 cm−1, designated to the polar stretching 

and deformation present in the sample, which is evident from Fig. 1b.  

The presence of rich intrinsic VO
• density in Zd-QDs was investigated by EPR spectroscopy (Fig. 1c). EPR is a 

powerful non-destructive analytical method for determining the defects that serve as the origin for 

photoluminescence characteristics in ZnO nanoparticles. Thus, the room temperature measurements recorded the 

EPR signal related to VO
• at approximately g~2.003 in the as-synthesized Zd-QDs [3]. This observation evinced 

that the reactor’s micro-environment heavily supported the promotion of an increased density of surface VO
• in Zd-

QDs. Hence, these VO
•- rich Zd-QDs have a flair for attracting immense attention in biomedicine, optoelectronics, 

photonics, and beyond. The UV-visible transmittance spectrum of colloidal Zd-QDs was measured within the 

spectral range (300-700 nm) as depicted in Fig. 1d. that substantiates an intriguing aspect of the optical properties 

of the synthesized samples. It was discernible from the recorded spectrum that Zd-QDs exhibited an optical 

transmittance of ~ 98.2% in the visible regime 450-700 nm. Further, a distinct increase in the transmittance from 

98.2% to almost 100% was observed within the region of 459-365 nm. These UV-visible transmittance studies 

suggest that Zd-QDs can be a desirable candidate as a transparent active ingredient for healthcare (mainly 

cosmetics) and in flexible sensor applications. 

In summary, the defective ZnO QDs synthesized by the in-house fabricated continuous flow platform exhibited 

superior structural and optical features driven by the anomalous surface chemistry. The designed synthesis protocol 

is benign and easily scalable with convenient downstream processes. Thus, this continuous flow assembly can be 

extrapolated to facilitate the production of colloidal quantum dot systems that harmoniously adapts to the “green 

chemistry” ideologies and successfully tailor the processing conditions for pilot-scale synthesis. The fabricated 

Zd-QDs additionally display remarkable transmittance that fuels the potency of these QDs for ubiquitous 

widespread application in the age of “Industry 4.0”. 

 
 

 

Fig 1. a) HAADF-STEM images of as-synthesized Zd-QDs, with bottom inset showing the particle size distribution histogram 

and the top inset displaying the lattice fringe spacing estimated from HR-TEM image. b) FTIR spectra of Zd-QDs indicating 

the presence of surface functional groups. c) EPR spectra of Zd-QDs, the inset depicts the as-fabricated colloidal QDs under 

UV-irradiation. d) UV-vis transmittance spectra of Zd-QDs and the absorption spectra shown at the inset. 
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Ionic liquids are low-melting organic salts, conventionally lower than 100 °C, which have a wide range of 

properties (i.e., high chemical and thermal stability, high ionic conductivity and large electrochemical windows) 

able to be tuned by varying the constituent ions, determining a wide range of applications. When combined with 

a suitable cation or anion to exhibit liquid crystalline behavior, the ionic liquid crystal originated comprise the 

generic properties of both ionic liquids and liquid crystals (dynamic molecular order, anisotropic physical 

properties, self-assembling ability, among others) [1]. In this work, novel ionic liquids crystals were prepared by 

sustainable methods, aiming to reduce the reaction time, the solvent usage and to improve their yields, based on 

pyridinium and 2-, 3- or 4- methylpyridinium cations substituted with a hexyl (C6), dodecyl (C12) and hexadecyl 

(C16) chains [2]. The combination of these organic cations with task-specific counter-ions are interesting to 

modulate its mesomorphic behavior and to design new stimuli-responsive materials.  

 
It is known that electroactive species with electrochromic properties and molecules showing a photochemical 

reversible behavior can be incorporated into an ionic liquid and benefit from the synergy of its properties, 

increasing their performance as smart materials [3,4]. In this context, the adequate combination of commercially 

available chromogenic (photo-, thermo- and electrochromic) materials in the most promissory ILCs are tested. 

Additionally, intrinsically photo- and electrochromic ionic liquid crystals containing methyl orange anion and 

vanadate anion, respectively, are prepared and applied as stimuli-responsive devices. 

 

 

 
  
Figure 1. Ionic liquid crystals based on [C12Pyr][Br] and [C12-n-Pic][Br] and their thermotropic mesophases (POM images). 
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The growth of industrial activities considerably increases the delivery of toxic substances and various pollutants 

to the environment from industrial wastewater. The presence of organic pollutants (OPs) at values higher than the 

maximum admitted values can affect human health and the environment. Therefore, it is essential to remove the 

pollutants from wastewater before discharge. In the present study, the adsorption potential of three types of metal 

organic frameworks (MOFs) based on phosphonate, obtained in the reaction of phosphonoacetic acid (CP), N,N-

bis (phosphonomethyl)glycine (Gly) and etidronic acid with divalent metal salts in hydrothermal conditions, has 

been investigated [1-3]. The obtained phosphonate MOFs were modified with ammonium and imidazolium based 

ionic liquids (ILs). The study involves batch-type experiments investigating the effects of the solution pH, 

solid:liquid ratio, initial concentration of OPs and contact time on the adsorption efficiency of the studied materials. 

In order to determine the maximum adsorption capacity of the studied MOFs and for the interpretation of the 

results obtained in the equilibrium study, several empirical isotherms were used: Freundlich, Temkin, Langmuir 

and Dubinin–Radushkevich. The characteristic parameters for each isotherm and correlation coefficient (R2) have 

been determined. Adsorption kinetics were discovered to follow the pseudo-second-order model. The ILs 

modification of MOFs increased the adsorption capacities of the materials [4,5]. 
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Introduction 

The vast majority of the radially polymerized dendritic polymer applications are based on their coupling with 

appropriate substrates [1].   Water resources remediation is no exception. A variety of compositions has been 

employed to produce membrane, film, powder, filter, clay, inorganic carbon, and magnetic composites [2].  The 

evolution of our initially proposed functionalized derivatives [3] passed through their incorporation into ceramic 

filters [4] and their merging with cyclodextrins [5] to the physical and chemical binding to the solid host through 

crosslinking [6]. In the last decade, there is an ever-increasing tendency to deviate from the conventional chemical 

methods and try to imitate natural-synthetic paths. In this context, we were inspired by the diatom biosilicification 

process mediated by the proteins called silaffins and used instead hyperbranched poly(ethylene imine) (HPEI) in 

order to produce its solid support: silica-nanospheres. The resulting composite adsorbed a wide variety of 

pollutants [7]. The adsorbent cost though, even if standard regeneration methods are taken into account is still 

prohibitive for large-scale implementations. The solution currently examined by the scientific community is to 

take advantage of synergistic adsorption and catalytic neutralization of pollutants taking place in dendritic cavities 

bearing metal nanoparticles (Figure 1) [8]. Adopting this approach and still having biomimicry in mind we 

emulated biominerization processes and used HPEI to produce silica-silver nanoparticle catalysts [9]. Still, this 

method has its drawbacks. Delays due to the diffusion of the reactants into the catalytic core and tedious recovery 

of the catalyst powder through centrifugation. The solution to the first issue is to alter the silica formation 

mechanism and insert HPEI molecules bearing metal nanoparticles into the orthosilicic acid gelation. In this way, 

the catalysts are in direct contact with the reaction solution. The second problem is resolved by immobilization of 

the gels onto the surface of the reactor. Herein we present an example of coating stainless steel by catalytic silica-

HPEI-silver nanoparticle xerogel.  

 

 
Figure 1.  Schematic representation of catalytic decomposition paths of Morin, Methyl Orange, Methylene Blue dyes 

mediated by metal nanoparticles. 

Synthesis and Characterization 

For the formation of silver nanoparticles 12,5 ml of AgNO3 (0,1M) were reacted with 50 ml 1mM solutions of 

HPEIs (Mw 2000, 5000, 25000, or 750000) for 8 days. Τhen, they were added to 125 ml 1M orthosilicic acid 

prepared from hydrolysis of tetraethoxysilane by 5mM HNO3 and the pH was adjusted to 7.5 with trizma base. 

Thermal spay treatment with stainless-steel microspheres is adopted in order to induce a microporous network to 

stainless steel coupons. The latter were immersed into the above gel-forming solution and sonicated for 15 min. 

The hybrid orthosilicic acid HPEI gel containing the biomimetically reduced silver nanoparticles formed onto the 
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surface micropores was slowly dried to xerogels at 65oC. When humidity removal was complete and no more 

weight loss was observed the metal coupons were thoroughly rinsed with deionized water to remove the excess of 

the xerogel.  The nanocomposite coatings were characterized by IR and UV-Visible Spectroscopy, Dynamic Light 

Scattering, zeta potential and Thermogravimetry. Coating uniformity was established by optical (Figure 2a,b) and 

Scanning Electron Microscopy (SEM) (Figure c) and Energy Dispersive Spectroscopy (EDS) (Figure 3a). The 

silver-containing laminates exhibited comparable to much better catalytic properties than silica-silver nanoparticle 

catalysts towards nitrophenol reduction [9] (Figure 3b) but were able to complete at least 10 catalytic cycles instead 

of 3.  

  

 

 
 
Figure 2.  Optical Microscopy of  (a) gel formed into the metal micropores (b) dried xerogel coatings onto stainless steel (c) 

SEM Micrograph of the dried xerogel.   

 
 

Figure 3. (a) Energy-dispersive X-ray spectroscopy of SiO2-PEI-Ag coatings to stainless steel. (b) UV-Vis spectra of 4-

nitrophenol reduction. 
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During the last decade, the issue of deep desulfurization of liquid transportation fuels has attracted the research 

interest due to the strict regulations establishing the maximum levels of sulfur to be less than 10 ppmwS, as well 

as the harmful effects on human health and ecosystem, arising from the combustion of sulfur compounds [1,2]. 

Among the various methods proposed, adsorptive desulfurization using nanoporous materials, like activated 

carbons, has been proposed as an effective, low-cost and green-oriented process for the elimination of sulfur-

containing molecules from liquid fuels, in order to complete the industrially applied method of 

hydrodesulfurization [3]. In the present work, numerous commercial metal-free activated carbons with varying 

physicochemical features were tested for the adsorptive desulfurization of a model, along with the real diesel fuel, 

under mild conditions. With the intention to investigate in depth which physicochemical properties affect the 

desulfurization performance of the adsorbents, in addition to tuning their surface chemistry, four activated carbons 

with different porosity, surface chemistry heterogeneity and desulfurization efficiencies were chemically modified 

through treatment with HNO3. Initially, the adsorptive capacity of the carbons was evaluated for the removal of 

4,6-dimethyldibenzothiophene (4,6-DMDBT) from hexadecane, starting from low initial sulfur concentration (20 

ppmwS). Aiming at exploring the impact of the co-presence of aromatic compounds in the desulfurization 

procedure, several model diesel fuels were created, with the addition of benzene and naphthalene with different 

initial concentrations, as a representative of the mono- and di- aromatics, respectively. The co-presence of an 

additional sulfur compound, dibenzothiophene (DBT), in the model diesel fuel was also explored.  

 

The results clearly designate that the chemical treatment through HNO3 had a positive effect on the adsorptive 

desulfurization efficiency of the activated carbons, implying that tuning the surface chemistry of the carbons via 

oxidation is an efficient strategy for material’s design. Moreover, it was seen that there was a quite complicated 

correlation among the desulfurization performance of the adsorbents and their principal physicochemical 

properties, with both porosity and particularly surface chemistry to play a key role. The addition of benzene and 

naphthalene lowered the amount of sulfur adsorbed, revealing the antagonistic character of the aromatics. 

Increasing the concentration of the aromatics, mimicking those of the real diesel fuel, led to stronger competition 

and higher decrement of the performance of the carbons. On the contrary, the employed activated carbons indicated 

outstanding performance for the ultra-deep desulfurization of model and real diesel fuel (5.7 ppmwS), when higher 

amount of adsorbent is used, meaning desulfurizing 30 mL fuel/ g adsorbent in comparison to 400 mL fuel/ g 

adsorbent used in the previous experiments. The results revealed that the remaining sulfur concentration after 

adsorption in the model fuel was below 0.2 ppmwS and below 1 ppmwS for the real diesel fuel. 
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Abstract 

 

Vanillin is a flavoring substance commonly used in the food and pharmaceutical industry. The rampant use of 

vanillin has significant implications on human health. In the present experiment, a simple, green, and economic 

electrochemical sensor is constructed by combining the characteristics of CuO/NiO nanocomposite material. The 

fabricated nanocomposite was characterized through advanced tools such as XRD, FTIR and TEM which revealed 

high crystalline structure, surface functionalities and Nano flower like morphology of prepared material. The 

modified electrode was constructed using CuO/NiO/GCE. For the investigation of conductive nature, the proposed 

CuO/NiO/GCE was exploited to the primary electrochemical characterization tools e.g. Cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS). The CuO/NiO/GCE was utilized as sensitive electrochemical 

sensor for the determination of vanillin under acceptable linear dynamic range at scan sweep of 100 mV/s. The 

PBS buffer with pH 7 was optimized for the fluent determination of vanillin. The LOD of proposed sensor was 

found to be lower than other reported electrochemical sensors. The analytical applicability of CuO/NiO/GCE was 

tested in different food samples such as ice cream and chocolate. The modified electrochemical sensor manifested 

acceptable recovery values in real food samples which exhibits the reliability of CuO/NiO/GCE.    
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Although hydrogen is a zero-emission energy carrier, its current global production still heavily relies on fossil 

fuels. Current momentum on renewable energy and environmental remediation is unprecedented because of fast 

climate change. We all know that the world is hurrying up to achieve the United Nations Sustainable Development 

Goals (SDGs) by 2030 without pausing even during the COVID-19 pandemic. One of the important SDGs is Goal 

7: Affordable and Clean Energy. As a replica of natural photosynthesis, a semiconductor-based artificial 

photosynthetic system is regarded as one of the most economically viable, highly efficient, and environmentally 

benign chemical processes to generate green hydrogen energy from solar water splitting. However, to harness solar 

energy efficiently, it is necessary to enhance the visible-light-driven photocatalytic performance of the existing 

materials and to discover novel visible-light-active materials. Mixed-anion compounds offer new opportunities in 

this regard [1]. As a 600 nm-class photocatalyst, BaTaO2N has received particular attention due to its small 

bandgap (Eg = 1.8 eV), suitable band edge positions for visible-light-induced water splitting, chemical stability, 

and nontoxicity [2,3]. BaTaO2N is routinely synthesized by a two-step method: (i) the synthesis of a corresponding 

oxide precursor and (ii) its high-temperature nitridation under an NH3 atmosphere for a prolonged period. This 

two-step method leads to the formation of various defects that negatively affect the water splitting performance. 

Therefore, we have (i) applied an NH3-assisted direct flux growth approach to reduce the defect density of 

BaTaO2N, (ii) engineered the bandgap by cation substitution, and (iii) explored the effects of the altered 

morphology, size, and porosity on the visible-light-induced water oxidation activity and photoelectrochemical 

performance of BaTaO2N. The findings revealed that the photocatalytic activity and photoelectrochemical 

performance of BaTaO2N were significantly influenced by its morphology, size, porosity, substituent type, and 

substitution concentration. Particularly, the BaTaO2N crystal structures obtained by nitridation of oxide precursor 

without KCl flux exhibited a higher surface area and high anodic photocurrents compared to the BaTaO2N crystal 

structures obtained by nitridation of oxide precursor with KCl flux due to the high number of dangling bonds acted 

as a nucleation centers for the highly dispersed CoOx cocatalyst nanoparticles. Also, an NH3-assisted direct flux 

growth approach reduced the density of intrinsic defects in BaTaO2N crystals, leading to the substantial 

enhancement in water oxidation activity. The Mg-substituted BaTaO2N and Al-substituted BaTaO2N 

independently exhibited the highest amounts (in 5 h) of evolved O2 (503.6 μmol) and H2 (117.4 μmol), 

respectively, whereas the Zr-substituted BaTaO2N showed the high photocatalytic activities in both O2 (446.8 

μmol) and H2 (80.4 μmol) half-reactions due to the altered potentials of the valence and conduction bands and an 

increased density of charge carriers. 

 

 
Figure 1.  BaTaO2N crystals grown by an NH3-assisted flux method (left) and band structures of pristine and cation doped 

BaTaO2N (right).  
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Introduction 

The central aim of this work was to investigate natural lintisite family minerals properties, find their 

interesting and useful sides for engineering, materials and ecology; develop a universal and green method for the 

synthesis of synthetic counterparts of minerals; use for synthesis end-product waste from regional ore-enrichment 

and metallurgical plants; reproduce and save the most useful properties of the minerals for their synthetic analogs. 

Experimental 

Chemicals used were of reagent or analytical grade quality, obtained from commercial suppliers and used 

without further purification (Merck and Aldrich). Powder of titanyl sulfate (NH4)2TiO(SO4)2∙H2O (STA) was the 

loparite and sphene treatment product (PJSC «Apatit», PhosAgro company and Kola Science Centre, Russia).  

The evaluation of chemical compositions of natural and synthetic samples and their transformed forms, 

identification their morphology were determined using scanning electron microscope LEO-1450 (Carl Zeiss 

Microscopy, Oberkochen, Germany) equipped with the QUANTAX 200 energy-dispersion system (Bruker, 

Ettlingen, Germany) with standardless processing (Geological Institute, Kola Science Centre, Russia) at 20 kV, 

500–1000 pA, 1–3 mkm spot size. The study was carried out using polished and unpolished samples for synthetic 

samples. The content of elements in research solutions were studied by AAnalyst 400 Atomic Absorption 

Spectrometer and ICP-mass spectrometer system ELAN 9000 DRC-e (PerkinElmer LAS, USA) (Institute of 

Chemistry, Kola Science Centre, Russia). The synthetic phases and their transformation product were 

characterized by means of powder X-ray diffraction using a Bruker D2 Phaser diffractometer (CuKα radiation, 30 

kV/10mA) (XRD Research Center, St. Petersburg State University). 

The products after catalytic tests were analyzed by a gas chromatograph (Agilent 7820) equipped with a 

flame ionization detector and using a HP-5 capillary column, after separation by centrifugation of the catalysts 

(Boreskov Institute of Catalysis SB RAS and Novosibirsk State Technical University, Russia). 

Results and Discussion 

Federal Research Center «Kola Science Center» of RAS is situated near the Khibiny Mountains (Kola 

Peninsula, Murmansk region, Russia) which is one of the place on the Earth with more than 500 types of minerals. 

For the same reason, the Europe-biggest mining companies: PJSC «Apatit» and «JSC Kola Mining & Metallurgical 

Company», and some other leading enterprises («KovdorGOK», «Kovdorsluyda», «Olkon», «Lovozersky GOK») 

are situated in Murmansk region in Arctic zone. These companies producing up to 100% phosphoric raw materials 

in Russia, 10–12% iron ores, 18–20% Ni, Cu and Co, up to 100% Zr, 80–90% mica, about 35% ceramic raw 

materials, 70–80% Nb- and Ta-bearing concentrates. Mineral processing at mining all around the world, mining 

and chemical plants is known to be accompanied by the formation of solid and liquid wastes of both natural and 

synthetic origin. Stored in tailing dumps, theses wastes pose a serious environmental hazard. At the same time, 

mineral components of the tailings can either be turned into natural geochemical barriers, preventing the dissolved 

toxic elements from escaping into the environment, or converted into valuable engineering materials [1].  

One of the amazing example of these materials is the synthetic analogs of titanosilicates minerals from 

lintisite family (Fig. 1). We have established that crystal structure of lintisite has interesting property in its 

transformation. In this work our research interests have been concentrated on the study of unusual single-crystal-

to-single-crystal transformation of natural framework titanosilicates of the lintisite family [2] and their synthetic 

counterpart AM-4 [3]. The transformation occurs in any acidic solution. Protonation of the above mentioned 

compounds results in the formation of new layered titanosilicates K3 (after kukisvumite), L3 (after lintisite) and 

SL3 (after AM-4) with new crystal structure. All these compounds have the same composition, Ti2Si4O10(OH)4, 

and the similar structure motifs. It was discovered that the crystal structure of the new crystalline titanosilicate is 

based upon electroneutral titanosilicate blocks that are closely packed together to form a dense layered structure. 

Blocks are linked by hydrogen bonds [4]. In view of the fact that natural minerals of lintisite group are extremely 

rare for large scale production, in this work we started to find the new ways to synthesize their analogue AM-4 on 

the base of inexpensive and additional processing raw materials (titanyl sulfate (NH4)2TiO(SO4)2∙H2O (STA)).  

Especially pure and, therefore, expensive reagents are often used for the synthesis of titanosilicates, which 

significantly increases the cost and limits their widespread use. It is possible in laboratory but not in technological 
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scale. We have developed an innovative technology of lintisite synthesis, which better for terms of technological, 

environmental and economic importance. Because it is based on the use of available titanium-containing raw 

materials and modern technological methods that provide high physical and technical properties of the final 

product. 

 

 
Figure 1. Titanosilicate nanopuzzle L3 operation scheme.  

Conclusions 

 

The perspectives of practical use of synthetic analog lintisite (AM-4) and SL3 include (photo)catalysis, 

purification of radioactive wastes and energy storage. In particular, this material can be used for the catalytic 

synthesis of 1.5-benzodiazepine from 1.2-phenylenediamine and acetone, for the synthesis of 1-methoxy-2-

propanol (PGME) from methanol and propylene oxide (PO), selective removal of iodine from water solutions, 

cleaning of industrial electrolytes from noble metals (Ag), and production of self-cleaning building materials.  

It is possible to create new compounds on the base of titanosilicate nanopuzzle (L3 or SL3) with predicted 

properties for different fields of science and technology. 

It is important that SL3 material can be used as the recyclable sorbent and not only for one process or cycle 

(Fig.1). It can help reduce the cost of producing new batches of sorbent and its subsequent disposal. 

New titanosilicates useful materials are synthesized on the base of end-product waste from regional ore- 

enrichment and metallurgical plants that will help to improve more comprehensive processing of these sources 

and their competent disposal. 
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Abstract 

Design a safe and green rechargeable lithium-ion battery (LIBs) with high efficiency, good long life, and high 

specific capacity plays a critical role in today's world of mobile communications, portable electronics, and electric 

vehicle. So, the green synthesis and characterization of nanostructural electrode materials that adopt this kind of 

rechageable batteries leads to batteries with even high energy densities and allows reduction of size of the battery 

packs to power the same equipment. Nanosized materials are important for electrochemical energy storage and are 

expected to improve the performance of lithium batteries. The use of nanosized solid-state materials not only 

improves the power density but also facilitates Li-ions insertion/extraction in/out of the storage materials, which 

improves the cycle life of lithium batteries. Nanosized electrode materials used in lithium -ion batteries can offer; 

large surface area, shorter distance for Li diffusion, good strain relaxation, interface control, continuous electron 

transport pathway and higher specific capacity and better rate capability than the large size particles. This will 

provides LIBs with; faster charging and long discharging time, longer battery life, higher power, operation in 

extreme temperature conditions and ultra-safe characteristics. These advantages candidate lithium-ion batteries to 

be the best choice for electric vehicles which can decrease the rely on fossil fuel, improve the quality of air and 

develop the transportation system as they are low- or zero-emission which can be operated by lithium- ion batteries.   

Keywords; Nanotechnology; electrode materials; Li-ion batteries; electric vehicles.  
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Abstract text:  

Indium metal nanoparticles (sub-10 nm) stabilized on conductive carbon (In NPs/C) were recently reported to be 

an excellent reducing platform for the controlled growth of Ag nanoparticles in which excellent size and shape 

controls were achieved simultaneously by forcing galvanic replacement to occur in a confined space.[1-2] In this 

paper, we extended the work to gold by reacting In NPs/C with gold chloride in dark in water at room temperature 

in a galvanic manner to produce a In(OH)3/Au/C nanocomposite. The chosen carbon imparted colloidal stability, 

high surface area and water dispersibility-three features deemed desirable for the efficient photodegradation of 

dyes in water. The In(OH)3/Au/C nanocomposite was characterized using a combination of HRTEM, PXRD and 

TGA. The galvanic reaction between In NPs and gold chloride was also tracked in real time using UV-Vis 

spectroscopy to gain insights into the replacement efficiency. The In(OH)3/Au/C nanocomposite was tested as a 

photocatalyst to degrade methylene blue and its performance would be discussed. 

 

  
Figure 1. (a) Bright field TEM images of In(OH)3/Au/C nanocomposite showing 

In(OH)3 NPs and Au NPs distributing on carbon substrate with mean particle size of 6.5 

± 2.1 nm; (b) Synergistic removal of methylene blue (MB) under UVC irradiation with 

10 ppm MB solution.  The removal efficiencies of 10 ppm MB were 

calculated to be 15 % for blank, 87 % for In(OH)3/C, 88 % and 84 % 

for In(OH)3/Au/C nanocomposite; 

Acknowledgements 

The authors express their gratitude to the Ministry of Education Malaysia and Tunku Abdul Rahman University 

College for funding this work through the Fundamental Research Grant Scheme (grant number 4F827) and 

TARUC Research Grant (project number 86007). 

 

References 

1. P. M. Wong, J. C. Juan, J. C. Lai, T. H. Lim, ACS Omega, 5(23), 13719-13728 (2021). 

2. C. Andronescu, J. Masa, R. D Tilley, J J.n Gooding, W Schuhmann, Curr. Opin. Electrochem., 25, 100644 

(2021). 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

346 
 

Au-Cu2-xTe disk-on-dot Hetero-nanostructure Photoelectrocatalysts 
 

Suvodeep Sen and Narayan Pradhan* 
School of Materials Sciences, Indian Association for the Cultivation of Science, Kolkata, West Bengal, India 

Email: suvodeepsen671@gmail.com 

 

Abstract 

Plasmonic copper chalcogenide semiconductor nanocrystals coupled with plasmonic Au nanoparticles have been 

widely studied as photoelectrocatalysts for solar water splitting. Among these, while sulphides and selenides are 

extensively reported, but heterostructures of copper tellurides have not been explored. This is possibly due to larger 

size of telluride ion and difficulty in lattice matching for creating the heterojunctions. Herein, plasmonic 

semiconductor Cu2-xTe disks grown on Au particles were explored (Fig. 1a) as efficient photoelectrocatalysts for 

hydrogen evolution reactions (HER). This has been successfully designed by growing Cu2-xTe disks on 

presynthesized Au particles under optimized reaction conditions. Resulting disk-on-dot nanocrystals acted as 

efficient photoelectrocatalysts for H2 evolution reaction with low Tafel slope and less cathodic overpotential in 

presence of light (Fig. 1b). Details of their synthesis, characterization, optical properties and electrocatalytic 

activities are studied in this report. 

 
Fig. 1. (a) TEM images of Au-Cu2-xTe. (b) Polarization plot of Carbon Paper, Cu2-xTe, Au-Cu2-xTe nanocrystals 

and Pt wire 
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Polyethylene plastics comprises a big part of the growing plastic waste production. This plastic is however hard 

to recycle, they often end up in landfills or are simply burned. There is a high need for implementing new recycling 

pathways as a way to increase the conversion towards a circular economy. Recently, researchers have shown 

increasing interest in polyethylene chemical recycling as it is a promising way to extend the polyethylene life cycle 

and a potential valuable feedstock for the chemical industry. In this context, the aim of this study is the chemical 

recycling of polyethylene plastics towards valuable chemicals, specifically the conversion to waxes and lubricants 

(base oils). The scope of this study is to obtain industrially relevant waxes such as paraffin and microwaxes. In 

addition, this research focuses on producing high quality base oils for lubricants such as Group III and IV base 

oils. 

 

The applied methodology for achieving wax and base oil products is structured in three stages: (I) a (mild) 

pyrolysis step, (II) physical separations (distillation), and (III) catalytic upgrading and refining. (I) In the first step, 

a conical spouted bed reactor was used, this reactor shows high conversion towards heavier hydrocarbons and 

minimizes secondary cracking as well as secondary side-reactions. This reactor thus shows to be very suitable for 

the production of waxes and lubricants [1,2]. The main product of this pyrolysis step is a pyrolysate which is high 

in olifinicity and has a limited isomer content, its carbon distribution ranges from gaseous to heavy wax products. 

(II) In a second step, distillation needs to be applied to separate the heavy (C20+) fraction from the lighter liquid 

fraction in the pyrolysate. This heavy fraction can then be used for the optimalization towards waxes, the lighter 

fraction can then be used for the production of base oils. (III) Finally, catalytic upgrading was implemented for 

tuning these fractions towards waxes and lubricants (base oils). The main focus in the catalytic upgrading step is 

the use of solid acid catalysts such as zeolites and modified (mesoporous) zeolites. This stage is important as it 

permits to tune the properties of the isolated pyrolysate fraction. Different catalytic conversion strategies were 

applied depending of the desired products.  

  

The important parameters for the wax properties are their average molecular weight, the branching quantity 

(isomer content), amount of branches per isomer (monobranching vs. multibranching) and site of branching (end- 

to middle-chain). For obtaining the desired isomer content for each wax type, a skeletal isomerization can be 

implemented. This study focuses on two types of isomerization strategies. One isomerization strategy is the use of 

the double bonds of the olefinic rich pyrolysate, these are then later removed by hydrogenation catalysis. To our 

knowledge, this kind of skeletal isomerization, which uses double bonds of long chained olefins, is not studied to 

a great extent yet. Another strategy is the hydroisomerization, here metals on solid acid catalysts can be used for 

the isomerization and hydrogenation. A comparison of the different catalytic modifications is of focus in this study. 

For the production of lubricants (base oils), the liquid fraction of the pryolysate is used. The applied strategy in 

this research is the use of solid acid catalysts for a dimerization or oligomerization using the olefinic molecules. 

In this way longer hydrocarbons can be obtained with long side-chains. After hydrogenation and distillation, these 

dimers and oligomers can be used as alternative base oils.  

 

To gain more insight in the catalytic steps, a model compound study was used for the wax and base oil products. 

For the waxes, the branching chemistry was monitored in detail. The dimerization or oligomerization chemistry 

was monitored for the base oil production. Some findings of the model compound study for the waxes using the 

skeletal isomerization with the double bonds can be seen in Figure 1. Different selectivities for the mono- and 

multibranching yields can be acquired with different types of catalysts. A major difference in one-dimensional 10-

membered ring (1D-10MR) and three-dimensional 10- or 12-MR ring zeolites can be seen. This reflects the ability 

of the 1D-10MR ring zeolites for pore-mouth catalysis, resulting in less multibranching. Different selectivities can 

also be noted for the branching site on the molecule, this reflects again the importance of the choice of 

isomerization catalyst. 
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Figure 1.  Yield of the monobranching (a) and multibranching (b) in function of the overall conversion, using a 1-octadecene 

model compound that was tested with different solid acid catalysts. 
 

In the lubricant study, some promising catalysts show very fast and high conversions with high dimer/oligomer 

yields. Different selectivities can be noted for the dimers/oligomers, leading to products with different properties. 

 

Acknowledgements 

This work was supported via the WATCH SBO project (HBC.2019.0001) and F.W.O.-Vlaanderen (G0B7218N). 

 

References 

1.  M. Arabiourrutia, G. Elordi, G. Lopez, E. Borsella, J. Bilbao, M. Olazar. Journal of Applied Pyrolysis, 

94 230 (2012) 

2.  M. Arabiourrutia, G. Elordi, M. Olazar, J. Bilbao. Pyrolysis, 285 (2017) 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

350 
 

Valorization of Polyhydroxyalkanoates as Circular Carbon Feedstock Beyond 

Bioplastics 

 
Joel B. Mensah1*, Minka C. Snoek1, Pieter C. A. Bruijnincx1* 

1Organic Chemistry and Catalysis, Debye Institute for Nanomaterials Science, Utrecht University, Universiteitsweg 99, 

3584 CG Utrecht, The Netherlands 

* j.b.mensah@uu.nl, * p.c.a.bruijnincx@uu.nl  

 

A sustainable synthesis of chemicals and materials necessitates a paradigm shift, namely our transition from a 

linear to a circular society. Central to this, will be the implementation of closed carbon loops and reduction of net 

CO2 emissions. In the energy sector, this can be tackled by decarbonization of the energy source, i.e., shifting away 

from burning of fossil feedstocks and expanding wind, solar, hydro, and nuclear technologies for heat and energy 

generation.[1] On the contrary, decarbonization is not an option for the chemical industry, as most of the products 

and their properties fundamentally rely on carbon-based structures. Carbon neutrality in the chemical sector can 

then only be achieved by carbon circularity. This calls for methods that combine recycling with the use of 

renewable resources as virgin feedstock intake to make up for inevitable recycling losses. In this light, carbon-

containing waste streams, in addition to CO2 and biomass, should be considered an (equitable) resource. 

 

Microorganisms can, for example, be employed to sequester carbon-containing waste streams and provide a 

reservoir for the production of renewably sourced chemicals. In fact, such microbial conversions are highly 

versatile and allow the conversion of dilute carbon concentrations into structures of considerable chemical 

complexity that offer manifold synthetic opportunities to connect to chemical value chains. One promising 

approach is to convert this carbon microbially to polyhydroxyalkanoate (PHA) biopolymers (Figure 1). The linear, 

isotactic PHA typically consists of C3–C14 hydroxy acid units, which can be tailored through metabolic 

engineering, and due to their high biocompatibility and low water-solubility are generally considered as bio-based 

substitutes for fossil-sourced plastics.[2] With microbial PHA production evolving into a mature technology, we 

believe that new prospects arise to use these materials beyond application as biopolymers. 

 

 
 

Figure 1.  PHA valorization as platform for the conversion into new circular C3-C14 building blocks. 

 

In this work, we report on the emerging opportunities presented by waste-sourced PHAs for valorization as circular 

feedstock with a focus on poly(3-hydroxybutyrate) (PHB).[3] We propose to view PHB as a sequestered, 

functionalized reservoir of waste carbon for lower molecular weight C4 building blocks [4, 5], allowing for a 

strategy similar, yet complementary to making platform molecules from (hemi)cellulose or lignin.[6] 

Complementary in the sense that it enables a new path to functionalized C4-monoacids which are limited and show 

a narrower product scope than sugar-based C3- and C5-platforms.  

 

Furthermore, we have investigated the solvolysis of PHB at different reaction conditions, which gave access to 

methyl (R)-3-hydroxybutyrate (M3HB) and methyl crotonate (MC) as the principal PHB-derived platform 

molecules which can indeed be readily further (de)functionalized into various (value-added) compounds. The 

choice of the reaction conditions (e.g., pressure, temperature, and reaction time) and/or use of solid catalysts (e.g., 

TiO2 or zeolites) allowed for steering of the product selectivity towards M3HB or MC respectively (Figure 2).  
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Figure 2.  Depolymerization of PHB to M3HB and MC. 
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Abstract text:  

 

 

The persistence of plastic packaging waste is a major environmental issue, which is gaining particular global 

concern. Since there is an annually growing production and most commercial plastics are non-biodegradable and 

very diverse in composition, waste management strategies fall short in preventing the accumulation of these 

plastics in landfills, rivers and oceans. Around 40% of the produced plastics is converted by the packaging industry. 

Recycling of multilayer packaging is challenging due to the heterogeneity of plastic types that can be comingled 

by chemical bonding with adhesives. Solvent based recovery allows efficient separation, but lacks fundamental 

insight to date. For this purpose, delamination of polyamide(PA)/polyolefin (PO) multilayers, glued together by 

polyurethane (PUR), was investigated. Two strategies were evaluated for recycling of the multilayers. A first 

method, using solvent targeted dissolution-precipitation (STRAP) for fractionation of the outer plastic layers (PO 

or PA) gave mixed fractions.(1) Fractionation of the film would be enabled by a solvent that is selective for either 

the OPA, or for the polyolefin layer. However, such a purely physical dissolution was difficult since covalent links 

exist between the various layers, e.g. between the corona-treated PP or PE, and the PUR adhesive (figure 1.a). In 

contrast, specifically targeting the PUR adhesive by glycolysis-depolymerization accomplished highly selective 

separation. A single processing step at mild temperatures in sustainable solvents based on ethylene glycol 

oligomers, detached the PA from the PO fraction, leading to split films without impurities (figure 1.b). 

 

 
 
Figure 1.  Structure of the investigated PP-based multilayer film and attempted methods for multilayer separation: (A) 

dissolution-precipitation with PP specific solvents at elevated temperature, (B) delamination by PUR glycolysis in alcohol 

solvents for detaching the two plastic layers. 

 

Hence, in this work, a sustainable glycolysis-delamination process was developed that is selective for PUR. By 

employing diol solvents, in combination with ethanol amine (EA) or KOH, complete splicing of multilayer films 

was accomplished. Mass recovery was complete, demonstrating that diethylene glycol is a highly selective solvent 

for PUR (figure 2.) . This study is the first in its kind to analyze the chemistry of delamination in depth and 

introduces a process that could be generally applicable for a multitude of other multilayers that are bonded by PUR 

adhesives. 

 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

353 
 

 

 
 
Figure 2. Multilayer delamination by glycolysis of PUR, with DEG with base additives: concept (top), quantified results 

(bottom). Mass fractions of residual films were determined gravimetrically; purities by ATR FTIR.  Red bars: no multilayer 

separation; shaded bars: impure PP/PUR films; grey bars: pure PP or PE films. 
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The use of plastics in a wide range of applications has grown substantially over recent decades, resulting in 

enormous growth in production volumes to meet the demands. Though a wide range of biomass-derived chemicals 

and materials are available on the market, the production volumes of such renewable alternatives are currently not 

sufficient to replace their fossil-based analogues due to various factors, performance and cost-effectiveness are in 

particular. 

 

Hence, the majority of plastics are still industrially produced from fossil-based feedstocks. Moreover, various 

reports have clearly raised concern about the plastics that are not recycled at their end-of life and instead end up 

in landfills or the oceans. To avoid further pollution of our planet, it is highly desirable to develop recycling 

processes that use plastic waste as feedstock. Chemical recycling processes could potentially offer a solution, since 

they afford monomers from which new polymers can be produced, with the same performance as virgin plastics. 

In this presentation, the opportunities for using either chemical or biochemical (i.e., enzymatic) approaches in the 

depolymerization of polycondensation polymers for recycling purposes will be presented. Our aim is to highlight 

the strategies that have been developed so far to break down plastic waste into monomers, providing the first step 

in the development of chemical recycling processes for plastic waste, and to create a renewed awareness of the 

need to valorize plastic waste by efficiently transforming it into virgin plastics. 
 

 
 

 

Figure 1.  Classification of chemical recycling of plastics 
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Introduction 

Nowadays, the amount of waste electric and electronic equipment (WEEE) has increased enormously because of 

the rapid expansion and consumption of electronic devices and their short lifespan. Recycling of WEEE is 

challenging, due to the presence of various materials including glass, metals and plastics (20-30%). Among the 

polymers identified in WEEE, high-impact polystyrene (HIPS), acrylonitrile-butadiene-styrene (ABS), 

polycarbonate (PC) and blends of PC/ABS, etc. are in larger amounts [1]. Brominated flame retardants (BFR) are 

often added into plastics in order to reduce their flammability, but they are toxic substances that must be removed. 

Pyrolysis is an environmentally friendly method, since secondary valuable materials or monomers can be 

recovered [2]. In the present work various plastic samples originating in WEEE, including televisions, computers, 

printers and remote controls, were gathered from a recycling plant and from end-of-life household appliances. All 

samples were subjected to Fourier transform infrared spectroscopy (FTIR) analysis and thermal pyrolysis in order 

to identify the polymers that were present in each device. Evolved Gas Analysis (EGA) using a pyrolyser was 

applied in order to investigate the degradation behaviour of the samples. X-ray fluorescence (XRF) analysis took 

place aiming to find which samples were brominated flame retarded and estimate the total bromine content of each 

sample. All brominated samples were subjected to soxhlet extraction with butanol with a view to reducing the 

bromine content, while maintaining the structure of the polymers, enabling their recycling through pyrolysis.  

Experimental 

Various plastic materials from WEEE were collected from a recycling plant and from end-of-life household 

appliances and included eight television samples, three computer samples, two printer samples and three remote 

control samples. The solvent chosen for the soxhlet extraction was butanol, due to its low toxicity. After their 

collection, all plastic samples were reduced in size, using hand cutting tools and they were analysed by various 

techniques. Fourier transform infrared spectroscopy (FTIR) was applied in order to recognise the polymers that 

were present in each device, since they were unknown. Evolved gas analysis (EGA) was applied in order to receive 

information about the decomposition temperature range of the samples and for this reason, they were heated within 

the range of 100–700 °C, applying a rate of 20 °C/min. X-ray fluorescence (XRF) was conducted to all samples in 

order to identify the possible presence of bromine, in case they were brominated flame retarded. In this case they 

were subjected to soxhlet extraction in order to reduce bromine. There was used a soxhlet extractor and each time 

~1.3 g of each sample was inserted into the thimble in the soxhlet apparatus and the spherical flask was filled with 

130 ml of butanol. The extraction time was 6hr. After this pretreatment, samples were again analysed by XRF. 

Chemical recycling (pyrolysis) of the plastic samples took place before and after the pretreatment for the 

determination of the derived products and evaluate its effect on the products distribution.  

Results and Discussion 

According to the FTIR spectra received (Figure 1), for all samples two strong peaks were formed within the range: 

2840-2950 cm-1 which are due to C-H bond; and are indicative of styrenic polymers, ABS or HIPS. Also, in some 

cases a peak at ~1750 cm-1 was observed, which is due to C=O bond that is indicative of polyesters, such as PC. 

The EGA results showed that the thermal degradation of the samples in most cases followed a one-step mechanism, 

since one strong peak was observed. However, in some cases two maximum peaks were received; but usually, 

only the one of them was stronger and was considered as the main degradation peak.  

 

 
Figure 24. FTIR spectra indicatively for the television samples (left) and the remote control samples (right).  
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From XRF analysis it was found that 44% of the samples (7 out of 16) comprised bromine. Specifically, 25% (2 

out of 8) of the television samples were found to contain bromine, 33% (1 out of 3) of the remote controls 

comprised bromine, in case of the computer samples 67% (2 out of 3) contained bromine and as regards the printer 

samples (100%) both of them comprised bromine. Different values of wt. % Br were detected among the different 

categories of the samples. In Table 1 the exact bromine content of each sample, is presented. All brominated 

samples were subjected to a 6hr. soxhlet extraction with butanol in order to reduce the bromine content and the 

results showed that in all cases tested bromine reduction was achieved, proving that soxhlet extraction was an 

efficient technique for the extraction of BFR from plastics originating in WEEE. However, in all cases examined 

incomplete removal of the bromine was achieved, since the maximum reduction reached ~35%.  

During the thermal pyrolysis of all television samples there were formed various hydrocarbons, such as styrene 

(monomer) and others, which are indicative of styrenic polymers ABS or HIPS or polystyrene (PS). Nevertheless, 

in all cases a peak attributed to 1,3-butadiene was observed, excluding the possibility of being PS samples. Taking 

into account all the products formed and the fact that no nitrogenated compounds were observed in cases of the 

TV1-TV3 and TV5-TV8 samples, the possibility of being ABS samples was excluded; and so, they were HIPS 

samples. On the other hand, TV4 was a blend of ABS/PC, due to the formation of nitrogenated and phenolic 

compounds respectively. Likewise, the rest of the products were found and all plastic samples were identified. For 

all of them there were received various useful products, such as the monomers (e.g., styrene) and other secondary 

valuable products (for instance phenolic compounds).  

 
Table 1.  Bromine content according to XRF analysis. 

Category of samples Samples’ name wt. % Br measured 

Television samples 

TV1 0 
TV2 0 
TV3 0 
TV4 0.444 
TV5 5.767 
TV6 0 
TV7 0 
TV8 0 

Computer samples 
C1 2.59 
C2 0 
C3 0.191 

Printer samples PR1 1.054 
PR2 0.1 

Remote control 
samples 

RC1 0 
RC2 0 
RC3 0.627 

 

Conclusions 

The thermal degradation of all samples was investigated by EGA analysis and seemed to follow a one-step 

mechanism in most cases tested. All samples were analysed by FTIR and were subjected to thermal pyrolysis in 

order to identify the polymer(s) present in each sample. According to the results obtained, they were either styrenic 

polymers ABS or HIPS or in some cases they were blends of ABS/PC. XRF analysis was also conducted with the 

aim of detecting the presence of bromine in the samples, in case they comprised BFR. Results showed that 44% 

of the samples contained bromine. All brominated samples were subjected to soxhlet extraction with butanol 

aiming to reduce their bromine content and it was observed that it led to bromine reduction in all cases tested, 

proving that it can be considered as an efficient technique for the debromination of plastics originating in WEEE.  
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Plastics (polymers) are essential in our daily life and packaging is the most common plastic application worldwide. 

Due to their limited biodegradability, plastics have a high prevalence in the environment, making them one of the 

most important environmental issues. However, recycling plastics remains a challenge due to the relatively low 

quality of the recycled material, since many of the recycling processes cannot handle additives present in the plastic 

matrix. In this work, a pretreatment technique (dissolution/precipitation) using biosolvents investigated to remove 

additives from plastic packaging waste, contributing to an easier plastic recycling process, while minimizing the 

environmental impacts of the process. The plastic waste used in this study was packaging of high-density 

polyethylene (HDPE) with two different colors, i.e., blue and orange. First, we identified the colorants in HDPE, 

and found that both plastics contained a single pigment. Then, we used limonene, a renewable solvent, to solubilize 

HDPE, and the common volatile organic compound toluene was also applied for comparison purposes. After the 

HDPE dissolution a wide range of alcohols (mono-, di-, tri-alcohols) were used as anti-solvent in order to maximize 

the purity of the polymer recovered. The use of limonene as solvent for the plastic dissolution, in combination with 

polyalcohols with an intermediate alkyl chain length and a large number of hydroxyl (OH) groups, were found to 

work best as anti-solvent (1,2,3-propanetriol and 1,2,4-butanetriol), resulting in the removal of up to 94% and 

100% of the blue and orange pigment, respectively. Furthermore, the thermal properties of the recovered HDPE, 

such as decomposition temperature, melting temperature, and heat of fusion, showed similar values to the 

respective reference polymers. Finally, three extraction cycles were performed, demonstrating that the solvent and 

anti-solvent could be recovered and reused, assuring the process's economic feasibility and sustainability viability. 

This pre-treatment provides a secondary source of raw materials and money for the recycling process, potentially 

improving the quality of recovered polymers and assisting in the development of a cost-effective and sustainable 

recycling process [1].  

 

Figure 1. Schematic representation of the pre-treatment process developed to remove orange pigment from HDPE using the 

dissolution/precipitation technique. 
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The worldwide massive production of plastics (368 Mt per year) [1] and the poor recycling rate of waste materials 

make them a scourge for the environment. Waste storage in landfills, their incineration or the mechanical recycling 

which gradually degrades the physical properties of plastic polymers, are not sustainable solutions. Chemical 

recycling, which is the depolymerization of materials into valuable monomers or chemicals, seems to be an 

appealing route for the future. 

 

Currently, well-known solvolysis processes catalyzed by bases, acids and ionic liquids enable the 

depolymerization of polymers by hydrolysis, aminolysis or transesterification reactions.[2] They offer the recovery 

of pure monomers useful for the production of new virgin plastics. 

 

Recently, reductive depolymerization processes of oxygenated and nitrogenated materials have appeared. These 

methods offer alternative approaches to access new value added products from plastics. The routes need to develop 

catalytic systems (catalyst and reducing agent) that would be able to selectively cut and reduce polarized bonds 

(carbon-oxygen and/or carbon-nitrogen) of the polymers to obtain the corresponding monomers (alcohols, amines 

or hydrocarbons). 

 

 

 
Figure 25. Reductive depolymerization, an alternative approach in plastic recycling 

 

Such reductive deconstruction methods are scarce and are all based on the use of H2 or hydrosilanes as reductants. 

The catalytic hydrogenolysis of oxygenated and nitrogenated polymers (polyesters, polyamines and 

polyurethanes) was reported with Ru(II) and Ir(III) catalysts under high pressures and temperatures, whereas their 

catalytic hydrosilylations could take place under milder conditions with metal-based catalysts (Ir(III), Zn(II), 

Mo(VI)) or organocatalysts ([Ph3C][B(C6F5)4] and B(C6F5)3).[3,4] Hydroboranes as reductants could offer distinct 

reactivity and selectivity due to their higher hydride donor ability than hydrosilanes and an additional pronounced 

Lewis acidity. 

 

Inspired by the work of T. J. Marks et al.,[5] on the reduction of esters, we considered the trisamide complex 

La[N(SiMe3)2]3 as a 4f-catalyst and the pinalcolborane as a hydride donor, for the reductive depolymerization of 

a wide range of polyesters and polycarbonates.[6] 

 

 
Figure 26. Our catalytic system for the reductive depolymerizaiton of polyesters and polycarbonates 
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The recyclability of polymers is of crucial importance in the present days considering the amount of plastic waste 

that is generated every day. According to the Eurostat Statistics, between 2005 and 2014, EU produced around 15 

million tons per year of plastic packaging waste. Usually, this type of waste consists of a mix of different of various 

polymers and even aluminum foils therefore the recycling of this type of waste is challenging as it has low yield, 

high energy consumption and CO2 emissions as lower quality and uneven end product. Thus, a more efficient and 

greener approach to this problem is needed. The specific solubilization of each polymer in a given solvent that can 

dissolve a given polymer without solubilizing the remaining ones is a good approach as the yield of this strategy 

is much higher and both the polymer and solvent can then be recovered by precipitation using an antisolvent. This 

approach results in the recovery of each polymer with high yield, purity and almost no changes from the original 

material [1 - 2]. Nevertheless, this strategy still makes use of organic volatile solvents that make the process not 

environmentally safe, health hazardous and also economically unfavorable due to loss of the solvent. 

 

The process designed for the recycling of water bottles, uses NADES (natural deep eutectic solvents) composed 

of terpenes (menthol and thymol) as well as terpenes that are liquid at room temperature (limonene) to the target 

solubilization of PET and PE from water bottles and water bottle cap, respectively. The Hansen solubility 

parameters were used to screen the best solvents (NADES or biobased solvents) for each one of the polymers. The 

dissolution of PET is accomplished in about 7 minutes and can then be precipitated using a mixture of water and 

ethanol which results in a remarkable 99 % recovery of polymer and 99% recovery of the solvent. The recovered 

PET was analyzed by FTIR, X-ray diffraction and RMN and exhibited almost no changes from the original PET 

others than a slight increase in crystallinity [3]. The selective dissolution of the PE with high efficiency was already 

accomplished and the method has already proven to be capable of dissolving only the targeted polymer when a 

mixture of both polymers. PET and PE are present. The recovered PE will also be analyzed with FTIR, X-ray 

diffraction and RMN. 

 

 
Figure 1. Recovered PET and PE as well as the recycled NADES. 
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Water resources are the main vehicle for the environmental dispersion of chemical pollutants [1]. Nowadays, the 

discovery of sustainable and efficient processes to promote the purification of the contaminants from water is 

highly required. The presence of these contaminants in the environment may cause risks to ecosystems and to 

human since they are designed to have a specific action on the human body and to act in very low concentrations.  

The application of porous materials such as activated carbons and covalent organic frameworks, ionic liquids (ILs) 

and deep eutectic solvents (DES) for efficient removal of micropollutants from water streams have been explored. 

ILs as organic salts with low-melting points possessing peculiar physical and chemical properties and significant 

interest for extraction and separation applications [2, 3]. Also, DES as innovative materials prepared by suitable 

combination of hydrogen bond donors (HBD) and acceptors (HBA) have been reported for several applications 

[4]. Herein, we presented different purification processes using hydrophobic ILs and DES for liquid-liquid 

extractions [5, 6] as well as porous materials for adsorption systems.  

 

As proof of concept, several organic contaminants based on antibiotics, pesticides and plastic additives as model 

compounds have been selected for water remediation processes. The optimized analytical methodology involved 

the quantification of contaminants in water phase by UPLC-DAD and UPLC-MS/MS.  

 

The most promissory porous materials and ionic systems will be tested for effective removal of contaminants from 

river water samples. 
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Abstract 

Activated carbon (AC) was prepared from date palm leaflets via phosphoric acid activation. AC was oxidized with 

nitric acid (OAC) and was functionalized using amide coupling process, n-alkylamines (methyl-, ethyl-, propyl-, 

butyl-, octyl) to produce hydrophobic activated carbons. AC surface area (425 m2/g) was decreased on oxidation 

and surface functionalization. FTIR and TGA showed that the bonding between n-alkyl amine and the carbon 

surface is evidently chemical. Bisphenol A, an endocrine disruptor, was tested for its removal from aqueous 

solution at different initial pH, time, concentration, temperature. Optimum adsorption took place at initial pH = 

6.0, thus, kinetic and equilibrium studies were carried out at initial pH of 6.00 using the carbons produced in this 

work together with a commercial activated carbon (CAC) for comparison. Equilibrium time was found to be ~ 10 

hours for HACs, however for AC, CAC and OAC, ~ 30 hours were required for reaching equilibrium. Adsorption 

data were found to follow the pseudo second order kinetic model. Adsorption rate was found to increase as 

temperature increases with the activation energy ranging between 4.23-14.0 kJ/mol indicating the physical nature 

of BPA adsorption. The equilibrium studies show a better fitting to the Langmuir isotherm when compare to the 

Freundlich isotherm. Equilibrium adsorption was found to increase with the increase in temperature. Hydrophobic 

activated carbons (HACE, HACP and HACB) show higher adsorption capacity than AC. Thermodynamic 

parameters show that the removal of BPA is spontaneous and endothermic in nature with physical adsorption 

dominating their removal from aqueous solution. From this study, HACs, particularly with short immobilized n-

alkyl chains, show better performance than activated carbons in terms of kinetics and equilibrium. 
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Water is a fundamental resource for the society and it is necessary to guarantee the supply of quality water for 

population all around the world. One of the most important treatments for water is disinfection and this is usually 

made with chlorine compounds. However, this process can produce pollutant by-products such as chlorite and 

chlorate. These by-products have negative effects on health such as oxidative stress or haemoglobin size change 

and the World Health Organization has set a provisional limit of 0.7 mg L-1 for both pollutants in drinking water 

[1, 2, 3]. 

 

In this work, a catalytic reduction reaction is used to remove these ions from water streams at room temperature 

and atmospheric pressure using hydrogen as a reducing agent. This techniques has been successfully used for the 

removal of other pollutants, as nitrates and bromates, in water phase [4, 5]. The catalysts were prepared by wet 

impregnation of different platinum salts on different supports (different types of zeolites and metallic oxides) and 

the activity and the physico-chemical characteristics of the different materials have been studied. 

 

The platinum precursor salt used were PtCl4, H2PtCl6.6H2O and Pt(NH3)4 (NO3)2. After impregnation, the sample 

was dried at room temperature and the material was calcined at different temperatures. Before reaction the catalyst 

was activated with hydrogen. The catalysts have 5 wt.% of platinum and in a typical reaction with 1 g of catalyst 

were added to 600 mL of water containing 50 ppm of chlorate or chlorite. The experiments were performed in a 

batch stirred tank reactor at room temperature and atmospheric pressure, using hydrogen as reducing agent and 

ionic chromatography to analyse the reactants and products. The catalysts were characterized with different 

techniques such as inductively coupled plasma (ICP), X-ray diffraction (XRD), temperature programmed 

reduction (TPR) and N2 adsorption.  

 

The characterisation of the samples showed that Pt nanoparticles were generated on the support during the catalyst 

activation in hydrogen flow at 200 °C and that the Pt or PdHx –phase was formed during cooling the samples to 

room temperature. In general all the catalysts tested enhanced significantly the reaction rate compared to the blank 

without catalyst and achieved a complete conversion of the ClOx
- to Cl-. The reaction rate for the hydrogenation 

of the ions using both Pt catalysts was ClO3
- < ClO2

- < ClO- due to the different stability of the ClOx
- anions.  

 

Nevertheless, the activity of the different catalysts depends on the support used and on the catalyst preparation 

method. In Figure 1 are shown the different results obtained depending on the Pt-precursor salt used (right) and 

on the calcination temperature (left). As it can be seen the best results are obtained when using the PtCl4 as the 

precursor and with the lowest calcination temperature. This can be related with a different dispersion of the Pt sites 

as the HRFESEM characterization of the samples has shown. 

 

 

 
 

Figure 1 – Chlorate conversion of 5%Pt catalysts supported on: alumina prepared using different Pt salt precursors (right) 

and calcined at different temperatures (left). 
 

The other factor influencing the activity of the catalyst in this reaction is the support. The catalytic activity of 5% 

Pt catalysts supported on different type of zeolites and on aluminium oxide was compared and the results are 

shown in Figure 2 (left). A laminar MWW zeolite (Si/Al =16), a BEA zeolite (Si/Al = 12), a FAU zeolite (Si/Al=6) 
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and gamma alumina were used for this comparison. As it can be seen Pt-FAU is the most active catalyst, followed 

by Pt-Al2O3, Pt-BEA and Pt-MWW. These results show the influence of the surface acidity and the topology on 

the catalyst activity, obtaining the best results with the Pt-FAU zeolite that has a highest number of Brönsted acid 

sites in their surface (lower Si/Al ratio), a 3D structure with large cavities and higher surface area. Those factors 

influence the metal dispersion and favour the reactants diffusion towards the active sites.  

 

Figure 2 – Chlorate conversion of 5%Pt catalysts supported on: left: FAU-6, MWW (SI/Al = 16), BEA (SI/Al =12) and 

gamma alumina (left); FAU with Si/Al = 6 during 3 uses of the same catalyst (right). 

 

A study of the reuse of the catalyst with highest activity (FAU-6) was done and the results are shown in figure 2 

(right). As it can be seen this catalyst preserves its activity throughout 3 successive reactions indicating a high 

stability of the catalyst. 

 

Finally, the influence of the Si/Al ratio on the catalytic activity was studied by using Pt- FAU with different Si/Al 

ratio (6 and 40). It was observed that the activity of the catalyst with lower Si/Al ratio was much higher than the 

activity of the catalyst with higher Si/Al ratio. These results show again the enormous influence of the Si/Al ratio 

on the catalyst activity, that can be related to a better dispersion of Pt on the zeolite with a higher Al content or to 

an activation of the reactants on the Brönsted acid sites present on the zeolite surface. 

 

The results obtained may conclude that catalytic hydrogenation using Pt-catalysts is an adequate process for the 

removal of Cl-anions in polluted water. It was observed that there is a strong influence of the support on the 

catalytic activity, obtaining the best results with the catalyst with a higher number of acid centres, with a high 

surface area and with lower diffusional problems: These characteristics are probably improving the dispersion of 

platinum on the surface of the support and favouring the interaction of the reactants with the active sites. In this 

way the best results have been obtained with the catalyst supported on FAU with a Si/Al ratio of 6. This catalyst 

is an active and stable material that can reduce the chlorates in successive reaction cycles without important 

deactivation. 
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Introduction: Vinyl chloride (VC), a known carcinogen, is found in many contaminated soils and groundwaters 

due to past uncontrolled releases to the environment but also because it forms and accumulates during microbial 

reductive dechlorination of per- and tri-chloroethylene (PCE, TCE). While TCE and PCE are relatively easily 

degraded via abiotic and biotic dechlorination processes, VC is more resistant [1]. Zerovalent-iron (ZVI) is one of 

the most widely used reductive reagents for chlorinated ethylene degradation, however, it reacts slowly with VC 

[2]. This is because VC is reduced by electrons from ZVI to produce ethylene (eq. 1), but the hydrogen evolution 

reaction on the surface of ZVI competes with the hydrogenolysis of VC (eq. 2) 

C𝐻2𝐶𝐻𝐶𝑙 + 𝐹𝑒0 + 𝐻2𝑂 → 𝐶2𝐻4 + 𝐹𝑒2+ + 𝐶𝑙− + 𝑂𝐻−(1) 
𝐹𝑒0 + 2𝐻2𝑂 → 𝐹𝑒2+ +𝐻2 ↑ +𝑂𝐻

−(2) 
Carbonaceous material (CM) such as biochars and activated carbon have been shown to protect ZVI materials 

from fast anaerobic corrosion [3], and also to enable fast removal of chlorinated ethylenes from the water phase 

due to their hydrophobic sorption properties. In addition, CM materials have been shown to enable reductive 

dechlorination by acting as an electron mediator as for example demonstrated for the degradation of TCE in the 

presence of biochar and the iron(II, III) hydroxide green rust [4]. However, to date there are no studies that assessed 

the potential beneficial effects of CM materials on VC degradation by ZVI materials. In this study, a range of CM 

materials were tested for their catalytic properties in reactions between VC and nanoscale ZVI (nZVI).  

 

Materials and methods: Among the CMs, except for graphene, which is obtained directly from Sigma (Graphene 

nanoplatelets, 300 m2/g), other CMs are pyrolysed in a muffle furnace (LT3/11, Nabertherm), under the protection 

of a nitrogen atmosphere throughout the process, using a temperature ramp of 150°C/h until the final temperature, 

keeping this temperature for 1h, and then cooling to room temperature.  Nitrogen amended graphene (N-graphene) 

is prepared by mixing graphene and urea in a certain proportion followed by pyrolysis. Batch VC dechlorination 

experiments with nZVI (2 g/L; synthesized using the borohydride reduction method [5]) and CM were set-up under 

anaerobic conditions using sealed 10 mL headspace vials. Quantitative analysis of VC and reduction products was 

performed in duplicate using GC-FID/ECD to determine concentration of reactants and products at specific time 

intervals. Then, the amount of substance (n) of VC that has been reduced in the vial at time t is divided by the 

initial amonut of VC (n0) to calcualte the adsorption efficiency. The reduction efficiency was calculated similarly, 

using the percentage of the total amounts of all products in the vial divided by n0. Methanol, tert-butanol (TBA), 

and 1-10 phenanthroline (PHT) were used as scavengers in quenching experiments, since the first two were 

reported to quench atomic hydrogen, while PHT quenched ferrous ions [6]. 

 

Results: The reactivity of NG950 was first explored in the nZVI reduction VC system. When the dose of NG950 

gradually increased from 1 g/L to 6 g/L, the removal rates of VC after 68 h were 49.0%, 74.8%, 96.3% and 97.9%, 

respectively (Fig. 1). The production of ethylene followed first-order kinetics, with a reaction rate constants (k) of 

0.01592, 0.02583, 0.04414 and 0.07393 h-1, respectively. Comparing NG950 with the other 15 CMs, NG950 

resulted in the fastest ethylene formation (Fig. 2a). After 8 days of reaction, the reduction efficiency for the NG950 

system increased from 8% to about 80% compared with the nZVI alone system. No clear correlation could be 

found between adsorption and reduction efficiency (Fig. 2b). The effect of pyrolysis temperature in the range of 

400-1100 °C on the properties of N-graphene was further explored, and the results showed that more than 80% 

reduction could be obtained at 600, 800 and 950 °C after reation for 8 d. However, further kinetic experiments 

showed that the k values of the products at these three temperatures were 0.02568, 0.02662 and 0.04652, 

respectively, which indicated that 950 °C was the optimum pyrolysis temperature. The electrons required for the 

reduction of VC in the nZVI system may come directly from nZVI, or indirectly from Fe2+, or from atomic 

hydrogen generated during anaerobic corrosion. Quenching experiments were used to test the reaction mechanism 

in the NG950/nZVI system. The experimental results showed that the addition of methanol and PHT had almost 

no effect on the reactivity of the system, while with the addition of TBA at concentrations of 50 mM and 200 mM, 

the rates of ethylene formation in the system decreased by 57.0% and 64.3%, respectively. This result will 

preliminarily rule out the electronic contribution from Fe2+. However, when N-graphenes prepared at five different 

pyrolysis temperatures were used in the nZVI system, there was no significant difference in the production of 

hydrogen, and the adsorption capacities of the five types of N-graphenes for hydrogen were almost the same. All 

CMs that have been used in the experiments were characterized, involving C and  contents, XRD, BET, and XPS, 

etc., but none of them had obvious correlation with the catalytic performance. This study shows that the graphene 

and certain biochars strongly catalyse the hydrogenolysis of VC, by facilitating formation and transfer of atomic 

hydrogen and by mediating electron exchange from nZVI to VC. 
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Figure 1.  The effect of NG950 dosage on the system. 

 

 
Figure 2. a. Comparison of the reactivity of different CMs; b. correlation between adsorption and reduction of different CMs. 
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The application of photocatalysis as a solution for the treatment of water and wastewater has gained great attention 

in recent years. Semiconductors are the most commonly utilized materials for photocatalysis. Due to its optical 

and electronic properties, non-toxicity, low cost, and ability to complete mineralization of pollutants, zinc oxide 

is a popular metal oxide for photocatalytic degradation of organic compounds in water. However, using ZnO also 

has limitations, such as photo-corrosion, insufficient bandgap for visible light activation, and high rates of electron-

hole recombination [1].  

 

Adding surface oxygen vacancies by hydrogen reduction was investigated in order to overcome the 

aforementioned limitations of the ZnO catalyst. This has been tested under simulated solar light irradiation for the 

photocatalytic degradation of methylene blue and thiabendazole (typical fungicide).  

 

Commercial ZnO provided by Sigma-Aldrich was used as catalyst in this research. The hydrogen reduction was 

performed by Autochem II Micromeritics equipment. The catalyst was pretreated at 130°C for 20 minutes with 

He gas. The gas flow was changed to 10% H2/Ar, and the temperature was increased with a rate of 10 K/min. By 

changing the final reduction temperature and hold time, the optimal conditions for catalyst reduction have been 

selected. 

 

TPR analysis indicates that several Gaussian peaks can be fitted in the reduction spectrum of ZnO. The 

corresponding temperature of each peak was used as the reduction temperature of each ZnO sample. In order to 

understand the role of oxygen vacancies in photocatalyst behavior, FE-SEM, EDS, XPS, XRD, BET surface area 

and Tauc plot have been used to characterize different temperature reduced samples. XPS analysis reveals that the 

adsorption and photocatalytic degradation of the selected micropollutants are significantly enhanced when surface 

oxygen is reduced and when the vacancy-to-lattice oxygen ratio is increased. Analysis by FE-SEM and XRD 

indicates that the reduction of ZnO did not have a significant impact on the material's surface morphology. In 

addition, Tauc plot analysis indicates that the optimally reduced ZnO has a narrower bandgap, compared to the 

commercial ZnO, which allows excitation by a wider wavelength range of visible light. 

 

To gain more insight into the changes that occurred in ZnO by oxygen reduction, our recently published kinetic 

model [2] was used to describe the reversible adsorption in the dark and photocatalytic degradation under simulated 

sunlight. Figure 1 shows the degradation rate and adsorption removal of methylene blue at different pHs. 

 
    

 

Figure 1. Effect of pH on a) reaction rate, and b) adsorption removal of methylene blue by commercial ZnO (C ZnO) 

and reduced ZnO at optimum temperature (red ZnO). Methylene blue 10 mg/L, ZnO 500 mg/L. 

  
By increasing the reduction temperature to its optimal value, the adsorption removal and photocatalytic activity of 

commercial ZnO considerably increases. This is due to an increase in the ratio of vacancy-to-lattice oxygen at the 

surface of the catalyst. The newly created vacancy oxygen sites can act as an adsorption site and it can provide a 

way to transfer the excitons to the adsorbed molecules, hereby preventing recombination of electron-holes. By 

further increasing of reduction temperature, it has been noticed that – in addition to surface oxygen – the bulk 

oxygen can be reduced. The bulk oxygen vacancy is not in direct contact with the contaminants in solution and, 

hence, it cannot act as an adsorption site. However, it can act as an electron trap which prevents the transfer of 

electrons to the contaminants and causes recombination of electron-holes which decreases the degradation rate. 
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Solid waste sanitary landfills have been the most common and most important way of dealing with residues across 

the world [1]. Leachate is the contaminated water that drains from a landfill [2]. A particular and unique treatment 

that is effective in treating the many variants of leachates has not been found [3] so the present work was developed 

within the scope of the ongoing study to define new methodologies for the treatment of leachate, namely through 

adsorption processes, by using activated carbons obtained from WWTP sludge as adsorbents.  

 

The nature of landfill leachate depends on a wide variety of factors. Although each leachate has its own 

characteristics, they can be classified as young, medium or mature, regarding the age of the landfill [3]. Landfill 

leachate in the mature (methanogenic) phase, that is the type of leachate in study, is characterized for low 

concentrations of volatile fatty acids and low BOD5/COD ratio, very low concentrations of heavy metals and the 

dissolved organic carbon is mainly composed by refractory compounds such as fulvic and humic like compounds 

[4]. 

 

In the field of leachate treatment, adsorption with conventional adsorbents, such as activated carbon, is a widely 

used process with relative success [4]. In the present work, activated carbons were developed from dehydrated 

WWTP sludge and dehydrated and demineralized sludge, both of which were subjected to physical activation 

using CO2, and chemical activation using K2CO3 and KOH agents. The optimized carbons were subsequently 

applied in the removal of humic acids (HAs), as they represent a major constituent in leachate from a mature 

landfill, and these macromolecules correspond to the non-biodegradable organic carbon that contribute to the 

coloring of the leachate. To analyze the potential of the activated carbons developed, the same tests were carried 

out with a commercial activated carbon (BDH) identified as suitable for color removal.  

 

The carbons from the sludge that did not undergo demineralization (DS) showed higher activation yields compared 

to the carbons from demineralized sludge (DSD) and, in turn, the carbons resulting from physical activation with 

CO2 showed the highest activation yields. However, the low activation yields of the materials derived from DSD 

sludge was balanced with high specific surface areas (950 – 1008 m2/g), comparable to the surface area of BDH 

carbon (914 m2/g). Regarding surface chemistry, carbons derived from sludge were characterized by high mineral 

content and alkaline character, while commercial carbon had low ash content and acidic properties. 

 

The adsorption tests were carried out in continuous mode with fixed bed columns packed with 0.05 g of each 

carbon and by passing 10 ppm of a humic acid solution through the column with a flow rate of 3 ml/min. A leachate 

sample collected in a sanitary landfill classified as stable, was also passed through the columns. 

 

Figure 1 presents the results of bed height (Z) and mass transfer zone (MTZ) for all the used carbons. 

 

Figure 1. Bed height (left) and MTZ (right) of the humic acids’ adsorption columns packed with the carbons. HA -Humic 

Acids solution; LX – Leachate sample. 

 

The carbons with lower density, thus with higher bed heights (Z), provided higher mass transfer zones (MTZ) and, 

therefore, greater HAs adsorption capacities (Figure 2). It was also possible to confirm that the carbons with these 

characteristics, namely DSD- K2CO3 and DSD-KOH samples, had longer saturation times than the others.  
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Figure 2. Total adsorption capacities of humic acids of the columns packed with the carbons. HA – Humic Acids solution; 

LX – Leachate sample. 

It was also concluded that the columns performed worse in removing HAs from the leachate sample than from the 

synthetic HAs solution due to competition of other components present in the leachate. 

 

The application of the Thomas model to the experimental breakthrough curves did not achieve a good fit in some 

cases due to the very long adsorption kinetics that may be associated with diffusional limitations or the adsorption 

mechanism itself. 

 
 

Figure 3. Humic acids breakthrough curves of adsorption columns packed with DSD-KOH (left) and DSD-K2CO3 (right) 

carbons 

 

The carbons from KOH activation had the highest adsorption capacity of HAs, 91.4 – 144.1 mg/g, with a better 

performance to that of the commercial carbon. 

Acknowledgements 

This work was supported by the Associate Laboratory for Green Chemistry - LAQV which is financed by national 

funds from FCT/MCTES (UIDB/50006/2020 and UIDP/50006/2020). 

References 

[1] K. Wang, L. Li, F. Tan, and D. Wu, “Treatment of landfill leachate using activated sludge technology: 

A review,” Archaea, vol. 2018. Hindawi Limited, 2018. doi: 10.1155/2018/1039453. 

[2] P. Rathnayake, W. A. P. P. Rathnayake, and G. B. B. Herath, “A REVIEW OF LEACHATE 

TREATMENT TECHNIQUES.” [Online]. Available: https://www.researchgate.net/publication/329915923 

[3] L. San-Pedro, R. Méndez-Novelo, E. Hernández-Núñez, M. Flota-Bañuelos, J. Medina, and G. 

Giacomán-Vallejos, “Selection of the activated carbon type for the treatment of landfill leachate by fenton-

adsorption process,” Molecules, vol. 25, no. 13, Jul. 2020, doi: 10.3390/molecules25133023. 

[4] M. A. M. Reshadi, A. Bazargan, and G. McKay, “A review of the application of adsorbents for landfill 

leachate treatment: Focus on magnetic adsorption,” Science of the Total Environment, vol. 731. Elsevier B.V., 

Aug. 20, 2020. doi: 10.1016/j.scitotenv.2020.138863. 

 

  

0

20

40

60

80

100

120

140

160

q
to

ta
l 
(m

g
/g

)

HA LX

0.0

0.2

0.4

0.6

0.8

1.0

0 100 200 300 400 500 600

C
t/
C

0

Time (min)

DSD-KOH

Experimental

Thomas model

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 40 80 120 160 200 240 280

C
t/
C

0

Time (min)

DSD-K2CO3

Experimental

Thomas model



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

372 
 

Asymmetric poly(ionic liquid)–ionic liquid membranes for gas separation 

 
Bruna F. Soares1 and Isabel M. Marrucho1,* 

1Centro de Química Estrutural and Departamento de Engenharia Química, Instituto Superior Técnico, Universidade de 

Lisboa, Avenida Rovisco Pais, 1049-001 Lisboa, Portugal 

*Corresponding author: isabel.marrucho@tecnico.ulisboa.pt   

 

 

Non-solvent induced phase separation (NIPS) is one of the most used techniques to produce polymeric membranes 

from a wide variety of polymers. Nevertheless, this method has never been employed before in the preparation of 

poly(ionic liquid) (PIL)-based membranes [1-2]. The use of PILs and their derived materials incorporating ionic 

liquids (PIL−IL) has emerged as a highly promising strategy to design dense membranes with improved CO2 

separation [3-4]. In this context, considering that membrane thickness is a critical parameter for their industrial 

scale application, this study is a step forward in the preparation of integral asymmetric PIL–IL membranes, with a 

top dense thin layer and a bottom porous layer. Solutions of poly([Pyr11][NTf2]) PIL and 20 wt% of 

[C4mpyr][NTf2] IL in acetone/dimethylformamide and acetone/formamide mixtures were prepared. The effect of 

several parameters of phase inversion process, namely, casting solution concentration and evaporation time, on 

the morphology (Figure 1) and gas separation performance of the resulting asymmetric PIL–20 IL NTf2 

membranes, was evaluated and compared to those of dense PIL–20 IL NTf2 membrane. The results indicate that 

the choice of the appropriate solvent mixture strongly impacts membrane morphology and gas separation 

properties.  

 

 
Figure 1. SEM images of PIL–20 IL NTf2/acetone: dimethylformamide membranes at solvent ratios of 80:20 and 

casting evaporation times of (a) 1, (b) 5 and (c) 10 min. 

 

From SEM analysis, it was shown that the type of co-solvent used, dimethylformamide or formamide, as well as, 

different evaporation times strongly influenced the PIL–20 IL NTf2 membrane morphology. Regarding the CO2 

permeances of the resulting asymmetric PIL–20 IL NTf2 membranes a significant increase was observed. In 

particular, for PIL–20 IL NTf2/acetone: formamide (85:15) membrane a 10-fold increase in CO2 permeance was 

obtained compared with dense membranes, whereas only a small decrease in selectivity was observed. 
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Introduction. Norfloxacin (NOR) is a slowly degrading and frequently detected antibiotic in surface waters at 

concentrations of ng L-1 to µg L-1 levels [1]. Persulfates comprising peroxodisulfate (S2O8
2−, PDS) and 

peroxymonosulfate (HSO5
-, PMS) are popular advanced oxidation reactants due to their versatility, as well as low 

storage and transportation costs [2]. Biochar is a low-cost, easily accessible and environmentally friendly 

carbonaceous material that can be used to activate persulfate for pollutant oxidation [3]. Activation produces highly 

reactive oxygen species (ROS) that can oxidize and mineralize antibiotics. However, radicals are short-lived and 

non-selective [4], while non-radical oxidants have a higher selectivity for contaminants [5]. Therefore, it is of 

interest to explore the conditions that stimulate degradation of antibiotics through non-radical pathways. 

 

Materials and methods. In this study, biochar material was prepared by in-situ pyrolysis of N-rich (6.2%) 

cyanobacterial biomass for peroxodisulfate (PDS) catalysis and NOR degradation. Microalgae powder (2 g) was 

dried overnight (24 h) at 80 °C, then heated to 200, 500 and 950 °C at a rate of 150 °C/h and then held there for 1 

h using a muffle furnace (LT3/11, Nabertherm), under N2 atmosphere (≥99.9% N2) with a flow rate of 0.5 L/min. 

Cyanobacterial biochars (CBs) pyrolyzed at 200 and 500 °C are categorized as low pyrolysis temperature (PT) 

CBs, while pyrolysis at 950 °C results in high PT CB. Degradation kinetics and adsorption isotherm data were 

used to evaluate the performance of CBs. Experiments were conducted using 250 mL Erlenmeyer flasks with 100 

mL of 5 mg L-1 NOR solution under continuous shaking (125 rpm) at 20 °C. The initial solution concentration of 

NOR for adsorption experiments was set at 5 mg L-1, the pH was fixed at about 6.8 using Na2HPO4 - NaH2PO4 

buffer (0.2 M), and the dosage of biochar was 100 mg L-1. Immediately after completion of the above adsorption 

reaction, an amount of PDS stock solution was added to the same reaction vessel to ensure an initial PDS 

concentration of 10 mM. High performance liquid chromatography and Ultra Performance Liquid 

Chromatography - tandem Mass Spectrometer were used to determine NOR and degradation products. Radical 

quenching tests, electrochemical measurements, and electron spin resonance (EPR) spectroscopy were used to 

reveal the reaction mechanism for low and high PT CBs. 

 

Results. NOR at an initial concentration of 5 mg L-1 achieved 100% degradation within 120 min in presence of 

CB pyrolyzed at 950 oC (CB950). High PT CB exhibited excellent performance compared to low PT CB (Figure 

1). CB950 caused 3 times higher NOR degradation compared to low pyrolysis temperature (PT) CBs and other 

widely used catalysts. CB950 achieved a maximum surface area normalized first-order rate constant kSA of 

4.38×10-2 min-1 m-2 L-1. NOR degradation by CBs/PDS was active over a broad pH range (3 - 10), but with 

increasing rates under alkaline conditions. Reused CB950 was still able to achieve 100% NOR degradation after 

four times recycling. The EPR data are consistent with the quenching experiments and confirm that both hydroxyl 

and sulfate radicals are important reactants in the oxidation of NOR in presence of the low PT CBs. EPR showed 

that MnII further promotes generation of radicals. For the high PT biochar CB950, neither a large number of 

hydroxyl nor of sulfate radicals was produced thus indicating they were not dominating oxidants in NOR 

degradation. Linear-sweep voltammetry with CB950 used as working electrode showed a strong current increase 

from 0.03 to 6 mA when the potential increased from 0.5 to 1.6 V against Ag/AgCl reference electrode, 

demonstrating that PDS and NOR together promotes an anodic electron exchange reaction. Combined oxidation 

by electron transfer reactions and radicals dominate in presence of high PT CBs. High PT CB act as an electron 

mediator to facilitate the acceptance of electrons by PDS from NOR. Dominating metabolites comprise fluoride 

(80% defluorination) and low molecular compounds. This study demonstrates the possibility of utilizing algal 

bloom biomass to produce biochar to be used as green and easily fabricated catalysts for the removal of organic 

contamination from wastewater. 
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Figure 1.  NOR degradation by CBs. (A) NOR degradation by PDS in presence of different CBs and control, (B) Pseudo-

first-order kinetic constants for NOR degradation by different CBs. ([PDS] 10 mM; pH 6.8 (0.2 M phosphate buffer) and 

biochar dosage 100 mg L-1; ([NOR]0 5 mg L-1). Error bars represent standard deviation of triplicates. 

 

Highlights 

Reactivity of cyanobacterial biochar increases with pyrolysis temperature. 

CB pyrolyzed at 950 oC obtains the fastest NOR degradation and can be recycled. 

CBs are active at pH 3-10, with increasing rates under alkaline conditions. 

Organic, •OH, SO4
•− radicals and MnⅡ degrade NOR in presene of low PT CB. 

Combined oxidation by electron transfer and radicals dominates in presencee of high PT CB 
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Fenton and photo Fenton processes are among the most effective advanced oxidation processes (AOPs) in 

industrial wastewater treatment. However, they are still barely faesible for full-scale applications due to the 

requirement of a strongly acidic pH to ensure the solubility of iron ions [1].To cope with this limitation, alternative 

processes have been proposed as (photo) Fenton-like processes, including both heterogeneous and homogeneous 

catalysed processes [2].  

 

Heterogeneous catalysts involve iron- and non-iron based materials in place of dissolved iron ions typically used 

in classic Fenton processes. Alternative homogeneous catalysts, instead, involve the use of chelating agents to 

form with iron or other transition metals, complexes soluble at neutral and circumneutral pH and active in Fenton-

type mechanism [3,4].  

 

Thus, following the benign-by-design approach, a new, green, active and fully biodegradable (96% in 28 days) 

catalyst, ferric iminodisucinate (FeIII-IDS), able to promote the Fenton-like process will be presented herein for 

the treatment of a real olive mill wastewater [5].  

 

Fe-IDS supported (photo) Fenton-like processes were performed at circumneutral pH with different catalyst 

loadings at fixed H2O2 initial concentration. Experiments were performed in dark and under solar and UV-C 

irradiation to evaluate the effect of radiation source, and compared to other AOPs, namely classic Fenton 

performed at pH 3, and H2O2 photolysis under both solar and UV-C irradiation. The best results (54% and 49% 

COD removals for solar and UV-C radiation respectively), were obtained using a [H2O2]/[Fe-IDS] molar ratio of 

250 (H2O2 58.8 mM, Fe-IDS 0.021 mM).  
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Introduction: Greenhouse gases (GHG) are at the basis of current climate change phenomena [1]. Not only 

industrial sector but also, wastewater treatment plants (WWTPs) emit GHG during their operation, specifically 

CO2, CH4, and N2O, and treatments in both water and sludge line are responsible for these emissions. GHG can 

be emitted directly (e.g., CH4 lost by the anaerobic digester collection system) or indirectly (e.g., CO2 emitted due 

to energy consumption) [2,3]. In previous studies, the positive effect of functionality checks in terms of increase 

in pollutants removal yields, reduction of energy and reagents consumption have been highlighted [4–6]. In this 

work the impact of an optimized WWTP has been studied in terms of GHG emission. 

 

Methods: A full-scale WWTP which treats both urban and industrial wastewater was used as case study for the 

analysis. Data collected from the optimized period (after functionality checks and up-grade execution) were 

compared with data of a control period collected when the WWTP operated in non-optimized conditions. Each 

period lasted one year. GHG were therefore estimated based on energy and reagents consumption and biological 

sludge production. Biological and chemical sludge were assumed to be disposed in agriculture and landfill 

respectively. GHG emission factors were assumed based on existent literature [7–12]. Based on data provided by 

the water utility, treated flowrates were almost constant in the two periods. 

 

Results and discussion: Based on results of previous functionality checks, several improvements (such as the 

optimization of the reagents dosage, revamping of the air supply system, removal of dead volumes in reactors), 

have been applied to the WWTP. Therefore, GHG emission were estimated and compared with the non-optimized 

plant (control case) (Figure 1). Three sectors were considered: energy, sludge disposal and reagents. In all of these 

sectors, the GHG emitted by the optimized plant was significantly lower than the control case (up to -76 %, in case 

of reagents use and production). Considering all of these aspects, optimizing WWTP reduce GHG direct and 

indirect emissions by 46%. 
 

 

 
Figure 1. GHG emitted in the optimized period compared with emissions in the control case. 

 

Conclusions: This work is focused on the impact of an optimized WWTP in terms of efficiency on GHG 

emissions. After functionality checks and several improvements, a WWTP was used as reference for estimating 
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GHG emission. Considering, energy required, reagent use and production and sludge disposal, results highlighted 

that optimizing the operational efficiency of WWTP can help to reduce GHG emissions up to 46%. 
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Chitosan-based materials are thoroughly scrutinized for their great potential in removing heavy metal ions from 

contaminated waters. The chemical versatility of chitosan supports the elaboration of various grafting/cross-

linking strategies to design materials with tunable/improved metal ions chelating properties. Among the strategies 

under investigation, the development of hydrogels with high surface area and grafting of sulphur-bearing 

functional groups are of particular interest because they allow the fabrication of sorbents featuring fast kinetics 

and/or selectivity towards specific metal ions [1, 2]. 

 

In this contribution a simple one-pot method to prepare chitosan aerogels functionalized with thiourea by 

formaldehyde cross-linking/grafting using multiple cryostructuration steps is reported. Information on structural, 

textural, morphological and mechanical features of the aerogels was obtained by FTIR spectroscopy, dynamic 

water vapor sorption, scanning electron microscopy and uniaxial compression measurements. The performance 

of prepared aerogels in the removal of Cu(II), Ag(I) and Pb(II) metal ions from wastewaters was investigated as 

a function of pH, initial metal ion concentration and contact time. 

 

 

 
Figure 1. (A) Chemical structures of main reagents used in this work. (B) Schematic illustration with the preparation pathway 

of chitosan and thiourea-chitosan aerogels. Optical images of: (C) monolith-like chitosan aerogels immediately after synthesis, 

and (D) in cut pieces before washing, as well as (E) of freeze-dried aerogels on top of a rose flower. 
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Introduction 
Electronic waste (e-waste) is one of the most ascending waste streams, whose management has become a priority 

to minimize environmental impacts, such as water contamination [1].This waste is also a rich source of elements 

with high economic and technological interest (technology-critical elements – TCE), such as cobalt, platinum, and 

rare earth elements (REEs), which can be recovered and re-introduced into the production cycle [2]. The use of 

living macroalgae as biosorbent has been highlighted with potential to recover TCE from contaminated waters [3], 

taking advantage of the potential intracellular accumulation (bioaccumulation) as an additional step to biosorption 

[4]. Yet most studies focus on the removal of a single element from simple solutions (synthetic water, containing 

one element or a small specific group of elements). The main objective of the present work was to evaluate and 

optimize the parameters that influence the efficiency of the biosorption/bioaccumulation process performed by 

Ulva lactuca in a complex mixture of contaminants: simulated lamp industry effluent (Y, Eu, La, Ce, Tb, Gd, Hg, 

Pb, Zn, Cu, Co, Cd, Pt), at different contamination levels (10, 100 and 190 µg/L). Optimization followed the 

Response Surface Methodology with a Box-Behnken Design (18 trials). In addition, the behaviour of the elements 

in solution was evaluated, as well as the allocation of elements in the macroalgae (biosorbed and/or 

bioaccumulated). 

 

Experimental 
The macroalga Ulva lactuca was collected at low tide from the NW coast of Ria de Aveiro, Portugal (40°38´39´´N, 

8°44´43´´W). U. lactuca was washed and maintained in aerated aquaria containing filtered seawater, at room 

temperature and natural photoperiod (12 h light : 12 h dark) until use. Saline water was collected at high tide from 

the Atlantic Ocean, next to Barra beach, Portugal (salinity 35; 40°64´41´´N, 8°74´53´´W). The collected water was 

filtered using Millipore porous filters (0.45 μm) and subsequently diluted to evaluated salinities using ultrapure 

water. 

 

A known amount of U. lactuca (1 to 5 g/L, fresh weight) cut in discs (diameter (Ø) = 5.5 ± 0.1 cm, Figure 1) was 

exposed for 144 h to 1 L of a complex mixture at different contamination levels (10 to 190 µg/L), at different water 

salinity (15 to 35). At pre-determined times, aliquots (10 mL) were collected and stored in polystyrene tubes, 

previously acidified with HNO3 (65 % v/v) for posterior analysis. Control (simulated effluent without macroalgae) 

and blank (living macroalgae in clean water) solutions were run in parallel with the exposure assays to guarantee 

the quality control. 

 

Concentrations of REEs in aqueous solutions and seaweed were measured through Inductively Coupled Plasma 

associated with optical emission spectroscopy (ICP-OES) on a HORIBA Jobin Yvon, model ACTIVA M, 

methodology described in [4].  

 

Partitioning of elements between surface (extracellular sorption) and internalized parts (intracellular uptake) of U. 

lactuca. was assessed by i) EDTA 0.001 mol/L in NaCl solution (0.6 mol/L); ii) ultrasound water bath (US) (NaCl 

0.6 mol/L); iii) US+EDTA [4], [5]. Macroalgae were characterized by fourier transform infrared (FTIR) and 

scanning electron microscope (SEM) before and after the exposure and treatment with EDTA. 
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Figure 1: Discs of U. lactuca used in the experiments 

 

Results and Discussion 
In general, U. lactuca presented high removal efficiencies for all elements (central point conditions > 75 %) except 

for Pt and Cd. Results from central point showed a low standard deviation (< 0.99) and a low coefficient of 

variation (< 1.2 %), which guarantee the reproducibility and feasibility of results. For REEs, at an exposure time 

of 24 h, the obtained optimal conditions for the evaluated response (removal, %) were: 5 g/L of U. lactuca (fresh 

weight) at salinity 15 (Figure 1B) and at an initial concentration of 10 µg/L, allowing to remove 71 - 87 % of the 

REEs from the complex solution. Through the cell partitioning of the sorbed elements, via selective extractions 

with EDTA, it was found that most of them were located on the external surface of U. lactuca. Characterization 

methods, as FTIR (Figure 2b) and SEM analysis, support EDTA results, exposing a clean macroalgae surface post-

washing procedure. 
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Figure 2. A) 3D-surface response for Eu removal at 24 h of exposure (initial concentration of 100 µg/L); B) FTIR of Ulva 

lactuca pristine to assays (black line), after exposure (green line) and after EDTA treatment (red line). 

 

Conclusions 
The present study revealed that living marine macroalgae can be the basis of an efficient, greener, and low-cost 

technology to remediate complex effluents containing potentially toxic elements, rare earth elements, and platinum 

group metals, that despite being below wastewater discharge limits still reach marine ecosystems, representing a 

threat. 
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Pollution of water resources due to the discharge of industrial wastes is an important environmental problem. 

Industrial wastewater contains large amounts of heavy metal ions and organic pollutants, which endanger human 

health and the environment. For this reason, many studies have been carried out to remove heavy metals from 

water. The adsorption process is widely used for the removal of heavy metals from wastewater due to its low cost, 

applicability and environmental friendliness [1,2]. The efficiency of adsorption is heavily dependent upon the 

choice of adsorbent. The required qualifications involve many chemical and structural properties such as high 

mechanical and chemical stability, low cost, ease of regeneration and reuse, high surface area and befitting porous 

structure and chemical functionality [2]. Chitosan, a cheap and sustainable natural polysaccharide with high 

density of -NH2 and –OH functionalities, meets many of these demands with the exception of limited physical 

stability in mildly acidic environment. Yet, physical and/or chemical modification procedures can be used to alter 

solubility and improve adsorption capacity. To date, modified forms of chitosan, i.e cross-linked, blended or as a 

composite component, have been synthesized and used in various adsorbent processes [3]. 

 

In this work, chitosan/polyvinyl alcohol blend beads synthesized by hydrothermal method were used in the 

continuous adsorption process for Cr(VI) ions. In order to evaluate the efficiency and sustainability  of the process 

column and process parameters of bed height, initial concentration and flow rate were studied at different levels. 

Additionally, the desorption efficiency and reusability of chitosan/polyvinyl alcohol beads were investigated at 

three consecutive adsorption-desorption cycles. 

 

For this purpose, 4 wt.% chitosan solution prepared in 4 % (v/v) acetic acid was blended with 10 wt.% PVA 

solution in equal proportions. Gelling was achieved in 1.0 M NaOH solution for 24 hours. Beads were transferred 

to a stainless-steel autoclave where hydrothermal treatment was performed at 140 C for 12 hours. After drying 

the beads were utilized as the fixed bed adsorbent material for continuous Cr (VI) adsorption experiments. The 

process parameters of flow rate, initial concentration and bed height were varied between 2 -6  mL/min, 25-75 

ppm and 2.5-7.5 cm, respectively. Cr (VI) concentration of solutions was analyzed spectrophotometrically at 540 

nm. Data were used for the construction of breakthrough curves and modeling studies were conducted using 

Thomas and Bohart-Adams models. Regeneration was studied in 0.1 M NaOH. All experiments were conducted 

in triplicates and results were reported as the average. The structural properties of beads were investigated using 

N2 adsorption (BET), scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectroscopy. 

 

According to the results, highest removal efficiency was achieved at the lowest studied flow rate of 2 mL/min, 

with 6 cm of bed height and 50 ppm initial Cr(VI) concentration. Both Thomas and Bohart-Adams models were 

descriptive of the adsorption data with regression coefficients over 90%. The surface area of the blend beads were 

determined as 2.96 m2/g with overall pore volume of 0.35 cm3/g.  
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Abstract 

Methanol is regarded as a renewable biofuel as it can be produced from biomass. It could be valuable 

environmentally friendly gasoline additive as it enhances octane number and decreases the exhaust emissions so 

it is associated with positive impacts on the environment. In the present work, hydrocarbon Gasoline (80 Research 

Octane Number) was blended with 3, 6, 9, 12, and 15 volume percent of methanol to give five methanol-gasoline 

blends M3, M6, M9, M12, and M15 respectively. These fuel blends were used to investigate the impact of 

methanol on the research octane number (RON), the motor octane number (MON) and the exhaust emissions (CO, 

NOX, SO2, HC, CO2 and excess O2). RON single stroke test engine was applied for combustion. The experimental 

results show that the addition of methanol leads to a significant increase in RON and MON (Fig.1). For exhaust 

emission the results show that it leads to a significant reduction in CO, SO2 and HC emissions while the addition 

of methanol up to 15% leads to increase in CO2 and NOX emissions (Fig. 2).  The significant decrease in CO could 

be attributed to the high oxygen content of gasoline methanol blends compared to the base gasoline. This excess 

in oxygen content improves the combustion of methanol gasoline blends [1-2].     

 

       

 

 
Figure 27: Effect of methanol addition on octane number of hydrocarbon base gasoline 80 
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                    Figure 28: Emissions pollutants against the Increase in Methanol Concentration in the blends 
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Abstract text: 

Synthesis of industrially important chemicals and materials from renewable sources for a carbon neutral 

petroleum-free economy is compelling globally. Here we have developed a holistic approach for synthesizing 

renewable plasticizer alcohols using photosynthetic microalgae reclaiming wastewater dissolved CO2 and 

nutrients. To achieve the same, the municipal wastewater grown microalgal biomass polishing nutrients from 

anaerobically treated municipal wastewater was hydrothermally liquefied (HTL) at subcritical conditions under an 

inert environment and using K2CO3 as an alkaline catalyst. The biosolids, co-product of HTL, contained in-situ 

crystallized hydroxyapatite (HTL-HA) with multi-metal (Si, Mg, Na, Fe, Zn, Cu, Cd, Ni, Mn) substitutions, 

exhibiting weak lattice hydroxyl peak than considerable hydroxyl vacancies (Lewis acid sites), and strong P–OH 

complex peak (Brønsted acid sites). The in-situ synthesized HTL-HA catalytically upgraded the bio-oil (UBO), 

and, Interestingly, UBO contained a 90% mass fraction in the direct fuel range with a maximum product yield of 

C16-C25 compounds. The heterogeneity induced with the system by HTL-HA (acidic) and K2CO3 (basic) 

selectively yielded 171 gKg-1 of esters and 70 gKg-1 of alcohols with a significant fraction of Bis (2-Ethylhexyl) 

phthalate (131 gKg-1) of raw feedstock. 

 

 

Figure 1. Representation of biocrude, biosolid product characterization, and heavy-metal partitioning post 

hydrothermal liquefaction treatment 

 

 

Another phthalate with properties of a plasticizer found in the biocrude was dibutyl phthalate [1]. 11% FAMEs- 

methyl octanoate (octanoic acid, methyl ester), methyl decanoate (caprate), methyl laurate, methyl linolenate, 

methyl behenate, methyl erucate (methyl cis-13-docasenoate), and methyl lignocerate (methyl tetracosanoate) 

were present in the biocrude. The rest of the valuable compounds in the biocrude had properties of food additives 

or personal care products. L-arabitol, a low-calorie sugar alcohol, finds its application in the food industry as a 

sweetener, generally used to regulate the blood sugar level in diabetic patients [2]. Another food additive (used in 

improving flavor) found in the biocrude was Octanoic acid, methyl ester [3]. Fatty alcohol named 1-hexadecanol, 

with an area percentage of 4.24%, was also observed in the biocrude. This compound is used in Personal care 

product industries as a surfactant/emulsifier/thickening agent in shampoos, creams, lotions, etc. 

 

Summary: 

Overall, the efforts signify the applicability of the developed process of recirculation photobioreactor for 

wastewater resource conservation and recovery integration with subcritical hydrothermal liquefaction. The process 

creates a novel approach for creating high-value product streams from water reclamation sources that can 
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significantly impact taxpayer money, generating employability in green chemistry for profit in a traditionally 

regulated water industry with contributing to biofuels and green catalysis. These findings provide the basis for new 

frontiers in microalgae-based fuels, chemicals, and bioproducts at both the fundamental and macro 

commercialization levels. 
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In this study, hydrochar has been produced from waste seaweed (Sargassum) at different process temperatures and 

with different water to biomass ratios. The experiments have been done for fresh seaweed without additional water 

as far as the moisture content of Sargassum was 90% by weight.  

 

The produced hydrochar was applied to adsorb methylene blue dye. The results showed that the produced 

hydrochar is significantly affected by reaction temperature and water to biomass ratio. The carbon content of 

hydrochar increased by increasing the temperature, on the other hand adsorption capacity was correlated with the 

water to biomass ratio.  

 

Sargassum as brown algae was used as biomass feedstock and Sargassum samples were collected from the coast 

of Busan, South Korea. The mass yield is a parameter to quantitatively show how much hydrochar can be produced 

from waste seaweed via hydrothermal carbonization. Figure 29 shows that with increasing reaction temperature, 

the yield decreased which was linked to escaping volatile compounds from biomass [1]. 

 

Hydrochar from fresh seaweed without additional water showed a significantly higher yield in comparison to 

hydrochar produced from dried biomass. 

 

In the case of water to biomass ratio of 10 after 210℃, the yield increased which was linked to secondary reactions 

or more specifically, the polymerization of the small intermediate organic molecules into a solid phase. 

 

 

Figure 29. Hydrochar yield (wt.%) as a function of reaction temperature at (―) W:b (water to biomass ratio) =3, (―) W:b 

=5, (―) W:b =10, (―) fresh seaweed, dashed lines are added to guide the eye  

Adsorption experiments were performed using methylene blue (MB) dye. Hydrochar contains oxygen-containing 

acidic functional groups, such as carboxylic acid groups on the surface of the hydrochar, and can adsorb the 

cationic MB molecule. 

 

In order to describe the mechanism of adsorption, Langmuir and Freundlich adsorption isotherms (Figure 30 a,b) 

were fitted to the experimental MB adsorption data. The results showed that by increasing the water to biomass 

ratio, the adsorption capacity had been decreased. This observation could explain by the amount of oxygen in 

hydrochar that decreased (Figure 31) so it might conclude that carboxylic functional group has been reduced. By 

decreasing the carboxylic functional group, the adsorption capacity has been decreased which this result is 

compatible by the result of FTIR and elemental analysis. 
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Figure 30. a) Langmuir b) Freundlich adsorption isotherms for hydrochar produced at 210℃, (―) W:b =3, (―) W:b =5, (―) 

W:b =10. 

 

 
Figure 31. Effect of HTC temperature and water to biomass ratio on hydrochar elemental composition. 

 

 
 

 

Figure 32. TGA and dTG curves of hydrochar at 210℃, (―) W:b =3, (―) W:b =5, (―) W:b =10 

 

The thermogravimetric (TGA) and differential thermogravimetric (DTG) analyses were used to determine the 

material’s thermal stability and the thermal mass loss of the material. As shown in Figure 32, three stages were 

observed for thermal decomposition. The weight loss graph, reveals that at 800℃, the highest overall mass loss is 

related to hydrochar produced at w:b= 3 and by increasing the water to biomass ratio the final mass loss decreased. 

This observation confirms that the thermal stability of those hydrochars which were produced at higher water to 

biomass ratio is higher [2, 3]. 

 

In conclusion, water to biomass ratio of 5 for Sargassum seaweed is found to be optimal, as it results in the highest 

hydrochar mass yield and it displays the highest maximal adsorption capacity. 
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spp strains to improve drought tolerance in maize 
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Abstract text:  

Various technologies including traditional breeding are used to cope with drought stress. However, the interactions 

between plants and bacteria emerged as an interesting era of knowledge that can be used for novel agriculture 

practices. The aim of present study is to promote plant growth characteristics include mineral uptake and various 

phytohormones production by indigenously isolated bacteria from textile industrial wastewater. The polymerase 

chain reaction and DNA sequencing techniques are used to identify the isolated microorganisms. Nucleotide 

sequence of 16S rRNA gene of isolated bacterial strains used for comparative analysis through sequencing 

alignment tool. This compares the sequence of isolated species with already known sequences in the database and 

conform the bacterial species at the strain level. Isolated strains were able to produce ammonia, auxin, fix 

atmospheric nitrogen, and solubilized inorganic phosphorus by in-vitro plant growth promoting traits assay. In 

greenhouse experiment on two maize (Zea mays L.) cultivars isolated Bacillus spp. strains individually induce a 

similar drought stress amelioration effect in plant growth under sterile soil conditions. Plant length and biomass 

was improved 18.6% and 19.5% by bacterial inoculation as compared to control plant. Total chlorophyll, 

carotenoids and anthocyanin was increased 19.3%, 28.5% and 10.6% as compared to the uninoculated plants 

respectively. Biochemical attributes including total soluble sugars, total soluble proteins and ascorbic acid was 

improved 87.1%, 33.1% and 52.7% respectively. Lipid peroxidation (MDA) and hydrogen peroxide (H2O2) was 

reduced 50.8% and 41.4% by bacterial inoculation. Activity of antioxidant enzymes catalase (CAT), peroxidase 

(POD), ascorbate peroxidase (APX) and superoxide dismutase (SOD) was decreased 63.0%, 26.6%, 34.11% and 

56.25% as compared to the uninoculated plants respectively. Stress amelioration is dependent on a specific plant-

strain interaction evident in the differences in the evaluated biochemical attributes, lipid peroxidation and 

antioxidant responses. Such bacteria could be used in future for biotic and abiotic conditions having potential for 

sustainable agricultura [1-4]. 

Keywords: maize, Bacillus spp., antioxidant, growth promotion, drought 
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 Electrochemical synthesis as alternative synthetic strategies for the Manganese 

phthalocyanine and its graphene quantum dot conjugate 
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Abstract: 

Manganese phthalocyanine (MnPc) bearing peripherally substituted octacarbazole moieties was synthesized and 

characterized by matrix-assisted laser desorption/ionization spectrometry (MALDI), FT-IR, and UV–Vis 

spectroscopy. The complex was then conjugated to graphene quantum dots (GQDs) via π-π stacking and 

characterized by energy dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), energy 

dispersive spectroscopy, and X-ray diffraction. Electrochemical synthesis as alternative synthetic strategies 

provide an effective green route which offers advantageous features such as avoiding the chemical oxidizing and 

reducing agents used in traditional synthetic methods. Electrochemical performances of MnPc and its 

nanoconjugate were investigated using cyclic voltammetry (CV), square wave voltammetry (SWV) and 

spectroelectrochemistry (SEC) to determine the influence of the carbazole substituents and graphene quantum dots 

on the redox mechanism of MnPc. Although the carbazole substituents did not significantly influence the reduction 

processes of MnPc, they induced MnPc coating onto the electrode surface due to cationic electropolymerization 

of the carbazole substituents. The composite comprising graphene quantum dots and MnPc exhibited redox 

responses that were comparable to those of MnPc.  

 
Figure 1.  Graphical Abstract – Pictogram for MnPc and MnPc-GQDs related Electrochromic measurements 

 

1. Experimental 

1.1 Materials 

Carbazole 1, anhydrous manganese chloride, and cesium fluoride salts were obtained from Sigma-Aldrich. 5,6-

Dichlorophthalonitrile 2 was purchased from TCI (Toshima, Japan). All solvents were obtained from local 

commercial suppliers. Compound 3 in this study was synthesized according to a literature procedure [1, 2].  

 

1.2 Instrumentation 

Electronic absorption spectra were measured with a Varian Cary 5 or Shimadzu UV-2600 spectrophotometer. A 

Zeiss 1210 transmission electron microscope operated at a 100-kV acceleration voltage was used to obtain 

transmission electron microscopy (TEM) images.  
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Energy dispersive X-ray spectroscopy (EDX) measurements were performed on a JEOL instrument with EDX 

attached to a Scanning Electron Microscope Model JSM IT100, functioning with integral SEM-EDX software in 

ordinary laboratory conditions. 

X-ray diffraction (XRD) data were collected over the 2θ =10–80° range, scanning at 0.010° min−1 and 192 s per 

step. A zero-background silicon wafer slide was used and the measurements were performed using a Bruker® D8 

Discover diffractometer, equipped with a Lynx Eye detector, under Cu Kα radiation (λ = 1.5405 Å). Elemental 

analyses were performed using an ElementarVario Micro Cube. 

 

1.3 Electrochemical measurements 

Cyclic voltammetry (CV), square wave voltammetry (SWV) and in situ spectroelectrochemical (SEC) 

measurements were performed using a potentiostat (GAMRY Instruments, Reference 600 

Potentiostat/Galvanostat/ZRA) coupled with  an Ocean Optics QE65000 diode array spectrophotometer according 

to a literature procedure [3]. In these experiments, a glassy carbon (GCE), Pt wire, and Ag/AgCl electrodes 

(containing saturated KCl aqueous electrolyte) were used as the working, counter, and reference electrodes, 

respectively. All measurements were performed in dichloromethane (DCM) / tetrabutylammonium perchloride 

(TBAP) electrolyte. In situ UV-Vis spectroelectrochemical and electrocolorimetric measurements were performed 

in a thin-layer quartz spectroelectrochemical cell with a three-electrode configuration using a Pt tulle working 

electrode, according to a literature procedure [3]. 
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Scheme 1. Synthetic route to MnPc. (i) DMF, CsF, 75–85 °C, 24 h; (ii) MnCl3, 1-pentanol, 130 °C, 24 h, N2 gas. 

Synopsis: 

Manganese phthalocyanine bearing peripherally substituted octacarbazole moieties was synthesized and 

characterized. The complex was then conjugated to GQDs. The effect of the carbazole substituents and 

nanomaterial conjugation on the electrochemical performances of the complex were investigated. 
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Synthesis under alternative conditions consuming less energy as well as investigation of biological activity of new 

compounds is an integral part of grееn сhеmіstry.  

 

Tolperisone derivatives were synthesized by N-alkylation reaction of tolperisone base, which was obtained from 

commercially available hydrochloride, and corresponding halogenalkanes. The synthesis was carried out in 

acetonitrile with thermal (85°C), microwave (90-250 W) or ultrasound (50–60Hz, 35-42°C) activation. Thе 

prоgrеss оf rеасtіоns аnd purіty оf prоduсts wеrе chеckеd usіng thе TLC mеthоd оn sіlіcа gеl plаtеs wіth іоdіnе 

vароrs dеvеlоpmеnt. Thе sеpаrаtіоn аnd purіfіcаtіоn оf substаncеs wаs саrrіеd оut by сrystаllіzаtіоn frоm 

аррroрrіаtе sоlvеnts. The higher yields were observed when microwave irradiation was used to promote the 

reaction. 

 

  
Figure 1.  Synthesis of tolperisone’s derivatives via N-alkylation reaction 

 

Tolperisone dirivatives were evaluated on their muelostimulating activity. In terms of leukopoiesis-stimulating 

activity, N-methyl derivative was slightly inferior to the reference drug methyluracil, however, in terms of 

erythropoiesis- and thrombocytopoiesis-stimulating activity, it exceeded the activity of the reference drug. N-ethyl 

derivative was not effective in erythropoiesis and thrombopoiesis stimulating, but in terms of leukopoiesis-

stimulating activity, it was comparable to the activity of the reference drug. 

 

Local anaestetic and toxicity assessment of N-propyl, N-propargyl and N-butyl derivatives showed that N-butyl 

tolperisone derivative was 0.84 and 1.36 times more toxic than lidocaine and trimecaine respectfully. N-butyl 

derivative’s 1% solution showed duration of anaestitcs 0.95 and 1.3 times longer than lidocaine and trimecaine 

respectfully.  

 

Antidiabetic activity was assessed by the inhibition of α-glucosidase [1] and α-amylase [2] activity of the 

synthesized substances. The test compounds did not show inhibitory activity against α-amylase. Low inhibitory 

activity against α-glucosidase was showed by N-propyl (16%) and N-allyl (11%) derivatives.   

 

Based on the current data of biological activity of tolperiosone’s derivatives, it could be concluded that 

myelostimulating activity and local anaestetic toxicity decrese with the growth of alkyl chain length. 
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One of the main challenges of our decades is to be able to substitute fossil fuel by green and sustainable energy. 

The goal is to design processes to get new fuels and chemicals from renewable resources. Lignocellulosic biomass 

(wood, herbaceous, agricultural wastes) which is a complex network of macromolecules (cellulose, 

hemicelluloses, lignin), is the main renewable carbon source on earth. (and aromatic carbons). Furthermore, 

lignocellulosic biomass can be converted into bio-derived value-added fuels, chemicals and materials. These bio-

products are produced by using specific chemical pathways (bio- and thermochemical). Besides, its valorisation 

in “biorefinery” could lead to climate change mitigation with the production of biofuels and green chemicals with 

a lower environmental impact than petroleum resources. Indeed, extraction and separation of value-added 

compounds from lignocellulosic biomass by simple and clean fractionation is a significant dynamic area of 

research. 

Currently, processes require an excessive volume of organic/inorganic solvents or a high-energy consumption 

(kraft, soda cooking, sulphite). The main goal is to perform biomass fractionation at low temperature (below 

150°C) with “green solvents” in order to substitute conventional processes. “Green chemistry” promotes the use 

of environmentally friendly solvents. Initially, ionic liquids have been used for fractionation and biomass pre-

treatments. Due to their high cost and toxicity, a new class of “green solvents” emerged: deep eutectic solvents 

(DES). DES are formed by hydrogen bonding between a hydrogen bond donor (HBD) and a hydrogen bond 

acceptor (HBA). A charge delocalization occurs through the hydrogen bond which is mainly responsible for the 

decrease of the melting point. The latter is lower than the melting point of the individual HBD and HBA. The 

resulted solvent is liquid at room temperature and behaves like a pure compound. Currently, most of the DESs are 

based on materials from renewable resources (sugars, amines, carboxylic acids, etc.). They are cheap and usually 

considered non-toxic and biodegradable. Nevertheless, their toxicity and biodegradability should be investigated 

case by case. 

During the last decade, several studies have shown promising results for the fractionation of lignin using DESs1–7 

on different types of biomass. DESs have the ability to cleave the ether bonds without affecting the C-C linkages 

in lignin. This cleavage is the main mechanism leading to lignin depolymerisation which further facilitates lignin 

extraction from the biomass. Delignified biomass could be used for pulp/paper or ethanol production. Isolated 

lignin can be used directly in different application (i.e polymer) or converted to high-value monomers (phenols) 

by thermochemical process (i.e. pyrolysis). 

This work investigates fractionation of beech wood (very popular in Lorraine, East of France) using choline 

chloride-based DESs. The studied DESs are selected from previous studies on delignification found in the 

literature: ChCl:glycerol [1:2], ChCl: Oxalic Acid [1:1], ChCl : Acetic Acid [1:1], ChCl: Ethylene Glycol [1:2]. 

The experimental results show a significant impact of the HBDs in the prepared DES. The Total Polyphenol 

Content (TPC) measured by Folin-Ciocalteu test is used as a global indicator for the comparison of different DESs 

(figure 1) and for the process optimisation (Box-Behnken design). Optimisation is made on temperature, time and 

wood/DES ratio.  In order to give new insights concerning DES delignification mechanisms, several analyses (IR, 

Figure 33. Influence of hydrogen bond donor (HBD) on polyphenols 

extraction using choline chloride-based deep eutectic solvents 
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liquid state NMR 13C, 31P, HSQC 1H-13C, elemental analysis, XRD, Klason lignin, HPLC-UV-MS) were carried 

out on extracted lignin, treated wood and liquid DES phase obtained from fractionation process.  
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Solid-state grinding (belonging to mechanochemical methods) is an effective and inherently green method – 

compared to conventional solution-based methods – that offers a rapid, facile, reproducible, and low or no waste 

methodology for the preparation of multicomponent solid forms. Besides that, no or only small amounts of solvent 

are employed during the synthesis process, named as Neat grinding (NG) or Liquid-assisted grinding (LAG), 

respectively [1,2].  
 

One of the most significant issue faced by the pharmaceutical industry is the poor solubility of drugs that can be 

improved through multicomponent solid approaches, such as pharmaceutical cocrystals. A cocrystal can be defined 

as multicomponent crystalline structure composed by an active pharmaceutical ingredient (API) and a 

pharmaceutically acceptable compound (coformer), in a defined stoichiometric ratio, bounded by non-covalent 

interactions, mainly hydrogen bonds. In addition, cocrystals can overcome the physicochemical properties without 

compromising the drug’s therapeutic benefit [3–6].  
 

It is estimated that 40% of marketed drugs and 90% of those under development have low aqueous solubility, 

which affects their bioavailability and, consequently, their efficacy [5,7]. Furthermore, it is related to ADME-Tox 

(absorption, distribution, metabolism, excretion, and toxicity) properties, and since cocrystals may enable greater 

solubility, and subsequently absorption, less API is required in the dosage form and side effects are reduced [5,7,8]. 

In this context, the present work aimed to use mechanochemistry as a green methodology in the synthesis of a 

soluble cocrystal of ciprofloxacin (CIP) – a broad-spectrum antibiotic that has low aqueous solubility and 

permeability in biomembranes – with niacin (NCA; vitamin B3) as coformer. 
 

The mechanochemical synthesis (NG and LAG) was performed in a mixer mill, in which equimolar amounts of 

CIP and NCA were grounded at a frequency of 30 Hz for 30 min. Ethanol was used for LAG synthesis in a ratio 

of 0.25 μL mg−1, as determined by Friščić et al. [9]. Then, the samples were characterized by differential scanning 

calorimetry (DSC), infrared spectroscopy (IR), and powder X-ray diffractometry (PXRD). The aqueous solubility 

studies were assessed by the saturation shake-flask method and the measurements were performed using a UV 

spectrophotometer at 277 nm. 
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Figure 1.  DSC curve (a), PXRD diffractograms (b), IR spectra (c), and solubility evaluation (d) for CIP-NCA cocrystal. 

The CIP-NCA systems showed distinct thermal behavior, with intermediate melting compared to the precursors 

(Figure 1a). Regarding PXRD, new diffractometric peaks were observed in Figure 1b (signed with asterisks) 

indicating that a new crystalline phase was obtained. Along with the IR spectra (Fig. 1c) which showed a shifted 

carbonyl stretching band, as well as a decrease in the intensities of CIP carboxylate bands and the hydrogen bond 

O-H···N of the NCA coformer, confirms the establishment of a new supramolecular synthon and the formation of 

a new cocrystal. Furthermore, the NG sample presented a small exothermic event at 180°C in DSC curve, that 

corresponds to cocrystallization on heating, confirmed by PXRD (Fig. 2). In this case, it can be concluded that the 

LAG synthesis was more efficient, and the small amount of solvent used acted as a catalyst [10]. 
 

 It is noteworthy that the aqueous solubility of the cocrystallized CIP was improved approximately twenty-fold 

(Fig. 1d). This behavior of the CIP in cocrystal form throughout the experiment may be linked to supersaturation 

phenomena similar to amorphous drugs, also known as the “spring and parachute” mechanism [11]. 
 

 
Figure 2.  PXRD diffractograms of CIP-NCA / NG cocrystal at 25°C, heated to 165°C and to 195°C. 

 

Finally, we could conclude that the green mechanochemical method was extremely effective in the synthesis of 

ciprofloxacin cocrystals, where small amounts of solvent were required. The synthetic process was rapid, low 

energy demand, reproducible, and, as expected, made it possible to produce a multi-component solid form with 

improved solubility. 
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This work describes the synthesis of norcholestane pyrroles and their evaluation as growth phytohormones in 

habanero pepper crops (Capsicum chinense Jacq) an endemic plant to the Yucatan Peninsula. The synthesis is 

based on an ecological route based on the potential of superheated water as solvent and the experience of our 

research group in the modification and study of naturally occurring organic compounds. 

 

The synthesis route was performed in 4 steps (Figure 1). In the first step, the regioselective opening of the diosgenin 

side chain was carried out by a Lewis acid catalyzed acetolysis (BF3
.OEt2/Ac2O). Once the 26-hydroxy-22-

oxocholestane system was obtained, the C-26 hydroxyl group was oxidated to yield the corresponding aldehyde. 

The next step was the cleavage of the C-C bond of the aldehyde at C-26 to generate the 27-norcholestane systems 

corresponding to the desired 1,4-dicarbonyl moiety. For this reaction, superheated water (which is water kept in a 

liquid state by pressure at a temperature above its natural boiling point (100 °C) and below its critical temperature 

(374 °C), [1,2]) was used under microwave (MW) conditions, as the physical and chemical properties of water 

change, that allows to have a higher solubility of organic compounds. [3,4]. Although the reactions of steroids 

practically do not take place in water due to their poor solubility, those conditions change under superheated water. 

The 3,4,5-trimethoxyaniline promotes the cleavage of the C-C bond and the reaction proceeds at 160 °C and 10 

bar pressure. From the 1,4-dicarbonyl system, pyrroles were synthesized as part of the side chain under MW 

conditions using the primary amines benzylamine, ethanolamine, propanolamine and R-(+)-α-methylbenzylamine. 

The reaction products were characterized by 1H and 13C NMR, infrared spectroscopy, polarimetry and mass 

spectrometry.  

 

 
 

Figure 2. Synthetic pathway of steroidal pyrroles formation. 

The plant growth analysis was carried out under greenhouse conditions (25-35 °C, R.H. 55-75%). The vegetative 

material used was habanero pepper (Capsicum chinense Jacq) variety Prime which, 20 days after the plants 

emerged, were transplanted into 2 L pots containing soil from the region and 10, 17, 21, and 28 days after 

transplanting into the pots. The application of steroidal compounds was carried out directly on the foliage of the 

plants. A commercial product based on cytokinin hormone was used as a positive control and water as negative 

control. Tukey's method was used for an analysis of variance and comparison of means. 

 

The from the 4 steroidal pyrroles are shown in Table 1. The accumulation of biomass can be appreciated, being 

pyrrole 4 the one that presented the highest values in the variables of dry biomass of leaves and roots. 
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Table 1. Growth analysis of habanero pepper. 

 

The experimental conditions proposed for the synthetic route to obtain the pyrroles provide a novel ecofriendly 

procedure to generate compounds with potential application as growth phytohormones in habanero pepper plants 

complying with at least 6 of the principles of green chemistry. 
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pyrroles 
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(gr) 

Dry leaf 

biomass (gr) 

Dry root 

biomass (gr) 

1.- Pyrrole 1 23.8±1.69 0.38±0.01 12.0±0.46 0.33±0.04 0.95±0.08 e 0.40±0.04 c 

2.- Pyrrole 2 27.6±1.32 0.41±0.01 13.5±0.32 0.46±0.02 1.10±0.03 de 0.43±0.01 bc 

3.- Pyrrole 3 26.7±1.30 0.38±0.01 13.2±0.49 0.46±0.01 1.27±0.05 abc 0.40±0.01 

4.- Pyrrole 4 27.1±1.54 0.42±0.01 13.6±0.99 0.48±0.04 1.21±0.05 bcd 0.48±0.03 ab 
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Abstract text:  

Conventionally, gold nanoparticles are synthesized via the reduction of chloroauric acid with a suitable reductant 

at elevated temperatures and with the addition of a stabilizing agent to prevent their aggregation and precipitation. 

Here, gold nanoparticles were obtained by gamma irradiation at low doses (1-20 kGy) which provides a fast, 

economical, and green alternative to conventional synthesis because it does not involve harsh chemicals, prolonged 

reaction time, and the irradiation takes place at room temperature. Gold nanoparticles were obtained using 

chloroauric acid as a precursor in the presence of two types of graphene material: electrochemically exfoliated 

graphene from highly oriented pyrolytic graphite and graphene oxide obtained via Hummers’ method. Samples 

were irradiated at four irradiation doses of 1, 5, 10, and 20 kGy with the addition of isopropanol to quench oxidative 

species generated by the radiolysis of water.  

 

Oxygen-functional groups from graphene surface had an important role in the nucleation and growth of gold 

nanoparticles thus eliminating the need for an additional stabilizing agent. When electrochemically exfoliated 

graphene was used as support, synthesized gold nanoparticles had sizes of up to 40 nm, and nearly half of them fit 

in the 11-20 nm size range. Increasing the irradiation dose resulted in a higher abundance of smaller nanoparticles 

(up to 10 nm in size). On the other hand, in the presence of graphene oxide, synthesized gold nanoparticles had 

sizes between 6-10 nm for the lowest irradiation dose, and with the increase in the absorbed dose larger particles 

of up to 90 nm were obtained. Simultaneously, gamma irradiation causes the reduction of graphene material and 

partial restoration of graphene’s conjugated structure.  

 

 

 
Figure 1.  TEM images of gold nanoparticles obtained at the dose of 1 kGy using exfoliated graphene (left) and graphene 

oxide (right) as support. 
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Aryl oxygen products can be found in many bioactive and natural compounds. They are also common building 

blocks for synthesis in academia and chemical industry. Electrochemical synthesis of aryl alcohols is an 

environmentally friendly approach, as we can avoid stoichiometric amounts of toxic oxidants and metal-catalysts. 

Herein, we present a mild and green way to synthesize aryl alcohols electrochemically by using a continuous-flow 

setup. The continuous-nature of the process allowed us to prevent the decomposition of sensitive products under 

the electrochemical reaction conditions and therefore expand the reaction scope beyond electron-poor and neutral 

arenes. 

 
Scheme 1.  Electrochemical hydroxylation of arenes with trifluoroacetic acid 

 

We demonstrated the electrochemical hydroxylation of electron-rich arenes with 15 examples, in which 

trifluoroacetic acid was used as an oxygen source. Also, a successful scale-up experiment (10 mmol scale) was 

carried out. The developed transformation was carried out in an inexpensive self-made flow microreactor [1].   
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Colophony, a natural resin obtained from coniferous trees, is constituted by a group of diterpenes known as 

abietanes, which, along with its derivatives, has been found to have a wide variety of interesting biological 

activities, including the antimicrobial, antiviral, antitumoral, and anti-inflammatory activities. Constituents of this 

resin have a wide range of industrial applications, including synthetic rubbers, adhesives and fragrances. [1,2] 

 

The benzylic oxidation of dehydroabietic acid, an abietane from colophony, and its methyl ester derivative, has 

been reported using oxidative protocols, such as using Jones reagent [3], Swern oxidation [4] or either using 

Chromium trioxide in stoichiometric [5] or catalytic quantities. [6] However, these protocols fail in the context of 

sustainability for several reasons, such as the use of toxic reagents and stoichiometric amounts. 

 

The electrochemistry equipment used in this work were an ElectraSyn 2.0 system by IKA. 
 

 

 

 

 

 

 

 

 

 

 

 Scheme 1: Electrochemical oxidation of dehydroabietic acid (DHA) and its methyl ester derivative (MDHA). 

Herein, we report an electrochemical method for the benzylic oxidation of dehydroabietic acid, an alternative 

greener protocol for the formation of the benzylic ketone in very good yields using modern electrochemical 

methods. (Scheme 1). Moreover, this method can be applied to the corresponding methyl ester derivative. [7-9] 
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The use of bioderived chemicals has attracted increasing attention in the past years in order to reduce the 

dependence on crude oil as limited feed stock.  

 

In this context, cyclic carbonates with an increasing annual production provoked by applications as electrolytes in 

lithium ion batteries as well as aprotic polar solvents or monomeric building blocks for polyurethanes are 

compounds of scientific and industrial interest. One of the most important synthetic strategies for the synthesis of 

cyclic carbonates is the catalytic coupling of epoxides with carbon dioxide (CO2).[1] Suitable renewable starting 

material for cyclic carbonates derived from epoxides and CO2 are for example oils, fats and fatty acids and terpenes 

like limonene or carvone.[2]  
 

While several catalysts were reported for this purpose, the combination of supercritical carbon dioxide (scCO2) 

and ionic liquids as catalytic system show a particular property of high value. The high solubility of scCO2 in ionic 

liquids makes ionic liquids ideal candidates as reaction media in combination with scCO2 for catalytic processes. 

In contrast, ionic liquids show extremely low solubility in scCO2, thus rendering them attractive for immobilized 

catalytic phases in heterogeneous catalysis[3], where leaching of the catalyst from the supporting material can be 

an issue. 
 

For the immobilization of ionic liquids towards continuous  flow processes, supported ionic liquid phases (SILPs) 

are a well-known and widely used concept for catalytic and numerous other applications.[4] SILP materials contain 

of a thin film of ionic liquid on supporting material e.g. mesoporous silica which offers a high surface area that is  

advantageous for catalytic processes. 

 

 

  
Figure 1: Schematic representation of the scCO2 flow device; 1) liquid CO2 supply; 2) substrate supply; 3) CO2 pump; 4) 
substrate pump; 5) hand operated valve; 6) oven with preheating coil 7) oven with catalyst cartridge; 8) back-pressure regulator; 
9) gas-liquid separator; 10) product collector 
 

We combined the concept of SILP catalysis and scCO2 for the formation of bioderived limonene carbonates in 

continuous flow starting from diastereomeric mixtures of limonene oxide and limonene dioxide. During the initial 

evaluation of various ammonium and imidazolium based ionic liquids as catalytically active species in batch mode, 

ammonium halides showed promising performance regarding yield and selectivity. For the continuous flow 

process, the heterogeneous version of this catalyst was prepared via physisorption of catalytically active ionic 

liquid on mesoporous silica.  
 

The continuous flow reactions were performed with a scCO2 flow device (Figure 1), where mixtures of substrate 

and scCO2, get pumped with HPLC pumps through a catalyst cartridge which is filled with the heterogeneous 

catalyst and placed in a HPLC oven. After CO2 release via a back-pressure regulator and a gas/liquid separator, 

substance is collected in different fractions. 
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Figure 2: Continuous formation of limonene derived cyclic carbonates starting from limonene oxide (left) and limonene dioxide 
(right) using ammonium halide based supported ionic liquids (SILPs) as heterogeneous catalysts. 
 

After optimizing the system including screening of temperature, pressure, catalyst loading and flow rates of 

substrate as well as CO2, being used as sole solvent and reagent, a constant production of limonene carbonates as 

well as epoxycarbonates and biscarbonates was achieved as shown in Figure 2. Additionally, the long-term 

behavior of the heterogeneous SILP catalysts was investigated in 48 h experiments. 
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Multicomponent reactions, especially those that leave no residual byproducts, are important in organic synthesis 

and medicinal chemistry since, most of the times, there is no need for purification of the final obtained products. 

In addition, the performance of the reactions under microwave irradiation, that usually require much less time to 

be completed, offer energy-saving conditions compared to the thermal ones. Thus, more often, those reactions 

characterize procedures that fulfill green chemistry requirements.  

 

The assembly of compounds bearing N- and O- donors with aryl boronic acids may lead to the synthesis of 

tetrahedral boron containing compounds that contain the zwitterionic +N→B- moiety [1] and provide bicyclic or 

polycyclic compounds with interesting properties. For example one-pot reaction of anthranilic acids, 

salicylaldehydes and arylboronic acids provide the tetracyclic compound I via an assembly shown in Scheme 1.  

 

It seems to be an interest in such molecules. For example, compound Ia has shown luminescence with aggregation-

induced emission enhancement [2]. A structure-activity relationship study with variation of substituents on 

salicylaldehyde molecule has shown that the fluorescence emission was decreased in wavelength maxima when 

electron-donating groups have been attached or when conjugation has been introduced [2]. More complex 

structures bearing such main core were found to exhibit photophysical properties for live cell bio-imaging 

applications [3],[4].    

 

Published syntheses of various derivatives like I were performed in MeOH reflux for 12 h and when necessary the 

products were purified by column chromatography [2]. Other groups were heating all three components in EtOH 

at 70 °C for 18 h [3],[4], or under MW irradiation for some min in toxic CCl4 [5]. Although all attempted syntheses 

gave the products in an efficient way and in high yields, we have tried to improve the conditions in order to obtain 

compounds Ia-j.  

 

 
Scheme 1: One-pot synthesis of bridgehead bicyclo[4.4.0]boron heterocycles Ia-j. Reaction conditions: 1+2+3 

(1/1/1 equimolar amounts) in toluene containing activated molecular sieves. MW irradiation, 60 min, 180 °C. 

 

From the series of the targeted compounds only Ia and Ie have been reported in the literature. Our design, within 

this study, afforded variation initially in anthranilic acid for three reasons: a) we have studied o-aminobenzoic 

derivatives in open-flexible and rigid forms for their photo-excitations and DNA photo-cleavage and we have 

found that positioning and nature of X1 and X2 are important [6],[7]; b) substitution on this part was also essential 

for obtaining large Stokes Shifts and high fluorescence quantum yields [8]; and c) we envisioned that the existence 

of the zwitterions on the structures of compounds I may enhance DNA affinity and in addition the bathochromic 

shift to visible light irradiation may allow photodynamic effects to appear to the compounds. This way, 

combination of fluorescence (bio-imaging) and photodynamic activity (anticancer and /or antimicrobial 

inactivation) may allow the discovery of novel lead compounds for photo-theranostics.   

   

In our attempted preliminary synthetic protocol, reagents 1 (X1= X2 = H), 2 and 3 were dissolved in toluene and 

the mixture was refluxed overnight in a Dean-Stark apparatus to give compound Ia. The reaction didn’t seem to 

be completed in less hours heating. The same product has been obtained when isolated salicylanthranilimine (1+2, 

Schiff base) has been refluxed with phenylboronic acid (3) under the same reaction conditions, thermally. Having 

secured the synthesis of compound Ia we have attempted the one-pot three-component reaction under MW 

irradiation in toluene containing activated molecular sieves for 60 min, 180 °C. All reactions were giving the 

products pure, crystallized upon cooling of the toluene solution, in excellent yields. Simple filtration and washing 

with ethyl acetate or mixture of ethyl acetate and petroleum ether were completing the procedure. 
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Preliminary DNA photo-cleavage experiments with compound 1f under UV-A irradiation have shown excellent 

reactivity. It is interesting to mention that, to the best of our knowledge, besides bio-imaging [3],[4] biological 

activity of such compounds have not been investigated so far. Nevertheless, derivatives that contained amino acids 

instead of anthranilic acids exhibited activity against human neutrophile elastase [9]. 
 

Thus, we have synthesized compounds Ia-j in excellent yields and in an improved microwave assisted synthesis 

using a safer solvent with lower environmental risk [10]. In addition the synthetic protocol gives flexibility for the 

synthesis of derivatives with hydrolytic stability in human plasma by simply exchanging salicylaldehyde to o-OH-

benzophenone [4]. These compounds give promise for possible non-invasive photo-theranostic applications.   
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Herein we have reported an improved batch synthesis and alternative flow chemistry route towards Celecoxib, a 

non-steroidal anti-inflammatory drug. The synthesis of Celecoxib involves a Claisen condensation of methyl-

acetophenone and ethyltrifluoroacetate (step 1) to afford the dione as shown in Scheme 1. This is subsequently 

reacted with a hydrazine intermediate to finally afford the desired API (Active Pharmaceutical Ingredient), 

Celecoxib (step 3). The process was validated and optimized under batch conditions and thereafter translated to 

flow. The final process was achieved in a continuous fashion, telescoping both stages 1 and 2 affording several 

advantages which include: safer reaction conditions, minimal handling of toxic reagents, faster reaction times, and 

the use of greener solvents. Similar overall yields were achieved in flow when compared to the batch process, 

however a significant reduction in overall reaction times were achieved in flow. Furthermore, a full sustainability 

study was performed with the aid of a green metrics toolkit to analyse the overall sustainability and environmental 

impact of the process. Additionally, we employed DoE (Design of Experiments) software, and LC (liquid 

chromatography) traces to aid in our optimization studies increasing the overall reaction efficiency.  

 

Scheme 1: Process study towards Celecoxib 
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In the past two decades, great attention has been focused on fluorinated and non-fluorinated pyrazole ring as 

relevant structural motif present in various biologically active compounds and advanced materials of special 

properties [1]. Common synthetic method for the preparation of pyrazole derivatives relies on cyclocondensation 

of 1,3-dielectrophilic compounds (1,3-dicarbonyls and their equivalents) with hydrazines, whereas another 

powerful strategy is based on Huisgen reaction, typically employing diazoalkanes as suitable 1,3-dipolar reagents 

[2]. In a series of recent work we have demonstrated trifluoroacetonitrile imines as convenient building blocks for 

preparation of various trifluoromethylated N- and S,N-heterocycles both via (3+2)-cycloaddition and  

(3+3)-annulation reactions [3]. The mentioned electron-deficient 1,3-dipoles can easily be generated in situ by 

base-induced dehydrohalogenation of the respective hydrazonoyl bromides 1 (R = CF3) [4], and in the presence of 

chalcones they smoothly lead to the corresponding trans-configured 5-acylpyrazolines in a complete regio- and 

diastereoselective manner [5]. Notably, the latter (3+2)-cycloadducts can be efficiently oxidized with MnO2 

leading to either fully substituted or 1,4-disubstituted 3-trifluoromethylpyrazoles, depending on the polarity of the 

solvent used. 

 

In continuation of our study on the synthesis and applications of 5-acylpyrazolines of type 2, here we report the 

synthesis of a series of fluorinated and non-fluorinated pyrazoles 3 through environmentally friendly solvent-free 

mechanochemical approach (Scheme 1). The impact of the devised ball-milling procedure on the reaction times, 

scope, selectivity of both (3+2)-cycloaddition and subsequent oxidative steps as well as the proposed mechanistic 

scenario of the observed deacylative aromatization will be discussed. 

 

 
 

Scheme 1.  Mechanochemical synthesis of fluorinated and non-fluorinated pyrazoles 3.  
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According to a study conducted by the World Health Organization (WHO) in 2017, more than 300 million people 

are affected by depression globally making it the most common illness worldwide [1]. Fluoxetine 1; ranking 20th 

in the top 200 prescribed drugs in the US in 2018; is a second-generation SSRI class antidepressant useful in the 

treatment of depression and other mental disorders [2-4]. In this research project, we focused our attempts on 

obtaining a greener, safer and more sustainable flow route towards the synthesis of fluoxetine hydrochloride 1b. 

The proposed five stage synthetic batch process route towards fluoxetine 1 was translated to a viable flow route 

which utilises a collection of flow chemistry techniques (Scheme 1) [5,6]. 

 

Scheme 1. Proposed flow synthetic route for the synthesis of Fluoxetine hydrochloride 1b. 
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The five-stage synthesis of fluoxetine commences with a three-component mannich reaction involving 

acetophenone 2, N-methylbenzylamine 3, formaldehyde 4 and hydrochloric acid to afford the corresponding 3-

(benzyl(methyl)amino)-1-phenylpropan-1-one 5 which is then subjected to polymer-supported borohydride in a 

reduction step to form the respective racemic alcohol 6. This is further debenzylated with hydrogen gas and 

palladium on carbon catalyst to form 3-(methylamino)-1-phenylpropan-1-ol 7. Subsequent treatment with 

potassium tert-butoxide and 4-chlorobenzotrifluoride 8 affords the desired free base fluoxetine 1a which is treated 

with ethanolic hydrogen chloride to yield fluoxetine hydrochloride 1b.  
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Prevention of environmental pollution is one of the main directions of green chemistry [1]. Thus, special attention 

is currently paid to Advanced Oxidation Processes (AOPs) as a promising technology for water treatment from 

toxic wastes and microorganisms [2]. A special role in these processes is played by photocatalysis, which is a 

rapidly developing direction and one of the most promising in the field of water purification. Photocatalysis is 

considered to be an ecologically clean process because it achieves complete mineralization of hard-to-oxidize 

organic impurities without the formation of secondary pollutants in the presence of light [3]. Particular interest in 

photocatalysis is caused by the possibility of reducing the purification process energy consumption by using the 

energy of the sun. Unlike classical catalytic processes, photocatalysis requires continuous irradiation of the catalyst 

surface with light, which creates significant difficulties when creating photocatalytic reactors. Moreover, in order 

to achieve complete mineralization of organic compounds, the reactor geometry should ensure sufficiently long 

contact of reagents with the photocatalyst surface. Microchannel systems allow significant intensification of such 

processes due to the more effective organization of mass transfer in the reactor as compared to traditional reactors. 

Therefore, the development of microchannel systems for photocatalytic processes is of current interest for the 

further improvement of environmental technologies. In this paper, the results of the phenol degradation efficiency 

studies carried out in the newly developed photocatalytic microchannel reactor with a photoactive layer comprised 

of highly ordered titanium oxide nanotubes (NTs) are presented. 

 

Microchannels of the photoactive layer of TiO2 NTs were obtained using an electrolytic method and 

photolithography. To set the shape and size of the microchannels, a photoresist film was applied to the titanium 

foil and developed by the original procedure. The photoactive layer of TiO2 NTs was formed by a 

titanium anodization procedure, according to the previously developed technique [4]. Then, the photoresist was 

removed, and the process of thermal crystallization of amorphous TiO2 NTs was carried out at 450 °C 

under a stream of air. 

 

The morphology of the photoactive film was studied using a JSM-6510 LV scanning electron microscope (SEM) 

(JEOL, Japan). The process of photocatalytic degradation of phenol was carried out by circulating 50 ml of 

aqueous phenol solution at a rate of 0.6 l/h under mixed light irradiation with an intensity of 100 mW/cm2. The 

phenol concentration was determined by gas-liquid chromatography on a Trace 1310 chromatograph (Thermo 

Scientific, Italy). The initial phenol concentration was 10 mg/l. 

 

Figure 1 shows a digital photograph and SEM image of the obtained TiO2 NTs microchannel system. 

 

 
Figure 1. Digital photography (а) and SEM micrographs (b-d) of obtained microchannels from TiO2 NTs  
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It can be seen that the obtained microchannel system of TiO2 NTs is of high quality. The channels are strictly 

parallel and precisely reflect the geometry specified by the photoresistive mask. The SEM micrograph (Fig. 1b) 

obtained using reflected electrons shows a clear boundary between metallic titanium and TiO2 NT microchannels, 

indicating good isolation of titanium with a film photoresist. The absence of anodic regions on the protected 

titanium does not lead to the appearance of defects and unevenness on the titanium surface, which is a critical 

factor in the good sealing of microreactor channels. According to the SEM (Fig. 1c-d), the film consists of TiO2 

NTs, which are located strictly parallel to each other and perpendicular to the titanium substrate and have a narrow 

size distribution. In the film plane, local self-organization of NTs into hexagonal domains is observed. According 

to the presented microphotographs, the average inner diameter of the TiO2 NTs is 110±5 nm, the wall thickness is 

12±3 nm, and the length is 9.6±0.3 μm. 

 

The protoreactor has a layered structure. The titanium foil with a photoactive layer is sandwitched between PTFE 

sheet and quartz glass, which is used to allow catalyst irratiation. A 0.1 mm thick silicone gasket is placed between 

the titanium foil and the quartz window. Figure 2 shows the kinetic curves of phenol degradation in the developed 

microreactor. 

 
Figure 2. Kinetic curves of photocatalytic degradation of phenol in a microreactor 

 

As can be seen, the function of the phenol degradation degree from the concentration of H2O2 has an extremum. 

This behavior can be explained by the decomposition of hydrogen peroxide along with the photocatalytic oxidation 

of phenol. This causes blocking of the active centers on the photocatalytic surface, which are necessary for the 

oxidation of phenol molecules. Additionally, bubbles released during the process of H2O2 decomposition also 

block the photocatalytic surface. Thus, as the concentration of H2O2 increases, the blocked surface increases, which 

negatively affects the rate of phenol degradation. Due to the strong gas contamination of the system, a large 

deviation of phenol concentrations was observed during parallel studies, which was reflected in the appearance of 

a large error. 

 

In the course of the study, the main technological possibilities of the created microreactor were determined. It was 

shown that the developed microreactor system has high photocatalytic activity. When phenol aqueous solution 

was cycled through the microreactor at a rate of 0.6 l/h, the degree of phenol degradation after 6 hours of the 

process was 78%. The effect of different geometries of microchannels on the efficiency of phenol degradation in 

aqueous medium has been determined. It was found that channels with a width of up to 3 mm were most effective 

in the recirculation mode. 

Acknowledgements 

The authors are grateful to the staff of the Center for Collective Use for studying the samples by the SEM. 

 

References 

1. H.C. Erythropel, J.B. Zimmerman, T.M. de Winter et al., Green Chemistry, 20 1929 (2018). 

2. P.K. Pandis, C. Kalogirou, E. Kanellou et al., ChemEngineering, 6 8 (2022). 

3. A. Zuliani, C.M. Cova, Photochem, 1 147 (2021). 

4. A.N. Morozov, A.V. Denisenko, A.I. Mihaylichenko, M.Yu. Chayka, Nanotechnologies in Russia, 14, 9-10 

444 (2019). 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

415 
 

 

 

 

 

 

 

Alternative fossil fuels and biofuels, 

green bio-energy 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

416 
 

A Comparison Study of Trace Metal Profiles of Biodiesel and Bioglycerol Produced 

From Heated and Unheated Canola Oil Using High Performance ICP-MS 

 
Mirella Elkadi1*, Rukayat Bojesomo, Abhijeet Raj, Mohamed Ibrahim and Sasi Stephen  

1 Department of Chemistry, College of Arts and Sciences, Khalifa University, P.O Box: 127788, Abu Dhabi, UAE  

*mirella.elkadi@ku.ac.ae 

 

Abstract:  
The study determines the effect of the heating temperature of cooking oil on its trace metal content as well as on  

the biodiesel and bioglycerol produced from such oil. Additionally, the impact of the increase in free fatty acids 

(FFA) in oil on biodiesel yield because of the formation of soap and water is investigated, which requires acid 

pretreatment when an alkali catalyst is used. For optimum biodiesel yield from oils, a CCD-based RSM analysis 

and conventional single factor optimization are applied. Trace metal analysis is done utilizing ICP-MS, where Cu 

and Zn are found in high concentrations. The optimal conditions for the highest biodiesel yield are methanol to oil 

molar ratio of 12:1, a catalyst concentration of 1.0 wt. %, and a reaction time of 60 minutes. Thermal stress on 

canola oil was shown to have a significant influence on the yield of biodiesel and its trace metal levels. 

Introduction 

The production of biodiesel from waste cooking oil has been of interest lately due to its availability and as a means 

of solving the disposal problems. This will also reduce the cost of biodiesel production, which has always been 

the major drawback to its commercialization. However, heating deteriorates the physicochemical properties of 

vegetable oil for both edible and biofuel uses. The high temperature used in frying creates changes in the 

physicochemical characteristics of the oil used. This has significant implications for human health as well as the 

potential use of heated vegetable oil for biodiesel generation [1]. Depending on the heating or frying temperature, 

the amount of FFA increases while the biodiesel conversion and yield decrease due to the formation of soap and 

water [2]. Some researchers have employed two-step methods; acid and base-catalyzed esterification and 

transesterification reactions [3, 4]. Heavy or trace metals are present in the oil feedstock (mainly from the soil) 

used in biodiesel production and can be transferred to the biodiesel that is produced. They are present in low 

concentrations, necessitating the use of sensitive methods such as ICP-MS because heavy or trace metal pollution 

is a serious environmental problem. The major objective of this study was to explore the relationship between 

operating parameters such as methanol to oil molar ratio, catalyst concentration, and reaction time in order to 

achieve a unique optimum single-step base-catalyzed transesterification condition for biodiesel production from 

canola oil heated at different temperatures. Also, the effect of heating temperature on the elemental content of the 

biodiesel was compared to that of oil feedstock. 

Effects of operating parameters on Biodiesel Yield 

All transesterification reactions were carried out at a temperature below the boiling point of methanol (64.7 °C). 

This is to avoid methanol evaporation that can slow down the reaction and accelerate the saponification of 

glyceride by the alkali catalyst before the completion of the reaction [2, 4]. According to the statistical analysis 

results, the methanol to oil molar ratio and catalyst concentration are the most significant operating parameters 

affecting the biodiesel's percentage yield. The least significant parameter is the reaction time.  

Similarly, three moles of alcohol (e.g., methanol) to one mole of oil (triglyceride) is required for transesterification 

to occur, yielding three moles of methyl ester (biodiesel) and one mole of bioglycerol (crude) as a waste [5]. The 

increase in the methanol to oil molar ratio from 3 to 12 molar ratio and catalyst concentration from 0.5 wt. % to 1 

wt. % subsequently increases biodiesel yield as observed in the RSM and single factor optimization analysis. 

However, increasing the methanol to oil molar ratio above 12:1 and high catalyst concentration (above 1.0 wt. %) 

drastically decreases biodiesel yield from 96% to 80% for the biodiesel produced in all the studied cases. The 

higher molar ratio of methanol alters the separation of bioglycerol from biodiesel due to the high solubility factor. 

This could also result in the recombination of bioglycerol with monoglyceride (reverse transesterification reaction) 

[4]. 

Furthermore, high catalyst concentration leads to saponification reaction (soap formation), which in turn 

negatively affects the yield of biodiesel. A maximum biodiesel yield was attained at a reaction time of 60 minutes 

for both the RSM and single-factor analysis. This is similar to the results reported by Patil and Deng [4]. Above 

the reaction time of 60 minutes, the increase does not more or less influence the biodiesel yield, with a slight 

decrease in yield being noticed. 

 

Elemental analysis 

Inductively coupled plasma mass spectrometry (ICP-MS) gives a valuable depiction of the integrative elemental 

concentrations in biofuels processed in a manner such that the total concentration of trace metals and elements in 

digested aqueous samples is obtained. The analyzed elements are categorized into three groups based on their 

present concentration: low-concentration, mid-concentration, and high-concentration. The low-concentration 

elements ranged from 0.44 ppb (Zr) to 602 ppb (Sr), the mid-concentration elements ranged from 94 ppb (Zr) to 

2074 ppb (Rb), and the high-concentration elements ranged from 648 ppb (Cu) to 6834 ppb (Zn). Cs were not 

found in all the canola oil and biodiesel analyzed. In general, the concentration of the analyzed element levels 
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decreases by a factor of 100 or above as the frying temperature of the canola oil and the resulting biodiesel rises 

in most of the analyzed elements (Figure 1a). 

 

 

Figure 1: Profile for elements present in (a) canola oil, (b) biodiesel 

 

Conclusion 

The optimum conditions for biodiesel production from both heated and unheated canola are methanol to oil molar 

ratio of 12:1, catalyst concentration of 1.0 wt. %, and reaction time of 60 minutes. The trace metal analysis reveals 

Cu and Zn as high-concentration metals and Pb, As, Se, and Zr, among others as low-concentration elements in 

both unheated and heated oil feedstock and their corresponding biodiesel produced. The innovation of this work 

doesn't only rely on optimization of the biodiesel yield produced from laboratory-prepared waste canola oil as a 

reference for public waste cooking or frying oil exposed to different temperatures (100 oC–240 oC) and their trace 

metal levels, but also the effects of the thermal stress on the trace metal levels of the oil samples and their respective 

biodiesel produced. 
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Hydrothermal liquefaction (HTL) is a promising technology and yet, the most exciting scientific and engineering 

challenge to produce sustainable long haul transportation fuels. During HTL, wet/dry biomass with no lipid content 

restriction is converted into a high quality biocrude at temperatures between 300-420 °C and pressure above the 

saturation pressure of water. HTL biocrudes from Spirulina algae and sewage sludge were produced in a pilot 

scale continuous facility with a throughput of up to 100 L/h. Furthermore, high-pressure in line filters (~5 µm) 

were used for removal of inorganic compounds and mineral solids, from HTL product mixture containing the 

biocrude and the water by product. Despite its high quality, filtered HTL biocrude contains consistent amounts of 

inorganics (~0.1-0.4 wt.%) in the form of organometallics along with both basic and non-basic nitrogen containing 

compounds (NCCs). Therefore, the presence of high level of inorganic (~0.1-0.4 wt.%) in these biocrudes should 

be addressed, before carrying out catalytic hydrotreatment. The residual and detrimental effect of metals and basic 

NCCs in the fossil crude are well-established. These contaminants lead to the poisoning and deactivation of the 

bulk catalyst, leading to reactor plugging. Organometallics and hetero-cyclic NCCs may react at high temperatures 

with catalyst and form low melting eutectic compositions, which can either block catalytic active sites or sinter 

high-surface area catalyst support. These undesired pathways reduce catalyst activity and thus lead to high catalyst 

replacement cost. Moreover, these pathways could limit catalyst selection, process operation, and process 

development for biocrude upgrading. All these drawbacks suggest addressing the removal of organometallics 

before catalytic hydrotreatment. The aim of this work is to build knowledge around the demetallization of HTL 

biocrude by using different acids, and to understand the effect of both basic and non-basic NCCs during the 

demetallization of highly nitrogenous HTL biocrudes i.e., sludge (~ 4 wt.% N) and Spirulina (~ 8 wt.% N). This 

work will rationalize the importance of demetallization and point out the challenges in the presence of basic and 

non-basic NCCs. 

 

In this study, an original methodology was explored by using six different organic and inorganic acids (0.1-0.5 M) 

for the removal of metals from highly nitrogenous HTL biocrudes. After demetallization, the biocrude and 

extracted acids were characterized through Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR 

MS), Inductively coupled plasma optical emission spectroscopy (ICP-OES), ash analysis, elemental analyzer 

(CHN/O), higher heating value (HHV), GC-MS, total organic carbon (TOC) and total nitrogen (TN).  

 

Acid-washing with 0.1-0.5 M H2SO4 shows drastic reduction of metals (~85 wt.%) from sludge biocrude (~0.07 

wt. % to ~0.01 wt.% of inorganics).  However, no sign of demetallization was observed in case of Spirulina 

biocrude (contains 0.17 wt.% of inorganics). Further investigation of these biocrudes through GC-MS revealed 

that the sludge biocrude contains non basic NCCs while, Spirulina biocrude mostly contains basic NCCs. FT-ICR 

MS of Spirulina biocrude shows the presence of iron-porphyrins structures. GC MS of extracted water phase after 

the demetallization of Spirulina biocrude indicates the presence of organic salts of basic NCCs. This means, that 

the demetallization of Spirulina biocrude in the presence of acids and basic NCCs underwent undesired protonation 

because of their high basicity during acid base reaction. Overall, this work rationalizes the importance of 

demetallization and point out the challenges in the presence of heteroatom N. Finally, this work also proposes the 

possible layout of the process integration of demetallization at continuous HTL plant.  
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The global need for greenhouse gases reduction and the in tandem trend for carbon neutrality, has brought on an 

increased interest in the production and consumption of environmentally sustainable fuels. Edible oils of crops 

were used in the production of first generation biofuels by means of esterification and transesterification1. Second 

generation biofuels improved the sustainability factor of the fuels by utilizing thermo-chemical or biochemical 

processing of lignocellulosic biomass and hydrotreatment of vegetable oils, waste cooking oils or animal fats, 

producing green-fuels directly or by providing platform compounds (bio-crudes) for further processing2,3. Algae 

is a feedstock which shows high potential for green-fuel production due to its high lipid content and has attracted 

wide global acceptance as energy resource4. The hydrodeoxygenation (HDO) process in algae shows a potential 

yield of liquid hydrocarbons of up to 60% depending on reaction conditions, reactor design the quality of the 

feedstock and the selected catalyst5 and has brought on the development of third and fourth generation of biofuels. 

During biomass-derived fragments or lipid HDO, reactions like hydrogenation, hydrogenolysis, decarbonylation, 

decarboxylation and dehydration take place, depending in great part on the selected catalyst and the reaction 

conditions. The most employed catalysts in the HDO process are the common sulfided Ni/Mo or Co/Mo catalysts, 

(noble-)metal catalysts on various supports such as metal oxides like Al2O3 and Ce0.6Zr0.4O2 or zeolites like ZSM-

5, H-Beta etc. In addition to the hydrogenation efficiency of the metal, the active sites of the catalyst support play 

a defining role in the HDO affecting conversion, selectivity and reaction rate. Aiming at cost-reduction, non-noble 

metal catalysts have gained momentum in recent studies and Ni-based catalysts have been found to give better 

performance than many noble-metal catalysts1. In this work, we investigated the HDO of oleic acid as a model 

compound using a custom-made Ni/Beta catalyst. Oleic acid is a C18 monounsaturated fatty acid which exists in 

various animal and vegetable fats and oils and this study aims to identify specific parameters (solvent, temperature, 

pressure, time) that promote each individual reaction type (hydrogenation, decarbonylation etc.) in order to utilize 

the results in the study of bio-fuel production from algae. 

 

A custom catalyst has been produced by the method of dry impregnation of an H-Beta zeolite (Si/Al=12.5) with 

Ni(NO3)2.6H2O aiming to final metal content of 10 wt.%. After the impregnation the catalyst was dried, heat 

treated at 500oC and reduced with Η2 at 450oC. The catalyst was characterized by X-ray diffraction (XRD) to 

determine the nickel crystalline phases (and zeolites), by N2 porosimetry at -96oC to determine the 

micro/mesoporous characteristics, by FT-IR with in situ pyridine sorption to determine the Brønsted and Lewis 

acid sites and by x-ray photoelectron spectroscopy (XPS) to determine the oxidation state of nickel and the surface 

composition of the catalyst.  

 

Catalytic HDO experiments of the oleic acid were carried out in an autoclave high-pressure stirred batch reactor. 

Hydrogen pressure was set at 50 bar (at room temperature) while commencing each experiment. Temperatures of 

220oC and 250oC were studied and reaction time of 60min and 90min. The solvents used were Hexane 

(supercritical at 250oC), Octane, Dodecane and Hexadecane. Analysis of the products by GC-MS showed that the 

reaction at a temperature of 250 oC promotes the conversion of oleic acid to aliphatic alkanes and their isomers in 

the range of hydrocarbons/fuels (gasoline, kerosene, diesel; C5-C16), in percentages of 74-86%. The production 

of alkanes shows a relative reduction depending on the chain size of the solvent as the use of hexane yields a liquid 

product with 86% content in alkanes, the use of octane 80% and dodecane 74% at the temperature of 250 oC. The 

decrease of the concentration of alkanes goes in tandem with a high concentration of acids and esters (methyl-, 

ethyl-) of stearic acid (C18) which derive from oleic acid after hydrogenation of its double bond and subsequent 

esterification. Increasing the reaction time to 90 min appears to promote deoxygenation and alkane production 

with further conversion of stearic acid (decrease from 16% at 60 min to 7% at 90 min, in octane). A graphical 

summary of the concentration of the liquid products at the above different reaction and solvent conditions is given 

in Figure 1. 
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Figure 34. Relative concentrations (GC-MS) of liquid products in the hydrodeoxygenation of oleic acid over 10%Ni/Beta 

catalyst, at 50 bar H2 and varying different time and temperature conditions 
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Abstract 

Bio-based processes can make the economy more sustainable and lower its dependence on fossil fuels, converting 

low cost renewable feedstocks and CO2 into valuable bio-products with the help of microorganisms in bioreactors. 

Thermotoga neapolitana is a marine anaerobic bacterium with an optimal growth temperature of 80°C, suitable 

for conversion of from sugar-based waste and renewable feedstocks into hydrogen with yields close to theoretical 

values1,2. The fermentation process has shown general robustness, reproducibility and consistency and a low risk 

of contamination because of the hyperthermophilic conditions. We have recently reported in T. neapolitana an 

unprecendented pathway involved in the recycling of CO2 through the coupling of acetate and carbon dioxide and 

the concomitant production of L-lactic acid (95% e.e), without affecting hydrogen production3,4. This patented 

process, called Caphnophilic (CO2-requiring) Lactic Fermentation (CLF) may become the cornerstone for 

economically attractive biotechnological applications based on Carbon Capture Utilization (CCU). In this 

contribution, we present activities and latest results related to the biochemical cross-talking and metabolic 

engineering of the pathways related to hydrogen and lactic acid production5,6,7. These are crucial aspects to further 

improve rate and yield of the process for guaranteeing its sustainability.  

 

 

References 

1. G. d’Ippolito, L. Dipasquale, F. M.Vella, I.  Romano, A. Gambacorta, A. Cutignano, A. Fontana. International 

Journal of Hydrogen Energy, 35, 6 (2010)  

2. M. Lanzilli, N. Esercizio, G. Nuzzo, C. Gallo, E. Manzo, A. Fontana and G. d’Ippolito, International Journal 

of Molecular Science 22, 1: 341 (2021). 

3. G. d'Ippolito, L. Dipasquale, A. Fontana, ChemSusChem, 7 (9), 2678-2683 (2014). 

4. Pradhan N., d'Ippolito G., Dipasquale L., Esposito G., Panico A., Lens P., Fontana A., Bioresource 

Technology, 332, 125127 (2021). 

5. G. d'Ippolito, S. Landi, N. Esercizio, M. Lanzilli, M. Vastano, L. Dipasquale, N. Pradhan, A. Fontana,  

Frontiers in Microbiology, 11, 171, (2020). 

6. N. Esercizio, M. Lanzilli, M. Vastano, Z. Xu, S. Landi, L. Caso, C. Gallo, G. Nuzzo, E. Manzo, A. Fontana 

and G. d’Ippolito, Microorganisms, 9 (8), 1688 (2021). 

7. G. d'Ippolito et al., International Journal of Molecular Science, submitted (2022). 

 
 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

422 
 

Spent coffee grounds conversion to bio-crude oil via hydrothermal liquefaction 
 

D. Liakos1,2, K. Triantafyllidis2, L. Chrysikou1, N. Tourlakidis1, V.M. Vasdekis1, S. Bezergianni1* 
1Centre for Research & Technology Hellas (CERTH), Chemical Process & Energy Resources Institute (CPERI), 

Thessaloniki, 6km Charilaou-Thermi, 57001, Greece 
2Aristotle University of Thessaloniki (AUTH), Department of Chemistry, University Campus, 54124 Thessaloniki, Greece     

* sbezerg@certh.gr 

 

 

Energy and transportation fuels increased demand, along with the new European regulations, have raised the need 

to exploit new resources for fuel production. Second generation biofuels will play a major role in coverage of these 

needs, as they are generated from residues and wastes, and thus appear as very promising candidates for green 

energy generation[1]. Residual biomass conversion into liquid biofuel intermediates can be accomplished through 

two main thermochemical processes, pyrolysis, and hydrothermal liquefaction (HTL)[1]. HTL has numerous 

advantages over pyrolysis such as the absence of the costly drying step of the feedstock before the reactions, the 

catalytic behaviour of solvent in HTL, and the boosted oil yield and properties. Also, HTL can convert a wide 

variety of materials, including municipal wastes, algae, forest, and agricultural residues, which are available in 

decent quantities[1]. Coffee is a largely traded and consumed good. The annual consumption of coffee is estimated 

at 10 million tonnes (in the last five years), as stated by the international coffee organization[2]. Coffee is a 

lignocellulosic material and therefore, coffee-derived wastes appear as a sustainable residual feedstock. Thus, 

exploiting spent coffee grounds via HTL appear as a very promising pathway in the biofuel production chain.  

 

In the present study, spent coffee grounds, in raw and pre-treated (stated as de-oiled coffee) form, were converted 

to bio-crude oil via HTL. The pre-treatment step of spent coffee grounds included the removal of lipids, 

antioxidants, and some proteins from the raw feedstock. Coffee is a lignocellulosic material, meaning its structure 

is consisted of cellulose, hemicellulose, and lignin at most. The structural analysis of the pre-treated biomass is 

presented in Table 2. The aim of the study was to assess the potential production of bio-crude oil via HTL and find 

the optimal conditions to achieve maximum oil yield. The solvent used in the process was deionized water, while 

the conditions investigated included temperature (three different sets of temperature 280°- 300°- 320°C) and 

residence time (15 and 30 min). No catalyst was used during the study, the initial pressure of the reactor was 

constant at 30 bar and the solid-to-liquid ratio was 1/10 in all sets of conditions. Each set of conditions was applied 

twice to ensure higher accuracy of the results. 

 
Table 6: Results of pretreated spent coffee grounds structural analysis 

 Pre-treated spent coffee grounds 

Ash (wt%) 1.94 

Proteins (wt%) 15.24 

Cellulose (wt%) 12.10 

Hemicellulose (wt%) 33.53 

Lignin (wt%) 31.81 

 

 

The experiments were conducted in a bench top, high-pressure stirred batch reactor with internal vessel volume of 

250 mL (Parr 4576A). The reactor is coupled with a J type thermowell for heating and a U-type cooling coil for 

rapid temperature drop. During a typical experiment, the vessel was loaded with 10g of feedstock (raw or pre-

treated) and 100 mL of deionized water (to set the solid to liquid ratio to 1/10). Then, the reactor was sealed and 

purged 3 times with nitrogen to remove air (absence of oxygen during the reactions). Finally, the reactor inlets 

were compressed to 30 bar with nitrogen as compression gas (to keep the water in liquid state during heat up), then 

heated and kept to the desired temperature according to the set of conditions, before finally cooling to room 

temperature. 

 

The products of HTL process include solid, liquid and gas streams. Upon decompression of the reactor, a gas 

product sample was collected in a sample bag and analyzed via GC-FID. The collection of the products after the 

reactor cooldown was initiated with vacuum filtration of the slurry mix in a Buchner funnel with filter paper. The 

collected liquid from the flask was the aqueous phase product, and it contained the aquatic solvent and some 

dissolved organic compounds. Then, the remaining filter cake in the filter paper was washed with 250 – 300 mL 

of acetone to separate bio-crude oil from solids (hydro-char) and collected it in the flask. The solids were dried in 

an oven at 105oC overnight and weighted, while the acetone was completely removed in a rotary evaporator at 

40°C under reduced pressure to collect the final bio-crude oil product. 

 

While the study is still ongoing, there are some basic results regarding the HTL of pretreated coffee. According to 

literature, temperature directly affects the liquefaction of biomass as lignin chains start to decompose at 280°C, 

while on the other hand cellulose and hemicellulose start decomposing in milder conditions (lower 
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temperature)[3]. Yang et al. studied the effect of temperature and residence time in HTL of raw spent coffee 

grounds. In the range of 200o – 300oC they noticed an increment in oil yield as the temperature rose to 275oC. At 

higher temperatures (300oC) they found a lower yield with higher proportions of aqueous and gas products[4]. 

They justified these results based on the secondary decomposition reactions in more severe conditions which lead 

to gas and solids formation from liquified organic compounds[4]. 

 

In this study though, the bio-crude oil yield increased along with the reaction temperature even at 320oC as 

presented in Figure 35. As the main parameter affecting the optimal temperature is the feedstock structure, raw and 

pretreated coffee differ in lipid and extractives content. These components are easier to liquefy at mild conditions 

and therefore lead to higher oil yield at lower temperature. Nevertheless, pretreated coffee grounds consist only of 

the structural materials such as cellulose, hemicellulose, lignin, and some proteins. Cellulose and hemicellulose 

require mild conditions to liquefy but most of the products are located at the aqueous phase. So, in this case, the 

liquid yield is strongly depended on the lignin liquefaction which require severe conditions (over 280oC). With 

approximately 30 %wt. of structural lignin, high temperature is essential to get most of lignin chains in oil product 

(22.3%wt. at 320oC). These findings are also confirmed by the reduction of the solids at higher temperatures.  

 

 
Figure 35: Effect of reaction temperature on bio-crude oil yield 

Apart from, the liquid and solid products analysis, this study also focused on distribution of molecules in gas 

products which is innovative as in most studies the gas is accounted as 100% CO2. According to Table 7, CO2 is 

indeed the main gas product based on decarbonylation and Boudouard reactions, but there are also some other 

light hydrocarbons present. The secondary decomposition reactions produce ethane (~0.1 v/v%), C6+ (~0.2 v/v%) 

and more importantly methane at significant proportions (~7 v/v%), which confirms that secondary decomposition 

of biomass is causing loss of useful hydrocarbons in gas. 
Table 7: Composition of gas product in HTL of pre-treated spent coffee grounds 

Gas molecule Concentration (v/v%) 

Carbon dioxide (CO2) 91.0 – 93.0 

Hydrocarbons with 6 or more carbon atoms 0.1 – 0.3 

Ethane (C2H6) 0 – 0.12 

Methane (CH4) 6.5 – 7.3 

Hydrogen (H) 0 – 0.5 
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Human emissions of GHG are primary driver of climate change and global warming. Amongst different human 

activities, transportation makes the largest contribution to the GHG emissions [1]. Liquid hydrocarbon fuels 

produced from fossil resources are widely used, but environmental problems and the depletion of oil resources are 

forcing the search for alternative fuels [2]. Fischer-Tropsch synthesis (FTS) provides an opportunity to produce 

liquid fuels such as gasoline (C5–C11), and diesel (C12–C20) from synthesis gas (CO + H2). What makes this process 

attractive is that synthesis gas can be obtained not only from natural gas and coal, but also from alternative and 

renewable feedstock, such as biomass, and organic, and plastic waste [3].  

 

A wide range of products is usually obtained in the synthesis of FTS, so the control of selectivity is particularly 

important. It is known, that the FTS product selectivity can be strongly influenced by changing the catalyst 

parameters, such as physical properties, structure, and composition [4]. In addition, industrial catalysts may differ 

from those developed in the laboratory. The preparation of technical catalysts (catalysts for industrial scale use) 

involves structuring of powders with additives into mm-sized bodies. Additives used can influence catalyst in 

different ways, and thus can influence catalyst performance [5]. Therefore, it is important to investigate the 

influence of different additives.  

 

Clays are often used as catalyst binders, fillers, and modifiers [5]. In this study, two natural clays – kaolin and 

hectorite – were used as binders to make Fischer-Tropsch synthesis catalyst granules, and the effect of clays on 

the condensed hydrocarbon products of FTS was investigated. The synthesis method as well as structural and 

textural characteristics of a powdered iron based catalyst with the Fe2O3 phase supported on SBA-15 have been 

published previously [6]. Catalyst granules were made by extruding wet mixture of catalyst powder and clay (2:1 

wt%) through syringe needle. After extrusion catalyst granules were dried and calcined in air at 550 °C for 5 h 

with a 1 °C/min temperature ramping. Depending on the clay used as the binder, the catalyst granules were named 

Kaolin-Fe2O3/SBA-15, and Hectorite-Fe2O3/SBA-15, respectively.  

 

The prepared granules were loaded in the commercial customized micro-activity reactor (Microactivity-Effi, PID 

Eng&Tech S.L.). After catalyst activation in-situ at 350 °C using CO, FTS was performed at 280 °C, 20 bar (gauge) 

using gas mixture consisting of H2:CO:N2 = 4:2:1 with GHSV = 6000 NmL/gcat·h. The reaction effluent passed 

through a series of hot and cold trap to condense products. After 50 h on stream (when a steady state was reached), 

liquid hydrocarbon products were collected for a period of 24 h and used for the analysis. At this time on stream, 

CO conversion was approximately 50% for Kaolin-Fe2O3/SBA-15 and approximately 40% for Hectorite-

Fe2O3/SBA-15 catalyst.  

 

Condensed reaction products were analyzed off-line using Shimadzu Nexis GC-2030 gas chromatograph (GC) 

equipped with Restek Rtx®-5MS column (30 m, 0.25 mmID, 0.1 µm), flame ionization detector (FID), and 

Shimadzu GCMS-QP2020 NX mass spectrometer (MS).  

 

Product distribution (fractions of hydrocarbons with n carbon atoms in a chain) were calculated from FID 

chromatograms as: yn = ∑Xn / ∑XHC · 100%  

where ∑Xn is the sum of peak areas of hydrocarbons with n carbon atoms in a chain, and ΣXHC is the sum of all 

hydrocarbon peak areas present. 

Average hydrocarbon chain length Ca was calculated as: Ca = ∑n·Xn / ∑XHC.  

 

The results showed that clay used as a binder affected liquid hydrocarbon product distribution (Figure 1), and 

composition (Figure 2). Calculated average liquid hydrocarbon chain length for products obtained using Kaolin-

Fe2O3/SBA-15 was 9.7, whereas for Hectorite-Fe2O3/SBA-15 catalyst it was 10.2. Liquid hydrocarbon products 

can be divided into 3 parts relatively corresponding to gasoline range (C5–C11), diesel range (C12–C20), and heavier 

(C21+) hydrocarbons. Most of the products were gasoline range (i.e., 76% for Kaolin-Fe2O3/SBA-15, and 72% for 

Hectorite-Fe2O3/SBA-15).  
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Figure 1. The influence of clay used as catalyst granule binder on the liquid hydrocarbon phase product distribution (GC-

FID/MS analysis) 

 

In the GC-MS/FID chromatogram in the C6-C14 range, it was possible to differentiate n-paraffin, 1-olefin, 2-olefin, 

and n-alcohol peaks and thus it was possible to obtain detailed information on the composition of the area. Kaolin 

contributed to the formation of branched hydrocarbons and internal olefins, whereas hectorite contributed to the 

formation of n-paraffins.  

 
Figure 2. The influence of clay used as catalyst granule binder on the composition of the C6-C14 liquid hydrocarbon phase 

products (GC-FID/MS analysis) 
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Abstract text: 

Catalyzed oligomerization of fossil-based alkenes into commercial fuels and other chemicals is nowadays routine 

(1), however, these production processes, apart from not using renewable resources, often involve high 

temperatures and pressures. Processes that run at ambient temperature and pressure should be more desirable in 

terms of the energy economy. On the other hand, most biofuels are derived from vegetable oils, sugar, and biomass, 

sources which also are not sustainable in the long term. Here, we report on the development of fourth-generation 

biofuel that can help mitigate global warming by utilizing CO2 and sunlight as, respectively, carbon and energy 

sources (2). We focused on the photobiological production of volatile hydrocarbons (e.g. bioisoprene) from 

cyanobacteria which at a subsequent step photochemically dimerized into dimers with useful jet fuel properties. A 

high yield of photosensitized dimerization of isoprene was achieved with di(naphth-1-yl)methanone as a 

photosensitizer, and the hydrogenated dimers can be utilized as drop-in jet fuels (3). Now we have also investigated 

the sensitized photodimerization of a series of other dienes using di(naphth-1-yl)methanone. Besides isoprene, the 

conjugated dienes included are 2,3-dimethyl-1,3-butadiene, penta-1,3-diene, 2,4-hexadiene, cyclohexa-1,3-diene 

and 1,3-butadiene. Our results show that the highest yield of dimers was obtained from cyclohexa-1,3-diene while 

the lowest resulted from 2,4-hexadiene and 1,3-butadiene upon irradiation with 365 nm light. The relationship 

between the photodimerization yield and the structure, substitution, and steric hindrance of the diene will be 

discussed.  
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Introduction 

Lignin valorization is a crucial step in the development of efficient and economically valuable biorefineries. Lignin 

is a complex heterogeneous and robust bio-polymer present within lignocellulosic materials, the backbone of all 

plants. Lignin’s structure is based on three phenol-like building blocks (coumaryl alcohol, coniferyl alcohol and 

sinapyl alcohol) randomly linked through either ether or carbon-carbon bonds (so-called “linkages”). 

 

The cost-effective generation of platform chemicals (i.e. feedstocks for the chemical, pharmaceutical and polymer 

industries generated from biomass) will be a crucial step for the future of the chemical industry. These compounds 

are expected to partially replace certain feedstocks currently obtained from petroleum-refining processes 

(unsustainably) [1]. Such molecules could also lead to the emergence of new applications (e.g. the synthesis of 

new active drugs or new thermo-plastics) [2].  

 

Lignin valorization through depolymerization can be performed using different approaches. This project focuses 

on the heterogeneously-catalyzed hydrogenolysis pathway specifically targeting a class of linkage. This was 

selected aiming at the conservation of the phenolic backbone of the lignin building blocks within the obtained 

products and has the potential advantage of catalyst recycling.   

 

A commonly used method to simplify such studies is the use of model compounds as substrates [3]. These are 

small molecules that contain lignin’s most common linkages. The use of these enables the generation of 

reproducible results which in turn can give insights on lignin-related chemistry. 

 

Within this poster we show the hydrogenolysis of lignin analogues using supported earth-abundant and 

inexpensive (transition) metal catalysts. The move from the use of critical noble metal catalysts to the use of 

plentiful transition metal catalysts is one of the major challenges in the field of heterogeneous catalysis and 

sustainable chemistry in general and is addressed in this project.  

Experimental 

A set of nickel (Ni) loaded ZSM-5 catalysts  (5 %, 10% and 20 %) have been synthesized through a hydrothermal 

method (IWI). The catalysts were then reduced in a 3% H2/Ar atmosphere for 3 hours at 500 °C. These have been 

characterized and applied in the hydrogenolysis of lignin model compounds. A comparative study of the effects 

of different metal catalysts was performed by studying the reactivity of cobalt- and copper-based catalysts at 

similar metal loadings under similar reaction conditions.  

 

The selected model compounds for this study are diphenyl ether (which contains a 4-O-5 linkage) and 2-

Phenylethyl phenyl ether (which contains a β-O-4 linkage) (see Fig. 1).  

 

 

 

 

 

 

 

 

One of the limitations of studies using model compounds is the presence, in native lignin, of different substituents 

on the carbons surrounding the target ether bond. To address this problem, different model compounds with a 

range of substituents on the C of the -O-4 substrate have been studied here (see Fig. 2).  

  

Figure 1. Lignin model compounds, 2-phenylethyl phenyl ether (left) and diphenyl ether (right). 
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The generated products were analyzed by Gas Chromatography (GC) and Gas Chromatography-Mass 

Spectroscopy (GC-MS) for quantitative and qualitative purposes, respectively.  

The synthesized catalysts were characterized using: X-ray Diffraction, Scanning Electron Microscopy, 

Transmission Electron Microscopy, X-ray Photoelectron Spectroscopy and N2 physisorption.  

The reaction conversions and selectivities (towards aromatics and alcohols) were selected as comparable 

parameters for the assessment of the efficiency of each of the catalysts.  

The reactions were performed (in isopropanol) in a stirred, high pressure, Parr reactor under a hydrogen 

atmosphere (5-10 bar), in a temperature range between 250 °C and 300 °C.  

Results  

Preliminary characterization results are shown below.  

 

 

XRD confirms the retention of both the zeolite support structure and the deposition of Ni particles. Typical 

diffraction peaks of an MFI framework (such as ZSM-5) were observed at 2Ɵ of 8.07°; 9.02°; 13.98°; 14.97°; 

23.29°; 24.05° and 30.28° assigned to the lattice planes of (101); (111); (102); (131); (051); (313) and (062), 

respectively. The diffraction lines at 44,72°; 52,07° and 76,57° were assigned to the (111); (200) and (220) lattice 

planes of Ni (0), respectively.  

 

With increasing Ni content, it was observed that the related reflections became more intense with no apparent shift 

in the Ni peak positions. This confirms that Ni was successfully deposited on the ZSM-5 support. It was also 

observed that the support structure remained stable during the metal loading process as no significant modification 

of the ZSM-5 diffraction peaks was seen. 

 

TEM (see Fig 3) shows that dispersed semi-spherical Ni nanoparticles formed on the support’s surface for all 

samples. Average Ni nanoparticle sizes were estimated around 18.1 (n=56); 34.1 (n=65) and 29.8 nm (n=100) for 

the 5%-; 10%- and 20%-loaded Ni-ZSM-5 catalysts, respectively.  
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Figure 2. Range of studied model compounds for the b-O-4 linkage (R = H or O or OH).  

Figure 3. XRD patterns of H-ZSM-5; 5%-; 10%- and 20%-Ni-ZSM-5 left). TEM images of 5%- (left); 10%- (middle) and 20%-Ni-ZSM-5 

(right) at 200 nm scale (top) and 50 nm scale (bottom) (right). 
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 The meaningful concept of circular economy and tighter environmental legislation to phase out single-

use plastics have prompted the scientific community to transform the polymer industry toward bio-based and 

recyclable materials. Lignin, an earthbound polymer, epitomized the main source of phenolic compounds for the 

conception of bio-derived materials. Strategies toward lignin valorization flourished as lignin can be incorporated 

as fillers for composites, depolymerized into high-valued added chemicals, or modified to produce sustainable 

materials1. Polybenzoxazines (PBZs) are mono-component thermosets, and recently emerged as a promising 

alternative to phenolic and epoxy resins thanks to their superior mechanical properties and thermal stability2. The 

past two decades witnessed the explosive growth of research works on the design of benzoxazine from renewable 

resources stemming from the exceptional versatility of their chemical structure. As unmodified lignin meets few 

commercial applications, we have reported a promising green and eco-friendly approach to increase the reactivity 

of lignin3. In this study, a technical soda lignin was esterified in solvent-free condition with phloretic acid, a 

naturally occurring compound extracted from the leaves of apple trees. This sustainable synthetic route grants 

technical lignin with ester bonds and an increased number of phenolic reactive sites. Therefore, this enriched 

platform of ortho-free phenolic rings was employed for the catalyst-free design of a series of lignin-based 

benzoxazines (LBZs). The properties of the bio-based resins can be easily tuned depending on the amine used to 

close the benzoxazine ring. Bio-based amines synthons such as long-alkyl chain stearylamine confers 

hydrophobicity to LBZs coatings (q= 96 °), while furfurylamine-based LBZs generate high-Tg (Tg= 197 °C) and 

high thermal stability (CR800= 45.8 %) materials well adapted for fire-retardancy applications. Amino-alcohol 

derivatives grant recyclability to cross-linked lignin-vitrimers thanks to dynamic transesterification exchanges, 

joining the recent but growing family of lignin-based vitrimers (*
200= 233 s). This presentation will highlight the 

versatility of lignin-based benzoxazine in terms of application, by simply tuning the type of amine used to close 

the oxazine ring (Figure 1). 
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Proanthocyanidins have been the focus of increasing interest in the last years as a result of their high biological 

activities (antioxidant, antibacterial, anti-inflammatory, anticancer, etc.) [1], which have prompted their use in 

therapeutic needs, also in food and cosmetic industries. Proanthocyanidins are chemically heterogeneous 

oligomers of polyhydroxy-flavan-3-ol monomer units linked mainly by C4−C6 or C4−C8 bonds (B-type 

proanthocyanidins). Less widespread are the A-type proanthocyanidins, characterized by the presence of flavanol 

units doubly-linked by C4−C8 and C2− O7 or C4−C6 and C2−O7 bonds (Figure 1)[2].  

 

Figure 1.  Chemical structure of proanthocyanidins [2]. 
 

Proanthocyanidins are found in significant amounts in the bark of various tree and shrub species, which are burned 

to produce heat without exploiting their potential to produce proanthocyanidins or proanthocyanidins-rich extract. 

The purpose of the study was a comparative analysis of the biological activity of proanthocyanidins isolated from 

the biomass (bark and branches) of fruit and non-fruit trees and shrubs of Northern Europe. As a raw material for 

the isolation of proanthocyanidins, the following was used: grey alder - Alnus incana, black alder - Alnus glutinosa, 

willow - Salix caprea, sea buckthorn - Hippophae rhamnoides L. and black chokeberry - Aronia melanocarpa. 

 

The main process for isolating proanthocyanidins from the bark/twigs is the extraction process. The selectivity of 

the extraction of proanthocyanidins depends not only on the extraction method and the type of solvent used, but 

also on the temperature, extraction time, solvent to biomass mass ratio, and biomass fineness. The main way to 

increase the yield of the target product from biomass is to choose an extraction method (single-stage or sequential 

extraction using solvents of different polarities) and optimize the modes of the selected extraction method. To 

intensify the targeted extraction of proanthocyanidins, it is necessary to use activating effects. The most promising 

of the known approaches to the pretreatment of plant raw materials (lignocellulosic biomass) is mechanical 

activation. Solid-phase mechanochemical processing allows processes to be carried out without the use of solvents, 

which allows the development of economical and environmentally friendly technologies. Mechanical activation 

allows you to increase the speed and yield of target products (proanthocyanidins) that are part of the plant material. 

From the point of view of solid-state chemistry, the main factors for increasing the reactivity of lignocellulose in 

heterogeneous reactions are an increase in the defectiveness of the polymer structure, including the amorphization 

of cellulose crystallites. 

 

Hydrophilic extracts were isolated by the convective extraction of biomass at 60 °C for 30 min using the following 

solvents: distilled water or aqueous ethanol (1:1, v/v). The proanthocyanidin content of the extracts was determined 

by oxidative depolymerization to anthocyanidins in acid butanol using procyanidin dimer B2 as a reference 

compound. The purification of proanthocyanidins from non-tannin phenolics and sugar was carried out using a 

Sephadex LH-20 column with 96% EtOH and 70% (v/v) acetone as the respective purification solvents. In the 

purification process, low-molecular-weight phenolics were eluted with 96% EtOH, and the PACs were eluted with 
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70% (v/v) acetone. Purified proanthocyanidins were evaporated using a rotary evaporator prior to being freeze-

dried. The obtained results show that 40 % EtOH (w/w) ensures the highest proanthocyanidins yield from the 

biomass. The yields of proanthocyanidins varied between 12-16 % on dry biomass. The content of 

proanthocyanidins in fruit shrubs biomass was higher than in non-fruit trees biomass. As a result of 

mechanochemical treatment of the Alnus incana bark in a roller mill, dispersed products with a predominant 

particle size of ≤ 20 µk was obtained (SEM data). Grinding in a mechanical activator (roller mill) leads to an 

increase in the specific surface area of the processed material by 3-4 times, a decrease in the average particle size, 

and an increase in the total pore volume by 4-5 times. The yield of proanthocyanidins of treated Alnus bark samples 

was 1.5 times higher compared to the referent sample (untreated bark). Combining the results of the TOF-MS, 
13C-NMR, and UHPLC-ESI-MS/MS, the analysis indicated that proanthocyanidins from all biomass were 

procyanidin of type B, where the units of catechin/epicatechin monomer in the oligomers with a degree of 

polymerization being 2–5 were related to the bond C4-C8 or C4-C6. The all proanthocyanidins isolated revealed 

high antioxidant activity in tests with stable radicals DPPH• and ABTS•+. Radical scavenging activity determined 

spectrophotometrically was expressed in terms of IC50 (the scavenger concentration required for 50% inhibition 

of free radicals).  
 
Oxygen radical absorption capacity (ORAC) is one of the most widely used methods that provide information 

about the antioxidant ability to protect a substratum (fluorescein in this particular case) from oxidation with oxygen 

peroxyl radicals. When compared to Trolox (4.0 (mmol TE)∙g–1), proanthocyanidins as antioxidants are more 

efficient (4.8 (mmol TE)∙g–1 to 5.3 (mmol TE)∙g–1) by protecting fluorescein against oxidation. These 

proanthocyanidins’ properties can be valuable not only in the creation of pharmaceuticals on the basis of plant 

secondary metabolites but also in the food and cosmetics industries to slow down the oxidative processes occurring 

in raw materials and finished products at different stages of the technological process during storage. The 

evaluation of the antimicrobial activity of the proanthocyanidins against test cultures of microorganisms was 

carried out according to the method for determining the sensitivity of microorganisms to antimicrobial drugs. 

Antimicrobial activity was studied in 96-well plates by the twofold serial broth microdilution method, which 

allowed the determination of the minimum inhibitory (МІС) and minimum bactericidal/fungicidal concentrations 

(MBC/MFC). The results show that all proanthocyanidins have high antimicrobial activity against both Gram-

positive and Gram-negative bacteria. These results provide the scope of further research on the proanthocyanidins 

for applications in the prevention and treatment of infectious diseases. At concentrations similar to the MIC values 

observed in anti-microbial activity tests, no toxic effect was observed, thus confirming the potential for practical 

use of the proanthocyanidins. 
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Abstract: 

In recent decades, efforts have been made to create complex supramolecular materials and to investigate their 

applications in environmental remediation, catalysis, nanomedicine, electronic devices, sensors, etc. In this study 

we analyzed the physicochemical changes of the host-guest based supramolecular assemblies formed between 

functionalized alginate with β-cyclodextrin (β-CD) units and functionalized polyacrylic acid (PAA) with alkyl 

chains (Figure 1). 

 

Methods used to describe the behavior of the polymers and their mixture include rheological measurements, FTIR 

spectroscopy, dynamic light scattering, together with electronic paramagnetic resonance spectroscopy (EPR). The 

EPR spectroscopy was used to correlate local changes with macroscopic changes in alginate/PAA systems. For 

this, spin labelled alginate and spin labelled CD functionalized alginate were introduced in the systems. Our 

previous results evidenced that EPR method is sensitive to host interactions both in solutions and in gel phase [1, 

2]. The behavior of alginate/PAA system was investigated both in solutions and in gel state generated by adding 

divalent cations which chelates the carboxylic groups from alginates and PAA. 
 

 
Figure 1. Representation of host-guest interaction between functionalized alginate with β-CD units and functionalized 

polyacrylic acid (PAA) with alkyl chains. 

 

 

This work highlighted the changes of the mixture, between functionalized alginate with β-CD units and 

functionalized PAA with alkyl chains, induced by host-guest interactions of the appended units. The EPR 

spectroscopy reveled that the β-CD and alkyl chains units to polymers chains can modulate the properties of 

supramolecular material based on host-guest interactions. 
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Current sustainability concerns demand the utilization of biobased raw materials. In the cosmetic industry, 

polysaccharides are being incrementally used as rheology modifiers in skin-care products, which can increase the 

spreading properties of products and enhance their sensorial profile [1,2]. In this study, the bacterial 

exopolysaccharide FucoPol was used to form and stabilize emulsions at different oil/water (O/W) ratios with four 

different oils generally used in cosmetic applications. Response surface methodology (RSM) was used for defining 

the optimal ingredients (FucoPol, olive oil and α-tocopherol) concentration for emulsion development. The 

structural and mechanical attributes of the obtained emulsions were assessed using rheo-logical and texture 

analysis, demonstrating that FucoPol can be used as a natural emulsifier, acting as a potential alternative to other 

emulsifiers. FucoPol high performance with olive oil was supported by an effective im-pact on the 

physicochemical and structural characteristics of the emulsions, mainly on their emulsification stability. 
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This report contains information about cellulose nanocrystal (CNC) modification with subbering fatty acids and 

then incorporation in additive manufacturing bio-based resin for UV-asisted printing. Vegetable oil-based resins 

show good results for UV-induced curing applications. Unfortunatelly vegetable oil-based resins still lack in 

comparison to commercial resins that are petroleum-based.[1] CNC can be applied as an enhancer for vegetable 

oil-based resins.[2] CNC was modified to obtain via esterification with suberin fatty acids to obtain hydrophobic 

CNC then introduced in vegetable oil-based resin as a reinforcement with enhanced compatibility. 

 

CNC modification was verified with Fourier Transformation Infrared spectrometer (FTIR) and modification effect 

on CNC dimensions as well as thermal stability and wettability was also investigated. Printed samples were tested 

for matrix interaction with the modified CNC and caused changes in mechanical performance, thermal, and 

thermomechanical properties. 

 

By modifying CNC thermal stability and wettability can be adjusted without compromising particle dimensions. 

CNC modification enhanced performance of vegetable oil-based resin. Developed resins with modified CNC could 

replace petroleum-based resins used in UV-assisted additive manufacturing technologies.  
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2-Phenylethanol (2-PE) is an aromatic alcohol with rose-like scent, one of the most used fragrances applied in 

cosmetic and home care product industries, but also in food and beverage and pharmaceutical fields. The majority 

of the commercialized aroma is produced chemically, from chlorobenzene, benzene or styrene oxide in harsh 

conditions, generating side products that can affect the aroma quality [1,2]. Naturally, it can be obtained by 

extraction from rose petals and other plant tissues, but due to the complexity of the extraction process and the low 

concentrations that are found in plants, the costs are more than 250 times higher than the chemically synthesized 

aroma [2]. However, the demand for natural products is increasing and the natural rose aroma cannot cover the 

demand. Therefore, biotechnological approaches have been studied as alternative processes, since 2-PE obtained 

by this way can be considered as natural [2,3]. The use of milder conditions and the possibility of using wastes 

and industrial byproducts in biotechnological processes, favoring a circular economy, are additional advantages 

of this approach. Several microorganisms are able to produce 2-PE, but the limitation of the biotechnological 

production process is the low productivity that can be obtained due to the product toxicity to the producing 

microorganism. Yeasts, as Kluyveromyces marxianus and Saccharomyces cerevisiae are the most reported 2-PE 

producers, achieving product concentrations usually bellow 4 g/L [3,4]. The bacterial production is less common, 

reported in concentrations under 152 mg/L for non-engineered bacteria [5-7].  

 

In this work, a bacterium isolated from a river water and identified as Acinetobacter soli was found to produce 2-

PE in concentrations near 2 g/L from L-phenylalanine (L-Phe), revealing itself a promising platform for the aroma 

production and standing out from the previously reported bacteria. This work includes the assessment of the best 

conditions, regarding medium composition and operational conditions, to produce 2-PE.   

 

Experiments to assess the operation conditions more suitable for 2-PE production were carried out in 500 mL 

baffled shaking flask in an orbital shaker at 200 rpm. Different cultivation media composition supplemented with 

L-Phe were tested, based on the cultivation media reported in literature for soil bacteria and for Acinetobacter 

species [8-12]. Additionally, to improve the production process, different temperatures, from 23 to 37 ºC and, pH 

from 5 to 8, were tested. All the cultivation media were supplemented with 5 g/L of L-Phe. 

A 2 L bioreactor equipped with pH, temperature, stirring, aeration and dissolved oxygen control was used to study 

the best aeration conditions (1 and 2 vvm), dissolved oxygen concentration (30 and 50%) and L-Phe concentrations 

(2.5, 5 and 7 g/L). The dissolved oxygen was kept at 30 or 50% by automatic variation of stirring speed (300-1000 

rpm). Assays were performed in a batch mode, at pH 7 and 30ºC.  

2-PE toxicity was also assessed, growing the bacteria in the presence of 0 to 5 g/L of 2-PE. 

 

From the cultivation medium screening, glucose was chosen as carbon source for bacterial growth and L-Phe as 

2-PE precursor. Within these experiments a 2-PE production between 1.60 and 1.78 g/L, were achieved. It was 

found that glucose and yeast extract are crucial for 2-PE production and L-Phe cannot be used as sole carbon 

and/or nitrogen source, even though it is reported that the use of L-Phe as sole nitrogen source favors the pathway 

for the aroma production [13]. 

 

Regarding the studies of temperature and pH, it was found that higher temperatures and lower pH have a negative 

effect on the microorganism growth and aroma production. The production is favored at lower temperatures and 

in a pH range of 7 to 8. The best cellular growth and 2-PE production (1.77 ± 0.02 g/L) was achieved at 30 ºC and 

pH 7, as it is reported for several Acinetobacter species. 

 

As Acinetobacter soli is an aerobic microorganism, different oxygen supplementations and dissolved oxygen (DO) 

percentages were tested. An increase of oxygen flow rate from 1 to 2 vvm, caused a decrease in biomass production 

and in 2-PE production, while an increase of DO from 30 to 50% resulted in similar kinetic parameters. Thus, 1 

vvm and 30 % of dissolved oxygen were the selected conditions to proceed. 
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In the optimized conditions, runs with different concentrations of L-Phe were performed in bioreactor to assess 

the precursor concentration that leads to a more favorable process. Using 5 g/L of L-Phe, not all the precursor was 

consumed, being its consumption faster in the beginning of the run, decreasing throughout the experiment. When 

a lower concentration was used (2.5 g/L), the precursor was completely consumed by the end of the experiment, 

but its consumption was slower than for 5 g/L of L-Phe. These results suggest that the production rate increases 

with the concentration of the precursor. Then, 7 g/L of L-Phe was tested, resulting in a behavior and kinetic 

parameters similar to the calculated in the run with 5 g/L of L-Phe, but the unconverted amount of the precursor 

was higher. Therefore, 5 g/L of L-Phe were used for the following assays.  

 

The kinetic parameters obtained for the most favorable conditions for Acinetobacter soli growth and production 

are represented in Table 1. 

2-PE seems to have a toxic effect on bacterial growth, affecting Acinetobacter soli growth even when 1 g/L of 2-

PE was present in the broth, in these conditions after 24 h growth, the biomass concentration was 51 % of the 

obtained when no 2-PE was present. These results suggest that 5 g/L of 2-PE completely inhibited growth of 

Acinetobacter soli. 

 
 Table 1. - Parameters calculated for 2-PE production obtained with the selected conditions at 16 h. 

 

Biomass (g/L) 3.4 ± 1.1 

L-Phecons (g/L) 4.00 ± 0.74 

2-PEprod (g/L) 1.92 ± 0.13 

Y(p/s) (g/g) 0.49 ± 0.07 

Rp(g/L.h-1) 0.12 ± 0.01 

 

 

Acinetobacter soli showed to be a promising 2-PE producer, being able to produce 1.92 g/L of 2-PE from L-Phe. 

This value was reported only for yeasts, so far. The best conditions for 2-PE production by Acinetobacter soli were 

found to be 1 vvm, 30 ºC, pH 7 and higher L-Phe concentrations lead to higher 2-PE production rates. However, 

2-PE negatively affects cellular growth at relatively low concentrations, so 2-PE removal form the broth should 

be an important approach to improve its production. 
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Chitosan (CS) is the only cationic natural polysaccharide derived through alkali deacetylation from fungi, 

arthropods, and crustaceans. It is a non-toxic, biodegradable and biocompatible, material employed in 

pharmaceutical and biomedical applications [1]. Derivatization of CS with various monomers results in new 

materials with ameliorated physicochemical properties. 2-methoxy-4-vinylphenol (MVP) is a monomer derived 

from buckwheat extraction, with antioxidant and anticancer properties [2]. In the present study, modification of 

CS structure with MVP in different ratios was conducted through free radical polymerization (Figure 1).  

 

Figure 1. Schematic representation of the CS-MVP reaction  

The structure of CS-MVP materials was examined by infra-red and 1H-NMR measurements. The solubility of the 

new materials in different pH values was assessed, while through contact angle and swelling measurements the 

hydrophilicity and swelling ability of the newly formed derivatives were evaluated. Results revealed the successful 

derivatization of the polysaccharide. The new materials presented appropriate swelling efficacy while their surface 

hydrophilicity heavily depends on the applied ratio of the MVP. These results render the new CS-MVP materials 

promising candidates for their further utilization in pharmaceutical applications.  

 

Acknowledgements 

«The implementation of the doctoral dissertation was co-financed by Greece and the European Union (European 

Social Fund-ESF) through the Operational Program "Human Resources Development, Education and Lifelong 

Learning", 2014-2020, in the context of the project "Reinforcement of human resources through implementation 

of doctoral research - Sub-action 2: Program for the award of IKY scholarships to doctoral candidates of Greek 

universities» 

 

References 

[1] A. Zamboulis, S. Nanaki, G. Michailidou, I. Koumentakou, M. Lazaridou, N.M. Ainali, E. 

Xanthopoulou, D.N. Bikiaris, Polymers (Basel). 12 (2020) 9–11. 

[2] D.H. Kim, S.I. Han, B. Go, U.H. Oh, C.S. Kim, Y.H. Jung, J. Lee, J.H. Kim, Anticancer Res. 39 (2019) 

6685–6691. 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

441 
 

Degradation and environmental impact of biodegradable plastics. 
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The persistence of plastic in the environment has become a major issue in the last decades. Biodegradable products 

are presented by many as part of the solution to this global plastics crisis. However, until now, very little research 

examining the precise fate and impact in the open environment of biodegradable plastics have been conducted. 

Many products are not tested with sufficient standards before being put on the market and sold as biodegradable. 

Moreover, biodegradation tests do not represent well the reality in the open environment. Combination of 

degradation tests performed in well-controlled conditions in the lab, with tests in the field and biodegradation 

experiments with respirometer are essential to prove and assess the degradation and biodegradation potential of a 

material. 

 

This work aims to provide better understanding of the fate of common biodegradable polymers (PLA, PBAT, 

PBS…) in the environment (marine, soil, air) by monitoring their degradation in the field and in the laboratory 

under controlled conditions and study the impact of controlled intrinsic properties such as molecular weight and 

composition to better understand the characteristics required to limit their environmental impact. 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

442 
 

How to Design Single Atom Alloy Catalysts towards High-efficient Biomass Conversion 

 
Guoqing Cui1*, Min Wei2, Guiyuan Jiang1, Chunming Xu1  

1State Key Laboratory of Heavy Oil Processing/China University of Petroleum, Beijing, China 
1State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing, China 

*e-mail address of corresponding author (cui@cup.edu.cn) 

 

With the huge consumption of limited reserves fossil fuels and increasing environmental issues, catalytic 

conversion of biomass-derived platform molecules has recently attracted considerable attention in both 

fundamental study and industrial application, in which glycerol hydrogenolysis to 1,2-propylene (1,2-PDO) is an 

essential process in the production of high value-added chemicals. Although an increasing research endeavor has 

been performed, how to design efficient catalysts to acquire high activity, selectivity and stability simultaneously, 

still remains a big challenge. Single atom alloy (SAA) catalysts, with advantages of particular geometric and 

electronic structure, provide unique active centers that exert excellent catalytic performance in a broad scope of 

reactions. In the hydrogenolysis process, Cu-based catalysts have shown promising selectivity in cleaving C–O 

bond but suffer from unsatisfactory activity and poor stability. In contrast, Pt-based catalysts exhibit superior 

activity but are prone to break C–C bond, resulting in a loss of selectivity. Inspired by the above facts, if a bimetallic 

SAA catalyst is designed by distributing Pt atoms onto Cu nanoparticles to marry the advantages of them, both 

activity and selectivity can be guaranteed.  

 

A series of elaborate characterizations including AC–HAADF–STEM, in situ CO–DRIFTS and in situ EXAFS 

confirm the formation of SAA, where a few Pt atoms are absolutely isolated by Cu atoms. As expected, the PtCu–

SAA exhibits extraordinary catalytic performance towards glycerol hydrogenolysis to 1,2-PDO (conversion: 

99.6%; selectivity: 99.2%), under mild reaction conditions (200 °C, 2 MPa). Most notably, the TOF value of PtCu–

SAA reaches up to 2.6  103 molglycerol∙molPtCu–SAA
−1·h−1, calculated on the basis of moles of whole single atom 

alloy sites (with two atoms) on the surface of PtCu–SAA, which is 8–120 fold larger than that of metal catalysts 

ever reported. This is to our knowledge the highest reactivity among heterogeneous catalysts under identical 

reaction conditions. Furthermore, both in situ experimental studies (in situ glycerol-EXAFS and in situ glycerol-

DRIFTS) and DFT calculations substantiate that the Pt–Cu interface sites serve as intrinsic active centers: the 

single Pt atom facilitates the activation adsorption of central C–H bond in glycerol molecule, whilst the terminal 

C–O bond undergoes dissociation adsorption on adjacent Cu atoms. Consequently, this interfacial synergistic 

catalysis changes the reaction pathway (with a lower activation energy) in comparison with traditional 

monometallic catalysts, accounting for the largely boosted activity and selectivity.  

 

 
Figure 1.  Synthesis, characterization and catalytic reaction of PtCu−SAA. a) schematic illustration, b) AC–

HAADF–STEM, c) in situ CO–DRIFTS, d) in situ EXAFS, e) conversion of glyecrol versus reaction time, f) the 

TOF value, g) in situ glycerol-DRIFTS, h) DFT study. 
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Bioconjugation, the attachment of biomolecules to synthetic polymers, produces novel, hybrid materials that 

combine the advantageous properties of each component, whilst overcoming their limitations. For example, when 

in conjugation with polymers, therapeutic proteins show reduced toxicity and immunogenicity and improved in 

vivo stability [1]. As such, bioconjugates have become valuable healthcare materials – bioconjugaes are used as 

therapeutics, drug delivery systems and in bio-sensing [2,3]. The vast majority of conjugates use poly(ethylene 

glycol) (PEG) as their synthetic polymer component. However, so called ‘PEGylation’ has several drawbacks. 

PEG does not biodegrade, so its conjugates can lead to bioaccumulation and toxicity [4]. PEG is also derived from 

fossil fuels. Therefore, alternative polymer components need to be found. The use of renewably sourced, 

biodegradable polymers is particularly desirable to alleviate the toxicity and environmental impact of bioconjugate 

design.  

 

Recently, several renewably-sourced monomers have been developed through the coupling of CO2 sugar 

derivatives [5-7]. The corresponding polymers are made by alcohol-initiated ring opening polymerization (ROP). 

The resulting polymers are degradable by hydrolysis to yield sugar diols and CO2, and have potential to be both 

biodegradable and biocompatible. These properties make them ideal sustainable bioconjugation partners. In this 

work, we will detail the synthesis and modification of such polymers to enable their employment as the synthetic 

component of bioconjugates. In particular, the use of a maleimide-functional initiator to produce thiol-reactive 

polymers derived from D-Mannose will be highlighted (Figure 1).   

 

 

The resulting maleimide-functional polymers have been shown to be reactive towards small molecule thiols, such 

as mercaptoacetic acid and trithiols, via Michael Addition chemistry [8]. Post-polymerisation treatment with 

aqueous acid enables deprotection of the acetal protecting group. The degree of deprotection can be controlled 

while minimizing chain decomposition, and results in water-soluble polymers that retain their maleimide 

functionality. As well as expanding the reactivity of these polymers to water-soluble thiols (such as L-cysteine and 

glutathione), acetal deprotection is accompanied by an increase in glass transition temperature, Tg.   

 

To demonstrate bioconjugation, bovine serum albumin (BSA) was chosen as a model protein. Work towards novel 

bioconjugates of BSA and deprotected mannopyranose-polycarbonates will be discussed and evidenced by LC-

MS, SDS-PAGE, and MALDI-ToF mass spectrometry.    
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Figure 1 Bioconjugate design; attatchment of a maleimide-functional, mannose-derived polycarbonate with a thiol-containing 

biomolecule. 
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This presentation deals with the FFF 3D printing of biobased Polyhydroxyalkanoate (PHA) / Polybutylene 

Succinate (PBS) blends, which could be a brilliant alternative to the existing fossil polymers used in FFF 3D 

printing. Thermoplastic polymers acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polyamide (PA), 

and polycarbonate (PC), are commonly used in printing. Their sustainability is limited due to the fossil source of 

raw components. The high environmental impact of 3D printing process could be decreased using biobased analogs 

such as PBS and PHA. The application of the present biopolymer materials and printed articles in the Baltic Sea 

seawater environments was considered in this presentation. The long-term durability of the printed materials was 

assessed in the water media for at least two months. The results were complemented with the environmental impact 

assessment through inventory analysis of the technological processes. 

 

The PHA/PBS blends 30/70, 50/50, and 30/70 have been prepared by melt compounding in a twin-screw extruder. 

In the second stage, the filaments prior to FFF printing were extruded with a 3Devo single screw extruder machine. 

The diameter of the filaments was 1.75 mm. Then, the obtained compositions have been printed with the delta type 

printer into double-dog bone shapes. The prepared compositions showed very good printability. The samples were 

saturated through immersion in modeled conditions by using synthetic seawater and real environments with the 

use of seawater from the Baltic Sea (Gulf of Riga) and water from river Lielupe. The durability and degradation 

properties of the proposed biomaterials were evaluated by means of structure control and mechanical durability. 

The characteristic images of the 3D printed samples used in the durability test are shown in Figure 1. 
 

 
Figure 1.  FFF 3D printed samples used in seawater durability tests. 
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The strategy to prepare all lignocellulose sustainable material from biomass waste is presented herein. These 

materials can be formulated as sustainable composites from lignocellulose and hemicellulose matrices loaded with 

lignocellulose components. The proposed strategy incorporates the use of only sustainable and biobased raw 

materials or minimal chemical treatment routes. For example, agricultural and wood industry waste could be used 

to prepare sustainable biocomposites. Different size fractions of cellulose – nanocrystals, nanofibers could be 

processed into spatial network structures, while hemicellulose - xylan could act as a modifier providing strength 

and toughness. Lignin addition to the obtained materials provides enhanced thermal stability. Further modification 

could be performed including the natural and modified vegetable oils and waxes developing 

transparent/translucent and hydrophilic/hydrophobic materials.  

 

The processing technology includes the water solution blending and assembly of the components into the bulk 

materials of the controlled porosity and density. Finally, foams, papers, coatings, and composites could be 

obtained. The raw natural micro- and nano-components composition adjustment provide broad possibilities to 

control the exploitation properties of the materials. Durability properties of the prepared materials relate directly 

to the material composition, formulation process, lignocellulose modification route, and biocomposite processing 

technology. The rigid, soft, and ductile deformational performance of the materials can be easily controlled to 

some extent. The lignocellulose components' regulated assembly could be used to control the nanostructure and 

final performance characteristics of the composites.  

 

Application of the obtained materials includes sustainable films, coatings, packaging, insulation and composites. 

Acknowledgments 

This research is funded by the Latvian Council of Science, project RealHLC No. lzp‐2019/1‐ 0390. 

References 

1. S. Beluns, O. Platnieks, S. Gaidukovs, O. Starkova, A. Sabalina, L. Grase, V.K. Thakur, G. Gaidukova, 

International Journal of Molecular Sciences, 22 (23), 2939 (2021). 

2. S. Beluns, S. Gaidukovs, O. Platnieks, I. Mierina, L. Grase, G. Gaidukova, O. Starkova, P. Brazdausks, V.K. 

Thakur, Industrial Crops and Products, 170,113780 (2021). 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

447 
 

Biochars and activated carbons obtained from herbs as low-cost and regenerable 

adsorbents of polymers 

 
Marlena Gęca1*, Małgorzata Wiśniewska1 and Piotr Nowicki2 

1Department of Radiochemistry and Environmental Chemistry, Institute of Chemical Sciences, Faculty of Chemistry, Maria 

Curie-Sklodowska University in Lublin, M. Curie-Sklodowska Sq. 3, 20-031 Lublin, Poland, 
2Department of Applied Chemistry, Faculty of Chemistry, Adam Mickiewicz University in Poznań, Uniwersytetu 

Poznańskiego 8, 61-614 Poznań, Poland. 

*marlena.geca@wp.pl 

 

Limited reserves of natural resources make it necessary to find new, renewable materials. Plants are materials of 

natural orgin, which grow up after harvesting making them inexhaustible resource. Moreover, because of they 

seasonal growth, harvesting the herbs will not disturb the balance of the ecosystem. Solids obtained from plant 

biomass are environmentally friendly and their disposal is not troublesome. Activated carbons prepared from the 

herbs have large surface area and great amounts of surface oxygen functional groups, which make them very 

effective adsorbents.  

 

Polymers are synthetic compounds which should not get into the environment. They can disturb the balance of the 

ecosystem, which can have negative consequences for living organisms. Limitation of the polymer amount in the 

environment is necessary to keep naturally occurring ecosystems unchanged. Macromolecular compounds could 

be removed from aqueous solutions by adsorption on biochar and activated carbon surfaces. Polymer desorption 

possibilities from the solid surface enables multiple application of adsorbents, which may reduce the generation 

of wastes. In the present study, the carbonaceous adsorbents were prepared from the nettle and sage herbs, and 

used for the removal of polymers from the aqueous solutions. 

 

For this purpose, the plant materials was fragmented into 1.5-2.0 cm pieces, dried at 100 ℃ and divided into two 

parts. One of them was pyrolysed for 60 min at 400 ℃ under nitrogen atmosphere. The biochars obtained in this 

way were labelled as NE_B (in case of nettle herb) and SA_B (in case of sage herb). The second part of the starting 

materials was subjected to chemical activation. At the beginning the samples were impregnated with 50% H3PO4 

at the weight ratio 1:2. After 24 h the samples were dried at 110 ℃ and subjected to two stages heat treatment, 

firstly at 200 ℃ for 30 min and finally at 500 ℃ for 30 min. Activated carbon obtained from the nettle herb was 

marked as NE_AC and that from the sage herb - as SA_AC. The textural parameters and the surface oxygen 

functional groups content for biochars and activated carbons were determined. Obtained materials were used for 

removal of poly(acrylic acid) and polyethyleneimine from aqueous solution (in single and mixed systems of 

adsorbates). The mean molecular weight of both polymers was 2 000 Da. Poly(acrylic acid) (PAA) is an anionic 

polymers containing carboxyl group in its structure, whereas polyethyleneimine (PEI) is polymer with cationic 

character coming from their amine groups. Adsorbed amounts of macromolecular compounds was determined 

using static method based on the decrease of the adsorbate concentration in the solution after the adsorption 

process. The PAA concentration was determined by its reaction with hyamine 1622 resulting in formation of white-

coloured complex absorbing light at wavelength 500 nm [1]. On the other hand, the PEI reaction with CuCl2 

resulting in formation of blue-coloured complex absorbing light at wavelength 285 nm [2] was applied. Next, the 

desorption process was carried out in the examined systems using distilled water. The adsorption-desorption 

measurements were performed at three pH values, i.e. 3, 6 and 9. Moreover the surface charge density and zeta 

potential were determined for the suspensions without and in the presence of PAA or PEI and their mixture 

(PAA+PEI). 

 

Obtained activated carbons are characterized by well-developed surface area and low micropore contribution, 

which can have positive effect on polymer macromolecules adsorption (Table 1). In turn, the surface area of 

prepared biochars are very small, however mean pore size is about 10 nm, which may be favorable for the 

penetration of large PAA and PEI molecules into their interior (Table 2). 

 
Table 1. Textural parameters of activated carbons. 

Adsorbent Surface area [m2/g] Pore volume [cm3/g] Mean pore 

size [nm] 

Micropore 

contribution 
total micropore total micropore 

NE_AC 801 157 0.847 0.074 4.231 0.087 

SA_AC 842 155 0.826 0.074 3.926 0.090 
 

Table 2. Textural parameters of biochars. 

Adsorbent Surface area [m2/g] Pore volume [cm3/g] Mean pore size [nm] 

NE_B 2.527 0.006 9.594 

SA_B 2.182 0.006 10.555 
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Data presented in Table 3 indicate that both obtained biochars have greater concentration of the surface oxygen 

functional groups than the activated carbons. Adsorbents prepared from the nettle herb have greater amounts of 

surface groups in comparison to the analogous materials obtained from the sage herb. Additionally, both activated 

carbons show acidic character of the surface. Only NE_B biochar is characterized by a predominance of basic 

functional groups. High concentration of functional groups is a very positive feature, because it increases the 

number of possible interactions with the segments of polymeric chains, the result of which is specific structure of 

adsorption layer. 

 
Table 3. Acid-base properties of biochars and activated carbons. 

Adsorbent Acidic groups [mmol/g] Basic groups [mmol/g] Total amount [mmol/g] 

NE_B 1.041 1.753 2.794 

NE_AC 0.858 0.272 1.13 

SA_B 1.109 1.008 2.197 

SA_AC 0.436 0.215 0.651 
 

The analysis of the data presented in Table 4 leads to the conclusion that at pH 3 poly(acrylic acid) is adsorbed in 

greater amounts than polyethyleneimine, independently on the adsorbent type. This proves that PAA carboxyl 

groups show greater affinity to the solid surface groups. Moreover more coiled conformation of polyacid 

macromolecules (PAA functional groups are present in undissociated form in solutions at pH 3) enable not only 

dense packing of adsorption layer, but also effective entering of polymeric coils into the solid pores. 
 

Table 4. Polymers adsorbed amounts on the surface of activated carbons, initial concentration of both polymers was 

100 ppm, pH 3. 

Studied system Adsorbed amount [mg/g] 

NE_AC SA_AC 

PEI 24.58 25.48 

PEI + PAA 30.35 24.53 

PAA 99.08 89.67 

PAA + PEI 63.55 58.05 
 

The PAA adsorbed amounts are noticeably higher in case of NE_AC activated carbon. It can be the result of 

slightly larger pore size of this solid and almost two times higher concentration of its surface groups. The PAA 

adsorbed amounts are considerably lower in the mixed system of both polymers. Polyethyleneimine adsorption 

from single solution remains on the similar level on both activated carbons surfaces. The presence of PAA has 

small effect on its adsorption. In the mixed adsorbate systems the PAA-PEI complexes are formed due to the strong 

electrostatic attraction between the polymers with opposite charge. They can be adsorbed on the solid surface or 

can remain in the solution. Such complexes formation has unfavorable influence on PAA removal from mixed 

adsorbate system. 

 

To sum up, activated carbons obtained via chemical activation of the nettle and sage herbs show good sorption 

properties towards poly(acrylic acid) and polyethyleneimine, both in relation to single and binary systems of 

adsorbates. For this reason they can be successfully applied in the ground water and wastewaters purification. 
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Abstract 

Polymers, such as chitosan (CS) and carboxymethylcellulose (CMC) or hybrids, such as chitosan-gelatin (CS-

GEL) are characterized by unique biological properties such as, biocompatibility, biodegradability, nontoxicity, 

and affinity to proteins [1,2]. Moreover, they contain several reactive amino and hydroxyl groups, susceptible to 

chemical modifications [3]. The enzymatic targeted modification of polymers has widely attracted the scientific 

interest for development of innovative biomaterials with enhanced biological properties, such as their antioxidant 

and antimicrobial activities [4]. The present work describes the application of biocatalytic systems with hydrolytic 

and redox properties for the targeted crosslinking of various polymers with phenolic bioactive compounds, such 

as hydroxytyrosol with the ultimate goal of improving their biological and mechanical properties. The successful 

grafting of the phenolic compounds onto the different polymers was confirmed through various spectroscopic 

techniques, such as ultraviolet-visible (UV-Vis) spectroscopy. Finally, the modified polymers exhibited strong 

antimicrobial activity against bacterial populations of Escherichia coli BL21DE3 strain as well as an enhancement 

in their antioxidant activity, suggesting their future potential applications in pharmaceutical and food industry.  

 

Materials 

Chitosan from crab shells (low viscosity), carboxymethyl cellulose, sodium salt, low viscosity (CMC) and laccase 

from Agaricus bisporus (>4 U/mg, lyophilized) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Gelatin from porcine skin was purchased from Fluka (Charlotte, North Carolina, US).  

 

Methods 

Enzymatic modification of the polymers  

The prepared CS, CS-GEL and CMC solutions were enzymatically modified by laccase from Agaricus bisporus 

with phenolic compounds, such as hydroxytyrosol. Specifically, to a final reaction volume of 20 mL, 1.3% w/v 

CS or 1.3% w/v CS-GEL or 1.3% w/v CMC solution were mixed with 5 mM hydroxytyrosol solution solubilized 

in MeOH and 0.086 U/mL (60 μg/mL) laccase from Agaricus bisporus were added to initiate the reaction. The 

reactions were plated on petri dishes and incubated at 30 oC and 80 rpm O/N. At standard time intervals, 1 mL of 

the reaction was taken in order to monitor the reaction progress through the changes observed in the UV spectra. 

Finally, the plates were placed open to dry at 45 oC O/N to form films (as shown in Figure 1). 

 
Figure 1.  Enzymatic modification of chitosan with phenolic compounds, such as hydroxytyrosol. 

 

Antimicrobial properties 

Initially, 100 μL of bacterial population was inoculated from stock bacterial populations of Escherichia coli 

BL21DE3 strain, stored in glycerol, in 5 mL of fresh Lysogeny Broth (LB). After incubation at 37 °C, O/N under 

constant stirring at 180 rpm the pre-culture absorbance was measured at 600 nm and diluted with fresh LB so that 

the new culture reached an optical density (OD) of about 0.08 absorbance. The new culture was incubated at 37 

°C, under stirring at 180 rpm, until the bacterial population present an O.D. of 0.2-0.5. The culture was then 

centrifuged at 4,000 rpm for 5 minutes, the bacterial precipitate was restored and redissolved in saline (0.9% w/v 

NaCl). After three successive washes the bacterial pellet was redissolved in an equal volume of the culture. 

Bacterial population samples of 107 CFU/mL were prepared. Approximately 0.5 mg of each sample was added 

into an Eppendorf tube containing 100 μL of the bacterial population and it was incubated for 12 hours in a cold 

chamber. 100μL of bacterial in the absence of sample were used as a control. Then, 25 μL of the bacterial 

population that interacted with the sample, were inoculated into 225 μL of fresh LB medium in an Elisa microplate 

well. The microplate was then placed in an incubator chamber at 37 °C and measurements of the O.D. at 600 nm 

were taken after eight hours. 
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Results and Discussion  

The laccase catalyzed oxidation of phenolic compounds, such as hydroxytyrosol (HD) to reactive intermediates 

and their subsequent reaction with the functional groups of chitosan was examined. Ultraviolet-visible (UV-Vis) 

spectroscopy was applied to monitor the reaction progress. As shown in Figure 2, the reaction spectrum presents 

a significant increase in the absorption band in the range 450-550 nm over time, followed by its gradual shift to 

520 nm, suggesting the successful modification of chitosan with hydroxytyrosol. 

 

 
Figure 2.  Ultraviolet-visible (UV-Vis) spectrum in the range of 200-600 nm of the reaction progress of the enzymatic 

functionalization of chitosan (CS) with hydroxytyrosol catalyzed by laccase from Agaricus bisporus at standard time intervals. 

 

Also, the antibacterial activity of the enzymatically modified membranes was evaluated and the results are 
presented on Table 1. Chitosan itself has antimicrobial activity, reducing cell growth to 56% compared to cell 
growth incubated for 12 hours in the absence of any inhibitory agent. The modified CS almost totally inhibits the 
bacterial cell growth, as shown in Table 1, suggesting that the enzymatic modification was successful. 

 

Table 1.  % Growth of the bacterial cells of strain BL21DE3 after 12 hours in the presence of non-modified and 

enzymatically modified chitosan membranes with phenolic compounds (the standard deviation was less than 5% in all cases). 

Samples Growth (%) 

Control 100 

Chitosan 56 

Enzymatically Modified Chitosan 8 

 

Conclusions 

The present work demonstrated that a series of various polymers, including chitosan, cellulose and a hybrid 

chitosan-gelatin polymer were efficiently functionalized with various phenolic compounds through the action of 

an oxidoreductase enzyme, namely laccase from Agaricus bisporus. The efficient cross-link of the biopolymers 

with the products derived from the laccase-mediated oxidation of phenolics was confirmed through various 

spectroscopic methods, such as UV-Vis spectroscopy. Finally, the enzymatically modified derivatives were 

characterized by strong antimicrobial properties, significantly superior to the biological activities that exhibited 

the non-modified polymers, implying their future potential application in many areas, from food-packaging to 

pharmaceuticals and cosmetics. 
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Abstract text:  

Furfuryl Alcohol (FA) is a key intermediate building block in the value-chain of furfural (Figure 1). Via acidic 

initiation, FA polymerizes into Poly(furfuryl alcohol) (PFA) which is a bio-based thermoset capable of showing 

high-temperature performances. PFA resins are employed in composite applications for binding various type of 

fibres or fillers. FA can also be impregnated and polymerized within wood to increase its dimensional stability and 

resistance to e.g. marine borers’ attack.[1] The peculiar properties of PFA are associated with its dense network 

formed by cycloaddition of furanic and dihydrofuranic units.  

 

 This communication aims at highlighting how furan ring opening reactions – so far simply considered as side 

reactions can impact the PFA structure and properties. We have demonstrated that the crosslink density and the 

glass transition temperature (Tg) of the final cross-linked PFA can be modified when FA polymerization is 

conducted with protic polar solvents.[2] We have recently proposed to use the so-called Degree of Open Structures 

(DOS) as a quantitative indicator for assessing the ring opening reactions during FA polymerization. As 

highlighted in Figure 1, ring opening during FA polymerization lead to the formation of carbonyl species –mostly 

ketonic groups. Therefore, we have adapted a titrimetric method and a quantitative spectroscopic method (i.e. 

derivatization with a fluorinated phenyl hydrazine followed by 19F NMR spectroscopy) to quantify the side 

carbonyls formed during polymerization. The results obtained with both methods are consistent and in agreement 

with 13C quantitative solid-state NMR. Interestingly we have shown that the DOS is multiplied by a factor 2 when 

polymerization is performed in presence of water.[3] Overall, the DOS can reach values as high as 0.15 meaning 

that about 15 % of the furanic units present in PFA are opened in the final resins.[3] We have also investigated the 

role of different acidic initiators (i.e. Bronsted and Lewis acidic initiators) and the water content on the DOS 

values. In general, the presence of water remains the most influencing factor for controlling and increasing the 

DOS while the type of initiator lead to marginal DOS variations among samples [4]. Finally the presentation will 

focus on how the presence of such carbonyl species can be fully exploited to generate new macromolecular 

architectures with tunable properties. 

 

 
Figure 1.  value chain from biomass to PFA and PFA structure with special emphasis on opened rings [adapted from ref. 4]. 
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As part of our ongoing research programme on renewable polymers, we, amongst others, have been investigating 

the potential of monosaccharides as naturally abundant, structurally diverse and highly functionalisable, renewable 

alternative to petroleum-based plastics.[1,2] Within the last decade the substrate scope has widely expanded, now 

encompassing a extensive variety of functional groups, including sulphur-containing monomers such as thio-

/thiono-carbonates.[3,4] Whilst similar to their oxygenated counterparts, sulphur-containing polymers can possess 

altered physical properties as well as new features such as photo-degradability.[3,5]  

 

Starting from tri-O-acetyl-ᴅ-glucal (commercial or easily prepared from the natural product ᴅ-glucose) we have 

successfully developed efficient synthetic methodologies towards a novel assembly of bi-cyclic monomers with 

different sulphur/oxygen configurations within the carbonyl functional group. A detailed structural assessment is 

reported for each monomer, and we discuss any correlations and the potential influence these have upon the 

polymerisability and subsequent properties of the resultant polymers. Under previously optimised conditions,[3] 

organocatalytic ring opening polymerisation (ROP) of the monomers proceeds at room temperature, and results in 

monomer conversions from 15 to 99 % dependant on structural properties as well as the initial monomer 

concentration. Number average molar masses were largely dependent upon the polymerisation control, reaching 

in excess of 7,500 g mol–1
 for the xanthate and thionocarbonate monomers. In comparison, the carbonate and 

thiocarbonate monomers displayed poor control resulting in lower molecular weights and bimodal polymer 

distributions. The resultant polymers possess differing microstructures dependant on the sulphur configurations 

within the carbonate group that were identified and assigned accordingly. In addition the unsaturation of the C6 

pyranose sugar ring, demonstrated an increase in ring strain and subsequently polymerisability, resulting in both 

greater conversion (90 %) and molar masses (>10,000 g mol–1).  

 

A strong correlation was observed between both the torsion angle (χ) and the calculated ring strain (ΔHiso) of 

monomers 1–5 as well as the χ and observed monomer concentration demonstrating a direct connection between 

monomer conversion and the ring strain. This allowed for the influence of sulphur incorporation within the 

carbonyl functional group to be assessed and polymerisability to be rationalised based upon structural properties 

of the monomers. Lastly, all polymers were shown to be amorphous, with glass transition temperatures (Tg) from 

65 to 104 °C dependant on sulphur incorporation, and each have an onset of thermal degradation (Td5%) of around 

136 to 215 °C. When increasing the sulphur incorporation a decrease in both Tg and Td5% is observed, showcasing 

a decrease in thermal stability that may be primarily attributed to the increase the free volume within the polymer 

structure due to the longer carbon–sulphur bonds (C–S (1.73–1.76 Å) and C=S (1.65 Å)), with electronic effects 

also likely to have an impact. 

 

Figure 37. (A) Organocatalysed ring opening polymerisation of a cyclic xanthate; (B) Organocatalysed ring opening 

polymerisation of novel cyclic monomers and investigation of polymerisability and the properties of resultant polymers; (C) 

Concept of exploring quantity and arrangement of sulphur atoms within the carbonyl/thiocarbonyl linkage. 
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Figure 38. Thermal analysis of both glass transition temperature and degradation temperatures of polymers poly(2–5) versus 

the quantity of sulphur atoms in their respective monomers. Notable omissions include poly(3) (Tg = N/A) and poly(5) (Td5% = 

136 °C). 
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The utilization of vegetable oils and their derivatives as raw materials came in the spotlight of green chemistry in 

the past decades. Their universal availability, low price, and biodegradability place oil derivatives as important 

biobased sources for polymer synthesis, as well [1]. Castor oil is one of the most studied natural oils due to its high 

content of ricinoleic acid, a natural hydroxy acid (> 80%). The presence of the double bond in the ricinoleic acid 

molecule allows additional functionalization by grafting reactions. Copolymers of hydroxy acids have been already 

synthesized by biocatalysis and have promising applications in several fields [2]. 

 

5-Hydroxymethylfurfural (HMF), a biobased platform chemical obtained during biomass pretreatment allows a 

wide range of chemical modifications, leading to important value added products. Recently, it has been 

quantitatively oxidized to 5-hydroxymethyl-2-furoic acid (5OH2FA) by Gluconobacter oxydans DSM 50049 cells 

[3]. A combination of vegetable oil and furan derivatives represents a sustainable synthetic way to materials with 

original properties obtained through simple, green, and efficient processes. 

 

In this study, the polymerization of ricinoleic acid and 5OH2FA was investigated by a green biocatalytic pathway. 

The reactions were carried out using commercially available native and immobilized lipases as catalysts in organic 

solvents, ionic liquids, and solvent-free systems, at various molar ratios and temperatures up to 80°C. The lipase 

from Pseudomonas stutzeri showed the highest catalytic efficiency at 50°C in t-BuOH. The insertion of 5OH2FA 

units into the ricinoleic acid estolide backbone was demonstrated by MALDI-TOF MS and 2D NMR analysis. The 

thermal properties of the oligoester products were evaluated by TG and DSC. 

 

 The organogelator ability of the resulted oligoesters in the absence or presence of other components was 

tested by using several organic solvents with different log P values, at different temperatures. The morphological, 

and rheological properties of the resulted organogels were evaluated.  
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There is a growing demand to investigate the utilization of renewable sources for fuels, chemicals and materials 

within the scope of sustainable development by applying the principles of Green Chemistry. Lignocellulosic 

biomass which is composed of the three biopolymers cellulose, hemicellulose and lignin, constitutes one of the 

most attractive renewable feedstocks. This study aims to the valorization of the hemicellulose fraction and of its 

most abundant carbohydrate and respective monomer sugar, i.e. xylan and xylose, towards furfural, which amongst 

other applications, it can be used as a substrate for producing hydrocarbon based fuels via condensation and 

hydrodeoxygenation processes.  

 

Pure (model) xylose was utilized to investigate the effect of the dehydration reaction conditions (time, temperature 

and pressure), medium (water, organic solvent) and catalyst (homogeneous/liquid or solid acid catalysts, 

concentration etc). Various organic solvents were utilized to form biphasic systems, combined with the use of 

NaCl to facilitate the in-situ extraction of the formed furfural to the organic phase, while inorganic acids in very 

low concentrations were used as catalysts (H2SO4, H3PO4, HCl). Real hemicellulose aqueous streams, isolated 

during the dilute acid hydrothermal pretreatment of beechwood sawdust, were also used for the furfural production 

experiments. The aqueous solution, after the reaction, was analyzed by HPLC while the organic phase in the case 

of biphasic systems, after separation, was analyzed by GC-MS.  

 

Τhe optimum process conditions for higher furfural yield were 175oC, 15 min and 10 bar Ν2. The reaction 

temperature, in comparison with the time, is the dominating factor which affects conversion of xylose, reaching 

the maximum ~100% at about 190oC. On the other hand, selectivity to furfural is higher at moderate temperatures 

and shorter time due to the commence of degradation/condensation reactions of furfural and higher by-products 

selectivity at higher temperatures and longer time reactions. The moderate pressure of 10 bar also improves the 

furfural yield in comparison with the absence of N2 or at higher pressures. Water and ethanol were tested as reaction 

solvent with water to be more appropriate for the xylose dehydration reaction. Preliminary experiments in biphasic 

systems were also conducted with the aim to induce the in-situ extraction of furfural to the organic phase, thus 

reducing its degradation to humins which occurs mainly in the aqueous phase. The water:THF (1:1) and the higher 

NaCl concentration led to enhanced furfural recovery and yield via its extraction to the organic phase. In the above 

optimization, sulphuric acid (H2SO4) at low concentrations was used as the homogeneous/liquid catalyst. Higher 

sulphuric acid concentration led to higher conversion of xylose but lower selectivity and yield of furfural due to 

furfural degradation towards humins. In the case of the real hemicellulose aqueous streams derived from the 

hydrothermal pretreatment of beechwood sawdust, slightly more intense conditions compared to the model xylose 

experiments were needed to achieve comparable high sugars conversion and moderate/high furfural selectivity 

and yield, along with humins formation. 
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Abstract: 

Due to the upcoming limitation of the petroleum based raw materials, production of value-added chemicals through 

the utilization of abundant biomass is currently a key research objective that concentrates also the industrial 

attention. 5-hydroxymethyl-furfural (HMF) is among the chemical compounds that can be obtained from cellulosic 

biomass [1]. HMF, owing to the presence of two functional groups, can undergo facile chemical transformations, 

resulting to products of high added value. Among them is 2,5-diformyl-furan (DFF) which is widely used for the 

preparation of urea-furan resins, pharmaceuticals, fungicides, etc. The achievement of the photocatalytic selective 

oxidation of HMF to DFF, under mild conditions of pressure and temperature and predominately without the use 

of additional reagents, is an area of great scientific interest. The design and development of novel efficient nano-

photo-catalysts plays the most important role. Among a great variety of materials with photocatalytic properties, 

titanium oxide based materials have shown efficient photoactivity especially in applications such as the unselective 

oxidative decomposition of organic compounds [2].  

 

In the present work, titanium oxide nanotubes were prepared using two commercial TiO2 nanomaterial precursors, 

P25 and P90. In order to limit the formation of aggregations and to achieve better dispersion and activation of the 

nanoparticles, low-frequency ultrasounds were applied during the synthesis followed by hydrothermal treatment 

(150 ºC) [3]. Physicochemical characterization revealed the existence of significant differences in the 

physicochemical features, with the nanotubes derived from titania P90 (TiNTbs-90) having smaller average sizes 

(6-19 nm external diameter) (Figure 1) and higher specific surface area (325 m2/g) comparing to the nanotubes 

derived from titania P25 (TiNTbs-25).  

 

 
Figure 39. TEM and HRTEM images: (a-b) TiNTbs-25 and (c-d) TiNTbs-90. 

 

The photocatalytic activity of the one-dimensional nanomaterials was evaluated by monitoring the partial 

oxidation of HMF in acetonitrile solution under the influence of low-intensity ultraviolet light (UV) radiation (370 

nm) for 1 h. The commercial titania materials showed higher conversion (84–100%) compared to nanotubes (50–

77%). However, the selectivity towards DFF was greater for the nanotubes resulting in a better overall performance 

(Figure 2). In particular, P90-derived nanotubes exhibited a four-fold higher DFF selectivity compared to TiO2 

P90 nanoparticles, while P25-derived nanotubes exhibited a more than 50% higher DFF selectivity compared to 

P25 TiO2 nanoparticles. The highest yield of 43% was recorder in the case of TiNTbs-90, a value almost two times 

higher comparing to TiNTbs-25 and more than three times higher comparing to TiO2 P90 nanoparticles. 
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Figure 2. Conversion, selectivity and yield of the commercial materials, P25 and P90, and corresponding nanotubes TiNTbs-

25 and TiNTbs-90, after one hour of UV exposure (~34°C, 300 rpm magnetic stirring, 1g/L catalyst concentration, 15 ml stock 

solution of 1mM HMF in acetonitrile). 
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The demand for fossil fuels increases day by day to meet the world’s energy demands because of industrial 

development, and the rapid increase in population. For now, the entire world using predominantly non-renewable 

fossil fuels, such as coal, gas, and petrol to meet these energy demands. Due to burning of these fossil fuels,  large 

amount of CO2 produced which ultimately causes global warming. Also, these energy resources are very limited. 

So, there is an urgent need to find their replacement. Lignocellulosic biomass is a promising solution to these 

problems because it can be utilized as a transportation fuel, since it is naturally abundant and environmentally 

sustainable. Chemicals obtained from lignocellulose only contain a maximum of six carbon atoms for example 

furfural, methyl furan, 5 hydroxymethyl furan (5-HMF), etc. For the production of biofuel, these chemicals 

undergo C-C coupling reactions, such as hydroxyalkylation alkylation reaction (HAA) reaction, Heck coupling 

followed by hydrodeoxygenation (HDO) to give the formation of C8 to C22 hydrocarbon (biofuel) [1,2]. In our 

work, we demonstrated the synthesis of V2O5 sheets by using ammonium mono vanadate and oxalic acid at an 

ambient ratio, which serves as an active, reusable, and highly stable catalyst for the HAA reaction of 2-methyl 

furan and furfural.  

 

Synthesis method: V2O5 sheets have been synthesized according to a previous procedure with some 

modifications [3]. In brief, 1.7 g of ammonium mono vanadate and 1.8 g of oxalic acid are added in a round bottom 

flask. Subsequently, 65 mL of distilled water was added into it and allow the solution to stir for 12 h at room temp. 

To obtain a solution of dark red color having pH less than 3. Further,  this red colored solution was tranfered to a 

100 mL Teflon lined autoclave and kept in an oven at 180 oC for 24 h. NH4V4O10 was obtained  by centrifugation 

was washed with distilled water and dried overnight at 80 oC. The dried compound was then ground in mortar 

pastille and put into a muffle furnace at 400 oC for 1 h at 5 oC min-1 ramp rate to obtain V2O5 nanosheets. The as-

synthesized catalyst has been characterized by using various techniques, such as PXRD, XPS,TGA,TPD and SEM. 

 

Characterization of V2O5 sheets: The PXRD pattern of V2O5 sheets is shown below in Fig. 1(a). The PXRD 

reveal the the formation of an orthorhombic phase of V2O5 having great crystallinity. The XPS spectra of V2O5 is 

shown in Fig.1(b). The peaks at 525.07 eV and 517.47 eV arise due to the spin-orbit coupling of the component 

corresponding to V5+ 2p1/2 and V5+ 2p3/2. The peaks at 523.57 eV and 516.25 eV corresponds toV4+ 2p1/2 and V4+ 

2p3/2, indicating the formation low oxidation state vanadium. SEM images of V2O5 reveals the sheet-like 

morphology as shown in Fig. 1(c,d). 

 

 
 

Fig. 1 (a) PXRD plot of V2O5, (b) XPS spectra of V 2p, (c,d) SEM images of V2O5 sheets. 

 

Catalytic activity study: Catalytic reaction performd in this study is schematically shown in Scheme 1. In brief, 

it was performed  in a 5 mL glass vial, which include a rice magnetic bead. The temperature of the reaction was 

controlled by using an oil bath. In a typical reaction, 1 mmol of furfural, 2 mmol of 2-methyl furan, and 100 mg 

of catalyst was added to the glass vial. Close the glass vial and sealed it with help of teflon and kept it in the oil 

bath when its temperature reaches to 55 oC . The reaction mixture was stirred at 55 oC for 24 h. The catalyst is 
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separated by centrifugation after the addition of ethyl acetate. The product was purified and isolated using column 

chromatography. 

  
Scheme 1. HAA catalytic reaction for the production of biofuel precursor.  

 

Further studies on substrate scope, mechanism and stability of the catalyst are in progress. Nevertheless, the 

currently obtained results clearly demonostrates the feasibility of using V2O5 nanosheets as an efficient 

heterogenous catalyst. 
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Bioconversion of renewable sources to value-added products has emerged as an attractive strategy for industrial 

biomanufacturing. In this study, we engineered Methylotuvimicrobium alcaliphilum 20Z to metabolize 

lignocellulose-derived sugars, including glucose and xylose, together with methane. Xylose was used to supply 

more ribulose 5-phosphate, which is subsequently condensed with formaldehyde to operate the ribulose 

monophosphate (RuMP) cycle. Glucose was supplied for strengthening the carbon flux through the Embden-

Meyerhof-Parnas (EMP) pathway. RNA-seq data of engineered strain grown on three substrates (methane, xylose, 

glucose) revealed the up-regulation of the aspartate metabolism pathway, which involves the production of ectoine. 

Ectoine is an osmotic protective agent that has been widely applied in biotechnology, cosmetics, and medicine. 

Engineered strain grown on three substrates generated a 1.7-fold higher productivity of ectoine (26.43 mg/g-DCW) 

compared to methane solely (15.65 mg/g-DCW). The ectoine biosynthesis-transcription repressor gene (ectR1) 

was knocked out to improve the biosynthesis of ectoine. As a result, the mutant strain produced ectoine 

productivity of 37.93 mg/g-DCW, which is higher than the initial condition by 2.4-fold. The co-cultivation of three 

substrates presented in this study provided a novel strategy for enhancing ectoine production in methanotrophic 

bacteria without using a high-salt medium. 

Keywords: methane, xylose, glucose, ectoine, methanotrophic bacteria. 
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Synthetic dyes are hazardous contaminants found in aqueous environments that hinder efforts to obtain safe and 

readily available water. Counteracting the side effects of synthetic dyes by selective decontamination of aqueous 

media may be achieved under optimal conditions using enzymes. However, these natural catalysts are unstable 

due to the protein structure, which is easily distorted by unfavorable chemical and physical factors. Therefore, the 

current study was designed to improve the resistance of the Trametes versicolor Laccase against pH, temperature 

and long-term storage by using solid support immobilization. For this, the laccase was immobilized on supports 

made from pure chitosan or polyacrylic acid-chitosan mixture, while glutaraldehyde was used as crosslinking 

agent. The kinetic characterization was performed to understand how the polymeric mixture stabilizes and 

improves the catalytic properties of the enzyme. Furthermore, it was investigated whether the laccase is protected 

from both thermoinactivation and unwanted effect of long-term storage. In the applicative part, the immobilized 

enzyme was tested against two azo dyes in terms of discoloration efficiency and compared with the free enzyme. 

 

Materials: Chitosan with low molecular weight (CS), laccase (Lc, EC 1.10.3.2, from Trametes versicolor), 

polyacrylic acid (PAA), glutaraldehyde (Ga), 2,2′-Azino-bis (3- ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS) were all supplied by Sigma-Aldrich Chemical Co. and used without further purification. 

 

Methods: The CS and CSPAA (2:1 wt.) microspheres were obtained by the precipitation of the polymeric solutions 

in sodium hydroxide solution [1, 2]. The laccase was covalently immobilized onto glutaraldehyde activated 

polymeric microspheres and the total protein content evaluated by the modified Bradford assay [1]. The final 

products were noted CSGaLc and CSPAAGaLc and further analyzed. The laccase assay conditions were chosen 

so that proper spectrophotometric monitoring of ABTS consumption, good time scale for the kinetic experiments 

and the detection of Lc thermal inactivation were ensured. The extended kinetic curves of the substrate 

decomposition in the presence of Lc were measured for 10 minutes at λ ＝420 nm (ε = 36000 M-1 cm-1) and 

converted in substrate concentration in time curve. The linear portions of the extended curves were linearly fitted 

and used to obtain initial reaction rates (r 0R).  The Michaelis-Menten method was used to investigate the effect of 

substrate concentration on free and immobilized Lc while the overall inactivation rates were estimated using the 

Selwyn test [1]. 

 

Depending on the chosen support, the laccase had different activity patterns. The differences generated due to the 

immobilization supports were revealed by the Selwyn test and data are illustrated in Figure 1.  The results proved 

that the CSGaLc was inactivated at large substrate conversions while for the CSPAAGaLc this phenomenon was 

diminished.  
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Figure 1. Selwyn test representation for inactivation of immobilized Lc at different initial concentrations - [Lc]0,i by ABTS. 

(A. CsGaLc and B. CsPAAGaLc). 

 

 

The overall operational stability of immobilized laccase was strongly influenced by the microspheres composition, the PAA 

content playing a leading role. The CSPAAGaLc had the highest reaction rate, the highest amount of active enzyme and the 

best operational profile. The results underline the fact that both the support and the enzyme immobilization technique could 

be implemented in the pollutant removal protocols from real wastewater samples. 
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Biorefinery schemes aim to the valorization of the whole lignocellulosic biomass. The most important step is the 

pretreatment/fractionation of the biomass components which can enhance the downstream valorization towards 

value added chemicals and fuels. Within this context, this work aims to the efficient isolation of cellulose, 

hemicellulose and lignin from a wide variety of forest and agricultural residues, i.e. beech wood sawdust, poplar 

and olive tree prunings, etc. The fractionation of the lignocellulosic biomass is based in one or two step 

pretreatments. 

 

Hydrothermal pretreatment in neat water under relatively intense conditions (220 oC, 15 min) enhances the 

hemicellulose removal (65-96%) in the liquid fraction, in the form of xylose monomers and degradation products 

(organic acids, HMF, furfural, etc.) [1-2]. In the solid fraction, the “surface lignin” can be extracted by “green” 

and easily recoverable solvents (ethanol, acetone, etc.) [3]. Delignification of the hydrothermally pretreated 

samples is in the range of 44-57%, depending on the biomass nature. Biomass loss, i.e. not being recovered in the 

form of useful sugars, furans or acids, due to humins formation can be prevented by the addition of dilute acid as 

catalyst during the pretreatment which allowed milder (temperature, time) conditions leading to enhanced recovery 

of xylose monomers at high degrees of hemicellulose removal (40-80%).  

 

Alternatively, organosolv pretreatment with ethanol-water as solvent mixtures can be applied. During organosolv 

pretreatment, hemicellulose is removed in the liquid fraction (43-59%) while lignin is recovered as solid 

(delignification: 33-61%), depending on the type of biomass. Both hemicellulose removal and delignification can 

be increased to 48-90% and 51-86%, after the addition of dilute sulfuric acid as catalysts during the organosolv 

pretreatment. Finally, combination of the hydrothermal pretreatment in aqueous dilute acid with subsequent 

organosolv pretreatment can led to efficient recovery of each component, especially via providing a clean 

monomeric sugar stream in the first step and a clean lignin fraction in the second step. The biomass remained after 

the recovery of hemicellulose and lignin can be converted to pure highly crystalline cellulose via bleaching process 

using NaClO2/CH3COOH media. Cellulose recovery can be as high as 66-99% on initial cellulose content in parent 

biomass and is strongly depended on the pretreatment/fractionation process and biomass type.  
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Introduction 

Wheat straw is an abundant lignocellulosic agricultural residue that is typically underutilized as low-value animal 

feed, presenting great potential for utilisation as a renewable feedstock for the production of high added value 

products. In this work, we investigated the valorisation of wheat straw into nutraceuticals, and more specifically, 

omega-3 fatty acids. Wheat straw was first fractionated employing an acid-free oxidative organosolv process 

(OxiOrganosolv) to produce mainly a cellulose-rich solid fraction (pulp). Non-toxic metal oxides and zeolites were 

used as catalysts to facilitate the fractionation of the feedstock at low temperature. Sugar monomers were obtained 

from the cellulose-rich pulp via enzymatic hydrolysis using suitable commercial enzyme cocktails. Subsequently, 

the sugar monomers were used as carbon source for the growth of the heterotrophic marine microalgae 

Crypthecodinium cohnii (C. cohnii), and the production of the omega-3 fatty acids. The innovative aspect of this 

work is the use of the solid catalysts for the fractionation to reduce the severity of the reaction conditions. 

Experimental 

The wheat straw feedstock was a soft wheat straw composed of 15.5 wt% extractives, 16.6 wt% lignin, 39.9 wt% 

cellulose, 22.9 wt% hemicellulose and 3.1 wt% ash. The catalysts that were screened for the catalytic 

OxiOrganosolv pre-treatmemt included Fe and Cu pure or mixed metal oxides. The Cu metal oxide was prepared 

via the thermal decomposition of copper (II) nitrate trihydrate (CuO) at 500°C for 3 h under air flow at a heating 

rate of 5 °C/min. The Fe-Cu mixed metal oxide was synthesized via the controlled co-precipitation method, 

followed by calcination at 500 °C (Cu2FeO). A microporous Y zeolite catalyst with a SiO2/Al2O3 molar ratio of 5 

(Y SAR 5) was also tested. The Y zeolite was purchased from Zeolyst in the NH4
+-form and was converted to the 

H+-form by calcination at 550 °C for 4 h under air flow at a heating rate of 5 °C/min. The surface, pore and acidic 

properties of all catalysts tested are shown in Table 1. 

 
Table 8. Properties of the catalysts used for the catalytic OxiOrganosolv pre-treatment of wheat straw. 

Catalyst 

BET surface 

area 

(m2/g) 

Micropore 

surface area 

(m2/g) 

External 

surface area 

(m2/g) 

Micropore 

volume 

(cm3/g) 

Total pore 

volume 

(cm3/g) 

Brønsted acid 

sites (μmol/g) 

Lewis 

acid sites 

(μmol/g) 

Cu2FeO 24 0 24 0 0.160 n.d. n.d. 

CuO 1 0 1 0 0.000 n.d. n.d. 

Y SAR 5 918 882 36 0.333 0.378 385 146 

 

The wheat straw biomass was pre-treated via OxiOrganosolv [1] in a 50:50 water:acetone or a 50:50 water:ethanol 

co-solvent system. The pre-treatment was carried out in a stirred autoclave reactor in pure oxygen atmosphere at 

16 bar pressure and at a temperature of 150-160-175 °C for 120 min, without the addition of any soluble acid 

catalyst. For the catalytic OxiOrganosolv runs, the solid catalyst was added in the reactor at a 1:10 

catalyst:feedstock ratio. The pre-treatment produced a cellulose-rich solid fraction (pulp) and a liquid fraction 

containing sugar monomers and oligomers, as well as precipitated lignin after evaporation of the organic solvent 

from the liquid fraction. The cellulose-rich pulp from the pre-treatment of wheat straw was enzymatically 

hydrolysed to obtain sugar monomers using commercial enzyme cocktails, Cellic® CTec2 and Cellic® HTec2, 

respectively. The sugar monomers were subsequently used as a carbon source for the growth of the heterotrophic 

marine microalga C. cohnii, according to previously described procedures [2], for the production of fatty acids. 

Results and discussion 

The pretreatment achieved high lignin removal from wheat straw, up to 88%, as well as close to 100% recovery 

of the wheat straw cellulose in the produced pulp. The maximum pulp cellulose content achieved was 83%. The 

most optimum reaction temperature was 175 °C in either acetone or EtOH water mixtures (Figure 1). When using 

a solid catalyst, the delignification of wheat straw at 150 °C in EtOH:water increased from 42% to up to 63%. The 

cellulose recovery in the produced pulp remained high, close to 90%, while the cellulose content of the pulp also 

increased slightly, from 56% to 59% (Figure 2). Cellulose conversion to glucose via enzymatic hydrolysis (Figure 

3) increased significantly compared to the untreated wheat straw, attributed to the removal of the protective lignin 

and the opening of the cellulose structure to the action of the enzymes (Figure 3). The Cu2FeO and CuO catalysts 

produced pulps that exhibited higher hydrolysability (62% and 70%, respectively), compared to the corresponding 

non-catalytic pre-treatment at 150 °C with EtOH (49%). Finally, regarding the production of the fatty acids, the 
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OxiOrganosolv pulps proved to be excellent carbon sources for the growth of C. cohnii, both compared to sugars 

derived from untreated wheat straw, and to a model glucose solution. The sugars derived from wheat straw pulps 

pre-treated with the Cu2FeO and CuO catalysts exhibited comparatively poor performance; this was attributed to 

the presence of Cu ions in the hydrolysates that were leached from the catalysts and inhibited the growth of the 

microalgae. Future work will focus on more stable metal oxides and other types of acidic zeolites. 

 

 
Figure 40. Results from the non-catalytic OxiOrganosolv pre-treatment of wheat straw. 

 

 
Figure 41. Results from the catalytic OxiOrganosolv pre-treatment of wheat straw (150 °C, EtOH). 

 

 
Figure 42. Conversion of pulp cellulose to glucose via enzymatic hydrolysis. 

 

 
Figure 43. Production of total fatty acids and docosahexanoic acid from the microbial conversion of pulp-derived sugars. 
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The current work addresses the production of gluconic acid from agro-industrial residues rich in cellulose and/or 

starch, such as potato peels. The feedstock is converted through a cascade process into pure bio-based gluconic 

acid, classified in the list of the top 12 ‘hot’ bio-based chemicals due to its numerous applications in the 

pharmaceutical, metallurgical and polymer industries [1]. Gluconic acid is produced by the oxidation of glucose, 

which may be performed either biotechnologically or via chemo-catalysis. On an industrial level, due to the lack 

of efficient heterogeneous catalysts, the synthesis of gluconic acid is currently performed by fermentation, 

accounting for its small-scale production and increased price. Furthermore, the isolation and purification of the 

final product is a multi-step process involving different techniques such as centrifugation, adsorption, evaporation, 

crystallization and ion-exchange. Hence, the cost-effective and eco-friendly production of high purity gluconic 

acid is remaining a challenge for the chemicals industry. [2]. Thus, the current study proposes a feasible, 

experimentally developed cascade chemocatalytic process for the production of gluconic acid from potato peels, 

validated via process modeling and technoeconomic analysis. 

 

The catalytic experiments were conducted, in a high-pressure autoclave C-276 stirred reactor by Parr Instruments 

(USA) with controllable temperature and stirring and continuous monitoring of the temperature. Ion 

chromatography ICS-5000 (Dionex, USA) was used for the analysis of the liquid samples. The chromatographic 

method developed allows the simultaneous qualitative and quantitative analysis of 11 sugars, 13 organic acids 

(including gluconic acid) and 5-HMF. 

 

Based on the experimental results, the process for the production of the desired acid from biomass rich in cellulose 

and/or starch is modelled in detail using ASPEN PLUS™, a market-leading chemical process optimization 

software. The process modeling of gluconic acid production is described starting from the biomass feedstock until 

the production of the biochemicals. Firstly, pretreated or raw biomass rich in cellulose and/or starch undergoes a 

hydrolysis step, in H2O with 1.0 % maleic acid as a catalyst, towards glucose. Afterwards, the glucose-rich solution 

is submitted to oxidation, over 0.3Au/SiO2 in a basic aqueous solution of NaOH (pH8) using H2O2 as an oxidant 

[3] resulting in gluconic acid. The unreacted biomass from all the processes (bio-tar) is retrieved for energy 

utilization. 

 

Optimized simulation for the process is performed by applying the experimental results of the project and upscaling 

them at an industrial scale. After the modeling of the process (Figure 1), a cost analysis was held. From the data 

derived from the simulations regarding equipment design characteristics, estimation of equipment costs and capital 

investment calculations were performed, based on established techniques [4]. Furthermore, the operational costs 

of the processes were also calculated. Via cash flow analysis, the minimum selling price- production cost of the 

corresponding end product of the process was calculated. Moreover, several parameters that have an impact on the 

production cost of the biochemicals were investigated through sensitivity analysis. 

 

 
Figure 1.  Overview of gluconic acid production process from biomass rich in cellulose and/or starch. 
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As was confirmed, following the proposed process configuration and parameters, considerable production rates of 

gluconic acid can be obtained rendering the process plan promising, according to the results of the technoeconomic 

analysis. 
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Abstract 

 

In order to establish suitable conditions to produce catechol from a renewable source, a liquefaction process of 

lignin obtained from sugarcane bagasse (SB) was investigated. Figure 1 illustrate the catechol production from 

lignin extracted from biomass. The effect of temperature (100–250 °C), reaction time (60–240 min), and potassium 

hydroxide (KOH) concentration (1–10 %) were assessed using response surface methodology (RSM) based on the 

Box-Behnken design (BBD). The screening experiments were performed in a 100 ml batch Parr reactor, equipped 

with a type J thermocouple (iron-constantan), a magnetic stirrer and polytetrafluoroethylene (PTFE) liner. The 

liquid and solid fractions was washed with water. The solid and liquid fractions were separated by vacuum 

filtration [1] [2]. The lignin fragment was quantified using high performance liquid chromatography (HPLC) and 

characterized using Fourier transform infrared spectroscopy (FTIR). The optimum conditions were found to be 

175 °C, 240 min, and 10 % of KOH concentration, which yielded 79.11 ppm of catechol from sugarcane bagasse.  
The analysis of variance (ANOVA) indicated that the design model was significant at the 95% confidence level.  
 

 

  
 

Figure 1. Catechol production from lignin derived. 
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Abstract text:  

The prolonged exposure of human skin to sunlight causes harmful consequences. Sunscreens are commonly used 

for protecting the skin from UV radiations. However, they contain active ingredients such as Organic chemical 

filters (OCFs), Physical mineral filters (PMFs) and UV boosters. Recent studies have reported that these active 

ingredients in sunscreen formulations have harmful effect on marine organisms [1] . Lignin one of the most 

abundant biopolymer in nature has attracted worldwide attention. Large amount of lignin is produced as a by-

product of paper and pulp industry. It contains phenyl propane units and abundant phenolic hydroxyl groups that 

provides it with UV-shielding properties. These properties enables the use of lignin as an eco-friendly sunscreen 

additive [2]. However, the dark colour of industrial lignin hinders the applicability of lignin-based sunscreen. TiO2 

and ZnO are the widely used UV-absorbers but these have poor dispersibility and photocatalytic activity affecting 

the performance of sunscreen. Cerium oxide (CeO2) a rare earth metal has tremendous biomedical application and 

is also reported to have UV- shielding and antioxidant properties [3]. However, there is no research based on 

lignin/CeO2 for sunscreen formulations. In this study lignin nanoparticles (LNPs) encapsulating cerium oxide 

(CeO2) were utilized to fabricate a novel light coloread and broad spectrum sunscreen. 

 

Kraft lignin was lightened by methanol fractionation, acetylation and acetylation of methanol fractionated lignin. 

The obtained lignins were synthesized into lignin nanoparticles (LNPs) by dialysis method. The LNPs were 

analysed by zeta-sizer, NMR, 2DHSQC and L&W brightness colour test to investigate the differences. The LNPs 

were encapsulated with CeO2. LNPs encapsulating CeO2 were mixed with pure NIVEA cream in different ratios 

(1%, 2%,4%,6%,8%,10%) to develop a light-coloured lignin-based sunscreen. The sunscreen performance was 

evaluated by UV-transmittance, SPF measurement and anti-oxidant test. The safety of the developed sunscreen 

was further evaluated by cyto-toxicity test. 
 

A visible reduction in colour was seen after fractionation and follow up acetylation. After synthesizing into lignin 

nanoparticles, the colour was further reduced. Based on the analysis mentioned above, acetylated-methanol 

fractionated lignin showed better properties as compared to the other two kinds of lignin. Thus, methanol- 

acetylated LNPs was chosen to encapsulate CeO2. After mixing with a cream, the colour was completely reduced 

with no staining on the skin. Under an amount of 6% of LNPs-CeO2 addition into the cream, the SPF of lignin-

based sunscreen reached 70.27 which is best enough to meet the daily needs and it showed almost no staining on 

the skin. The anti-oxidant performance increased with the increased concentration of LNPs-CeO2.  Cytotoxicity 

test indicated safety and biocompatibility of the lignin-based sunscreen. 

This work demonstrates the applicability of lignin for sunscreen formulations and also addresses the issue of lignin 

colour. A simple and economical approach was used the lighten the colour of lignin. Moreover, this study utilizes 

a novel approach of encapsulating CeO2 with lignin for sunscreen applications which has not been reported before. 

This novel Lignin nanoparticle based CeO2 anti-oxidant sunscreen has good potential in high-end and natural 

skincare products.   
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Abstract 

Waste valorization, especially the development of biorefineries out of waste resources are the prime steps towards 

attaining a circular bioeconomy [1]. Integration of wastewater bioremediation using microalgae and a green 

processing technique like hydrothermal liquefaction (HTL) to valorize this microalgal biomass shows potential of 

developing a sustainable waste biorefinery. Lately, the focus of researchers working on HTL has been on the 

biocrude as a fuel value product [2]. However, using strategic hydrothermal upgradation of biocrude and 

hydrothermal mineralization of the aqueous fraction, platform chemicals, pharmaceuticals and biomaterials can be 

synthesized, which have a promising potential of developing a sustainable biorefinery. 

HTL conditions for high biocrude yield (43±3%, dry biomass 

basis) were optimized. The HTL products; biocrude, aqueous 

fraction and solids were characterized using GC-MS 

analysis, LC-MS analysis, CHN analysis, MPAES analysis. 

The HTL biocrude yield was appreciable but it comprised of 

high nitrogen and oxygen content (that decreased its fuel 

value/calorific value) and hence, it required upgradation 

(deoxygenation and denitrogenation). Furthermore, the GC-

MS analysis of the biocrude showed the presence of high 

value industrially relevant compounds that required 

enrichment. Efforts were made to improve the quality 

(upgradation/enrichment) of the HTL products by varying 

the solvent (methanol or butanol)/catalyst (ZSM-5 or 

KOH)/reaction gas (CO2) during the HTL reactions, keeping 

all other HTL conditions same as that of the optimized 

reaction. On the other hand, the LCMS analysis of aqueous 

fraction showed the presence of highly valuable 

pharmaceuticals (minoxidil and ethosuximide), that were 

quantified for the first time in the current study. Additionally, 

this calcium and phosphorus rich aqueous fraction was 

hydrothermally mineralized to produce hydroxyapatite, a 

bone mineralizer (synthetic bone). 

 

This work targets 6 sustainable development goals, critical to the survival of earth. 
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Abstract text:  

We synthesized the coprecipitated nanocomposites of carboxymethyl cellulose (CMC) and hydroxyapatite (HAP) 

by imitating biomineralization of bones in order to develop tough biomass materials. The CMC-HAP composite 

with a degree of substitution of 0.5 had the most controlled HAP crystal growth and the highest bending strength 

(101 MPa) and elastic modulus (10.5 GPa). These results indicate that the interaction between the organic-

inorganic interface of carboxy groups of CMC improve the mechanical properties. Despite its low load on people 

and environment, these composites have the higher bending strength and the elastic modulus than those of 

polyamide 6 (92 MPa) and polyamide 6 with 40 wt % glass fibers (5.5 ± 1.2 GPa), so they can be expected to be 

used in new biomass materials alternative to petroleum-derived engineering plastics 

 

1. Introduction 

In this research, we synthesized the coprecipitated nanocomposites of carboxymethyl cellulose (CMC) and 

hydroxyapatite (HAP: Ca10(PO4)6(OH)2) by imitating biomineralization of bones in order to develop tough 

biomass materials.  

 

In recent years, the problems of global warming, oil depletion, and marine plastic waste have become more serious, 

and materials that are environmentally friendly and have excellent mechanical properties are emphasized. 

Therefore, we focused on the bones produced by biomineralization. Bones are organic-inorganic composites 

consisting of collagen fibers and HAP. Since the crystal growth of HAP is controlled by the hydroxy groups and 

carboxy groups on the surface of the collagen fibers, bones have the “brick-and-mortar” structure in which the 

organic phase and the inorganic phase are regularly arranged and bonded [1].  Therefore, although bones are 

produced under extremely mild conditions, they have both the flexibility of organic polymers and the rigidity of 

inorganic crystals, and exhibit high toughness comparable to the bending strength of iron [2]. Like collagen, CMC 

is fibrous and has many carboxy groups that can interact with HAP, so they can bind and orient with HAP [3-5]. 

In addition, CMC and HAP are obtained in large quantities from the abundant forest and mineral resources of the 

earth. If the composites having a function comparable to or higher than that of bone can be synthesized from CMC 

and HAP, it can be expected to be used as a new tough biomass material to replace the conventional petroleum-

derived engineering plastics and ceramic materials. In this study, we clarified the optimum degree of 

carboxymethylation of CMC that improves the mechanical properties of the CMC-HAP composite. 

 

2. Experimental section 

Carboxylmethylation of cellulose 

Cellulose powder was stirred in 2-propanol/2 M NaOH mixed solution (9/1, v/v) at 60 °C for 30 minutes. Sodium 

chloroacetate powder was added with feed degree of substitutions (the number of carboxymethyl groups 

introduced in the three hydroxy groups in the glucose unit of cellulose) was 0.1, 0.3, and 0.5, and the mixture was 

stirred at 60 °C for 3 hours. After completions of the reaction, the mixture was neutralized with 1 M HCl aqueous 

solution until the pH reached 7, followed by addition of methanol, and the precipitates were collected by suction 

filtration. After washed with water and methanol (1/1, v/v), the precipitate was dehydrated by adding methanol[6]. 

The obtained powder was vacuum dried at 80 °C for 2 hours. 

 

Hybridization of CMC and HAP by coprecipitation 

As shown in Fig. 1, CMC powder with feed degree of substitution of 0.1, 0.3, 0.5, or unmodified cellulose powder 

(i.e., degree of substitution 0) was stirred in an aqueous solution prepared by mixing Na2HPO4 and NaOH at 70 °C 

for 30 minutes. Aqueous CaCl2 was added at a rate of 0.06 mL/s at 70 °C. After completion of the addition, the 

mixture was stirred at the same temperature for 1 h. The feed CMC/HAP weight ratio was 30/70.  After being 

cooled to room temperature, to the mixture was added water−acetone (1:1, v/v). The white precipitates were 

suction filtered, and washed with water−acetone (1:1, v/v). Finally, the powder was dehydrated by adding a large 

excess of acetone and then suction filtered. The obtained powder on filter paper was vacuum dried at 80 °C for 2 

hours. 

The inorganic contents of the obtained coprecipitated composites powders were assessed by thermogravimetric 

analysis. The crystallite sizes on c-axis direction of HAP were determined by X-ray diffraction. Also, the 

composite powders were placed in a mold with a rectangular slot with dimensions of 4 mm × 13 mm, and they 

were uniaxially pressed at 300 MPa at 120 °C for 5 min to obtain prism-shaped test blocks of 4 mm × 13 mm × 

1.5−1.7 mm. The bending strengths and elastic moduli were evaluated by a three-point bending test. 
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3. Results and discussion 

The inorganic contents of the obtained coprecipitated composite powders were 62 to 64 wt%, which were close to 

the feed value of 70 wt%, regardless of the degree of substitution of carboxymethyl groups. 

Fig. 2 shows that the higher the degree of substitution of CMC, the smaller the crystallite size of HAP in the c-

axis direction. Since the a-plane of the crystallite of HAP is positively charged, the anionic carboxy groups bind 

to the a-plane of HAP [7]. Therefore, a high density of the carboxymethyl groups on cellulose would retard the 

crystal growth of HAP. Also, the higher the degree of substitution of CMC and the more controlled the crystal 

growth of HAP, the higher the bending strength of the composites. These results indicate that the interaction 

between the carboxy group of CMC and the a-plane of HAP formed the “brick-and-mortar” structure of CMC and 

HAP as shown in Fig. 3, which improved the mechanical properties of the composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite that CMC and HAP are obtained in large quantities from the abundant forest and mineral resources on the 

earth and have a low burden on humans and the environment, the composite of HAP and CMC with a charged 

substitution degree of 0.5 has a bending strength comparable to that of polyamide 6 (92 MPa) [8]. Moreover, its 

elastic modulus was 10.5 GPa, higher than that of polyamide 6 with 40 wt % glass fibers (5.5 ± 1.2 GPa) [9].These 

findings indicate that they can contribute to Sustainable Development Goals (SDGs) as a new tough biomass 

composite materials that can replace the petroleum-derived engineering plastics used in car and airplane bodies. 
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Abstract  

Management of plastics has grown into a challenge for our society. On one hand, single use plastics have 

contributed substantially to the accumulation of waste in landfills and oceans, poisoning the environment through 

microplastics formation. On the other hand, crude oil, the primary raw material for plastics production, is a 

nonrenewable resource whose price has been fluctuating along with its projected availability. Therefore, the need 

for the development of polymers from renewable resources, the so-called bio-based polymers, has emerged.  

Among others, unsaturated polyester resins (UPRs) are one of the most used polymer classes today. They are linear 

polycondensation products which contain unsaturated double bonds in the polymer backbone. They are then 

combined with unsaturated monomers, called reactive diluents, to create three dimensional networks via radical 

polymerization, which can be thermally or UV induced. The aim of this work is the production of novel UPRs 

based on adipic acid, a biobased monomer with a huge market and environmental potential. Several 

characterization methods were utilized to examine the physicochemical properties of the materials. 
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Abstract 

Additive manufacturing (AM), also known as  three-dimensional (3D) printing, is a production technique for 

products of high customization regarding their size, shape, and design. Guided by Computer Aided Design (CAD) 

software, objects are printed layer by layer, achieving accuracy and significantly less waste material compared to 

traditional processing techniques.    

 

AM can employ different types of polymers, depending on the specifications of the 3D printer. One of the most 

used polymers are UV curable resins, mainly comprised from acrylic acid based polyesters and polyurethanes. 

However, acrylic acid based materials can possess allergenic and irritation potential, can be volatile and toxic, 

especially at low molecular weights, while also not being produced from renewable resources. Therefore, 

alternative biobased monomers and resins are of high interest.  

 

In this work, we developed unsaturated polyester resins, of high biobased content, and studied their properties and 

printability with a DLP 3D printer. To this end, monomers from renewable resources were utilized for the synthesis 

of the polyesters, like itaconic acid, succinic acid and 1.3 propane diol. The produced resins were evaluated 

regarding their physicochemical properties and the materials produced via 3D printing were characterized as to 

their thermomechanical properties.   

 

Keywords: DLP 3D printing, biobased polymers, itaconic acid. 
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In recent decades, concerns about the environment, sustainability of materials and products, as well as long-term 

petrochemical supply security has created a significant need to shift focus towards alternative sources of energy, 

chemicals and materials. In particular, intense focus has been placed on the partial or complete replacement of 

petroleum based raw materials/chemicals used in the production of Phenol-Formaldehyde (PF) resins, i.e., phenol 

and formaldehyde [1]. PF resins/binders are major components in construction and furniture industry and thus, 

investigating alternative green chemicals to be utilized in the production of bio-based PF-type resins and their 

wood-based composites, is of paramount importance. In addition, minimization of the use of formaldehyde, would 

lead to reduced problems owing to its emissions from wood-based panels.     

 

Lignocellulosic biomass, obtained from agricultural/forestry residues, food industry processes and so on, is 

considered as one of the most promising sources of raw materials as it is a natural and sustainable alternative to 

petroleum [2]. Lignin is one of the three main components of biomass and is the most abundant natural source of 

phenolics. Lignin has been already studied for replacing phenol in PF resins and wood composites with success, 

in percentages as high as 50 wt% [3]. In addition, lignin can be depolymerized to highly reactive phenolic 

monomers and low molecular weight oligomers, such as phenol, guaiacol, creosol etc., with appropriate processes 

like fast pyrolysis. The lignin bio-oils composition can be tailored, depending on the use or not of catalysts, in 

order to contain reactive alkoxy/alkyl phenols and aromatics [4]. Furthermore, by utilizing integrated biorefinery 

processes that aim towards the holistic utilization of biomass, furanic monomers like furfural can be obtained from 

hemicellulose-derived xylose and be further utilized as sustainable green alternative to formaldehyde.     

 

In this work, we studied the reactivity of phenolic monomers found in lignin fast pyrolysis bio-oils (replacing 

phenol) as well as the reactivity of furfural (replacing formaldehyde) in the condensation reactions taking place 

during the synthesis of PF resins. The lignin bio-oils were derived from fast pyrolysis experiments of organosolv 

lignin isolated from agricultural and wood residues, mainly olive tree prunings and commercial beechwood 

sawdust organosolv lignins. The composition of the bio-oils was determined by GC-MS, GC-FID, and NMR (by 

AUTH). Representative phenolics included in the bio-oils were 2-methylphenol, 2,4-dimethylphenol, guaiacol, 

syringol, creosol and 2-methoxy-4-propylphenol. The reactivity and crosslinking ability of individual phenolics 

with formaldehyde or furfural was studied with the aim to identify the reaction mechanisms involved. Based on 

these data, model bio-oil mixtures were prepared at necessary quantities to synthesize PF resins. The level of 

replacement of phenol or formaldehyde in the produced resins was 20 wt.%. The new bio-based PF resins were 

synthesized and tested for their bonding capacity in plywood panels production by CHIMAR. The plywood panels 

were manufactured in dimensions of 50x50cm and were evaluated for their physical and mechanical properties 

according to European standards EN 314-1:2004 and EN 314-2:1993 while formaldehyde emissions were 

determined by the Gas analysis method (EN ISO 12460-3:2015).  

 

The results showed that the use of such biomass derived chemicals/monomers for the replacement of petrochemical 

phenol and formaldehyde is possible and the respective resins have promising performance. 
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Methane is the second most abundant greenhouse gas and is a potential factor causing global warming [1]. 

Recently, methane-based biorefineries have got much attractive, owing to the vast resource, inexpensive cost of 

this C1 gas, and a sustainable solution for mitigating atmospheric methane [1, 2]. In nature, methanotrophic 

bacteria are a unique microbial group capable of using methane as food in ambient conditions [3]. Methanotrophs, 

therefore, have been utilized to convert methane to value-added products. A better understanding of C1-

assimilation pathways opened more opportunities to take advantage of methanotrophs for the efficient production 

of target chemicals [4]. With high carbon fluxes passing through, the non-oxidative ribulose monophosphate 

(RuMP) pathway is a potential starting point for metabolic engineering type I methanotrophs [5, 6]. Among 

anthropogenic sources, agriculture practices contribute to a large portion of methane emissions [1]. As a 

consequence of rising temperatures and shifts in climate patterns, the already limited arable lands would be 

adversely affected, posing a huge threat to human global food security in the future [7]. To face this problem, 

plant-growth-promoting bacteria (PGPB), which are capable of synthesizing phytohormones, are applied and 

promoted as a promising and sustainable approach to enhance the productivity of crops and reduce the use of 

chemical fertilizers without damaging the natural environment [8]. Extensive literature concerning this topic has 

revealed that, as the main biological sink of methane, methanotrophic bacteria are responsible for mitigating 

methane emissions from paddy fields [9]. However, no clear evidence for the ecological roles of this bacterial 

group in the paddies has been found. In the current study, we aimed to overproduce L-tryptophan (tryptophan), an 

aromatic amino acid generated from non-oxidative RuMP, from methane using Methylotuvimicrobium 

alcaliphilum 20Z. From the possibility of tryptophan overproduction, we continued engineering the biosynthesis 

pathway of indole 3-acetic acid (IAA), a phytohormone derived from tryptophan. By applying targeted metabolic 

engineering approaches, the titer of auxin was significantly improved. Moreover, this novel platform could 

extremely stimulate wheat growth in vitro with higher germination rate, shoot and root length. This study provides 

a novel platform for “waste-to-value” process and a proof-of-concept on the development of methanotroph to 

become PGPB, a first step to realize a novel sustainable process: plant growth-promoting platform coupled with 

methane emission mitigation. 

 

Recombinant plasmids were constructed by using Gibson Assembly. The recombinant plasmids were transferred 

to methanotrophic cells via electroporation as described in the previous study [10]. Recombinant methanotrophs 

were cultivated in the 500-mL baffled flasks containing 50 mL of nitrate mineral salt (NMS) medium 

supplemented with 5 µM of tungsten to support growth and sealed by screw caps [11]. Methane (50%, v/v) was 

supplied to the culture flasks by using a gas-tight syringe. The gas-fulfilled culture flasks were then placed in 

shaking incubators set to 30°C and 230 rpm. The air was refreshed, and methane was injected every 24 h. All 

chemicals used in this study were purchased from Sigma Aldrich Inc. (Germany) and Daejung Chemicals and 

Metals Co. (Korea). Tryptophan was analyzed from both supernatant and cell extracts by a spectrophotometric 

method described by Nagaraja et al. with a slight modification [12]. Tryptophan reacts with p-phenylenediamine 

dihydrochloride in a solution of sulfuric acid with an absorbance maximum of 520 nm. IAA was analyzed by a 

chemical method using a Salkowski reagent composed of 0.5 M ferric chloride and 35% perchloric acid [13]. The 

absorption of the resulting pink product was measured at a wavelength of 520 nm using a NanoPhotometer. The 

wheat seeds (Triticum aestivum L.) used in this experiment were purchased from a local market in Korea. The seed 

germination study was performed as described by Meena et al. [14].  

 

The feedback-resistant genes AroGfbr(D146N) and TrpEfbr(S40F) originated from E. coli were expressed under Ptac 

promoter in M. alcaliphilum 20ZX, an engineered strain capable of utilizing xylose as a co-substrate to support 

growth and methane assimilation from RuMP pathway. The resultant strain, RS00, produced tryptophan from 

methane with a titer of 39.6 mg/L (6.60 mg/L/d), which was 5.2-fold higher than that of 20ZX (7.2 mg/L (1.27 

mg/L/d)). Co-expression of feedback-resistant genes and aro8 and aro10 from S. cerevisiae along with aldH from 

E. coli in 20ZX led to 10.5 mg/L of IAA in RS01 strain after 144 h of cultivation. Moreover, using xylose, a 

lignocellulosic biomass-derived sugar, as co-substrate could enhance the titers of tryptophan and IAA in RS00 and 

RS01 strains by 60% and 82%, respectively (Table 1).  
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Table 1.  Production yield of products in parental strain and engineered strains. 

Strain Product Carbon source Product titer (mg/L) Yield (mg/g DCW) 

20ZX Tryptophan Methane 7.6 ± 1.9 6.0 ± 1.9 

RS00 Tryptophan Methane 39.6 ± 2.3 35.1 ± 0.4 

RS00 Tryptophan Methane + Xylose 63.3 ± 2.5 31.5 ± 0.1 

RS01 IAA Methane 10.5 ± 0.8 9.0 ± 0.6 

RS01 IAA Methane + Xylose 19.1 ± 0.2 10.0 ± 1.2 

 
 

 
Figure 1.  Stimulation of plant growth at early-stage by engineered IAA-producing strain RS01. (A-C) Effect of methanotrophic 

suspension on germination percentage (A); root and shoot length (B, C) of wheat seeds under high saline-alkaline condition. 

All data are presented as average ± standard deviation (n=5); (D) Possible interaction between engineered methanotroph with 

plant root and other microbes in soil. 
 

In this study, under saline-alkaline conditions, the germination percentage and elongation of the shoots and roots 

of wheat seeds treated with the IAA-producing strain were significantly improved, being 114%, 199% and 362% 

higher than those of control treatments, respectively (Fig. 1).  
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The degradation of PLA/PBAT in natural environment has already been studied [1]. These tests have the 

disadvantage of requiring several years to be representative [2]. For certain uses like agriculture a rapid degradation 

is need accordingly to the production cycles. In this case the materials in film of yarn form need to lose mechanical 

properties quickly.  

 

In this work, the degradability of a commercial PLA/PBAT blend (Bio-Flex®) was studied with the addition of 

chloroacetic acids (tri-TCA and di-DCA) as strong organic acids. TCA is used in agriculture and DCA is used in 

pharmaceuticals.[3] The work also studied the substitution of acid by esters (E1,E2,E3) in order to get more stable 

additives and less aggressive to the mechanical processing parts. Samples were subjected to accelerated 

degradation tests for outdoor performance (OP) simulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  Tensile tests of the after outdoor perfomance tests (200 hours) of mixtures of Bio-flex and DCA esters additives. 

Before (dark green) and after (light green) OP test.  

 

The presence of DCA and TCA enhance the hydrolysis of the polyester bonds, accelerating the degradation of the 

(Bio-Flex®). The samples of Bio-Flex® blended with esters were characterized before and after the degradation 

tests, basically by thermal, mechanical, and microscopic properties. SEM, thermal (DSC and TGA) and 

mechanical properties show that the additives do not significantly change the properties of Bio-Flex® during hot 

blending. After the degradation tests, SEM shows holes and cracks in the samples, a loss of Tg and a decrease in 

PLA crystallinity by DSC, and a decline of the mechanical properties. 

 

Conclusion: Chloroacetic acids and esters were used to improve the degradation of PLA/PBAT blends. Their 

suitability for increasing the degradation ratio of PLA/PBAT blends was successfully demonstrated by microscopy 

and loss of thermal and mechanical properties as well as chromatography. 
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 Biomass-derived materials are in the spotlight of scientific interest offering a great alternative to 

petroleum-based products. Their renewable and biodegradable nature, along with the interesting features that they 

exhibit, are recently attracting attention and are being used in a broad range of applications. Polysaccharides, lipids, 

or proteins are being employed to synthesize green and sustainable polymer nanocomposites. Cellulose, the most 

abundant natural polymer, is distinguished for its exceptional properties and is widely used in different 

applications, from packaging, textile and paper industry to adhesives, coatings or drug delivery systems and tissue 

engineering [1]. Special focus is placed on nanocellulose, which depending on the process used, can be in the form 

of cellulose nanofibers (CNFs) or cellulose nanocrystals (CNCs). Large surface area, high aspect ratio, low density, 

as well as high crystallinity and tensile strength, are some of the most important features that render nanocellulose 

an appealing candidate for polymer reinforcement [2] [3]. 

 In this work, cellulose micro/nano particles of various morphologies and sizes were produced following 

different green synthetic pathways. Namely, CNFs were produced using three different mechanical processes, 

which included planetary milling, ultrasonication and high shear blending. Planetary milling was used as a 

pretreatment step prior to sonication and blending process to facilitate the particles’ size reduction. For the 

synthesis of CNCs, a typical sulfuric acid hydrolysis procedure was employed. All cellulose nanoparticles were 

characterized as to their size by Dynamic Light Scattering (DLS) or Particle Size Analyzer (PSD), their structure 

and crystallinity by means of Fourier Transform Infrared Spectroscopy (FT-IR) and X-Ray Diffraction (XRD), 

respectively, while their thermal stability was assessed with Thermogravimetric Analysis (TGA). Their specific 

surface area was measured using the Brunauer–Emmett–Teller (BET) method, whereas their morphological 

characteristics were observed by Scanning Electron Microscopy (SEM), Transmission Electron Microscopy 

(TEM) and Atomic Force Microscopy (AFM). The results demonstrate the successful production of various 

nanocellulosic particles with promising properties, highlighting their dynamic potential as biobased reinforcing 

agents in polymeric substrates. 
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Most chemicals and fuels are produced from nonrenewable fossil, petroleum and carbon resources. Their intensive 

use leads to progressive decrease of their availability, higher cost of the derived end-products and serious 

environmental pollution. The use of renewable and abundant natural resources, such as lignocellulosic biomass, is 

a promising alternative that has been put forward over the last decades. To this end, sustainable and efficient 

(bio)chemical processes need to be developed for a cost-competitive valorization of biomass and its fractions, i.e.  

carbohydrates (from cellulose and hemicellulose) and phenolics (from lignin). The hydrogenation/hydrogenolysis 

of glucose towards C2-C6 sugar alcohols has been recognized as one of the most promising biomass valorization 

routes to produce high added-value chemicals, such as sorbitol, 1,2-propanediol, glycerol, etc. 

 

The global sugar alcohol market was estimated at $3,360 million in 2019 and is expected to reach $4,800 million 

by 2027. Sorbitol accounted for the highest sugar alcohol market share in 2019. Sorbitol has a broad spectrum of 

applications such as a low-calorie sweetener (food processing industry), a substrate for producing vitamin C, and 

also in the pharmaceutical and cosmetic industry or as a starting substrate that can further be transformed into 

downstream products (e.g., ethylene glycol [EG], 1,2-propanediol, and glycerol) used in the polymers industry. 

 

The hydrogenation/hydrogenolysis of glucose to sugar alcohols is based on catalytic reactions with the use of 

various types of catalysts, such as metals, e.g. Pt, Ru, Ni, etc, supported on activated carbons. In this work, we 

studied the performance of Ru and Pt catalysts supported on micro/mesoporous activated carbon, in the 

hydrogenation and hydrogenolysis of glucose, in neat water, at a range of temperatures (120 – 180oC), at relatively 

low hydrogen pressure of 3 MPa and at a range of reaction time (1 – 5h). The impact of metal loading (1–5 wt.%), 

on glucose conversion and selectivity to the various products was also systematically addressed. 

 

It was shown that Pt is significantly more selective towards hexitols (sorbitol and mannitol) compared to Ru, in 

glucose-rich reaction media. For example, the 5wt% Pt/AC catalyst afforded hexitols yield of 84.2 wt.% (at 98.9% 

conversion) compared to 63.1 wt.% (at 97.6% wt.% conversion) obtained by the corresponding Ru catalyst, the 

latter being also selective towards glycerol and propane-1,2-diol (propylene glycol). Optimization of the 

time/temperature conditions, resulted to even higher sorbitol selectivity/yield of ca. 90 wt.% (at 100% conversion). 

Both Pt and Ru exhibited relatively high glucose hydrogenation activity towards hexitols, versus retro-aldol 

reactions that lead directly to smaller C2–C4 compounds, while the difference in the final product yields between 

the two metals was attributed to the higher hexitols hydrogenolysis (C-C cleavage) reactivity of Ru. 
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Abstract text: 

Polyamides are widely applied in high demanding applications like automotive and electronics because of their 

desirable properties including high mechanical strength and durability. Bio-based polyamides although known 

since the 1950s are still almost exclusively sourced from castor oil. This causes a high dependency on growth and 

cultivation of castor beans, limiting availability and supply.[1] 

 

In this study we targeted this problem by synthesizing high performance polyamides from plant oil-based oleic 

acid. By the use of oleic acid virtually any vegetable oil or animal fat can be used as a resource for the synthesis 

of these bio-based polyamides, resulting in a higher diversification of the feedstock. Microalgae-strains like 

chlorella vulgaris can also be used to produce oleic acid in a fast and sustainable way without competing the food 

industry. As these microalgae can be cultivated on non-arable land, have a high reproduction rate and also capture 

CO2 from the environment, they are a truly sustainable resource for bio-based polyamides.[2] 

 

We were able to synthesize an oleic-acid based diacid with 100% atom-efficiency in high yields and 

polycondensation purity. Different polyamides were then synthesized by melt polycondensation of the bio-based 

monomer together with linear diamines in different chain-lengths. The synthesized polyamides have a carbon-

based bio-content of at least 55% and their molecular weight is in the range of typical commercial polyamides. All 

polyamides showed a high thermal stability and melting points of >170 °C. They also showed high crystallinity of 

~50% and mainly α-phase structures. The polyamides also show a lower water absorption than conventional bio-

based polyamides, resulting in a better dimensional stability and better processability. They also show high 

elasticity and good mechanical strength, which makes them desirable materials for the use as fibers and automotive 

parts. 

Recovery of the monomer in high purity after microwave-assisted depolymerization of the polyamides was also 

successful with a 99% recovery rate. The recovered monomer could be successfully used to synthesize recycled 

polyamide, which was not distinguishable from the virgin polymer. 
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Glycerol carbonate (GC) is an industrial biosourced chemical with great potential for use in a wide range of 

applications, from solvents to heterocyclic compounds [1]. GC-derived synthons have been introduced through 

conversion into O-sulfonylated forms – either mesylate or tosylate – as versatile bis-electrophilic reagents for fine 

chemistry [2,3]. In continuation of our interest in using O-sulfonylated glycerol carbonates for heterocyclic 

compounds [4], we report here the N-glycerylation of functionalized 1H-pyrazoles using tosylated glycerol 

carbonate (TGC). 

 

 
 

Scheme 1. Synthesis of N-glycerylated 1H-pyrazole carboxylates. 

 

The reaction of ethyl 3-substituted-1H-pyrazole-5-carboxylates 4 with TGC 3 was carried out in DMF in the 

presence of Cs2CO3 to produce 1-[(2-oxo-1,3-dioxolan-4-yl)methyl]-1H-pyrazole-5- and -3-carboxylates as 

regioisomeric pyrazole derivatives 5 and 6, respectively (Scheme 1). The discrimination between regioisomeric 

compounds 5 and 6 was based on data from 1H-13C HMBC, 1H-15N HMBC, and 1H-1H NOESY experiments. In 

order to evaluate the synthetic potential of N-glycerylated hybrids as building blocks to obtain more complex 

structures, the reactivity of carbonate compounds 5 and 6 with various nucleophilic species such as alcohols, thiols 

and amines was investigated. The structures of the novel functionalized pyrazoles were confirmed by 1H, 13C, and 
15N NMR spectroscopy and HRMS investigation.  
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The development of encapsulation carriers based on biopolymers are evolving to sustainable methodologies 

avoiding the use of hazardous chemicals, generally associated with environmental impacts and adverse effects on 

human’s health. In this context, enzymes are becoming an attractive alternative to traditional chemicals to perform 

crosslinking approaches in protein-polysaccharide-based systems [1]. This type of formulations is of high interest 

for edible food and nutraceutical applications, also due to the nutritional properties conferred by the proteins and 

the biological attributes provided by the polysaccharide [2]. 

 

The objective of the work is focused on developing chitosan-gelatin particles through the emerging enzyme-

induced crosslinking approach using transglutaminase (TGase). This approach was also complemented with the 

physical crosslinking strategy using tripolyphosphate (TPP). Aiming to validate their potential as carriers, a design 

of experiments approach (central composite rotatable design, CCRD) was applied to tailor the swelling degree of 

the particles in simulated digestion conditions. 

 

Chitosan brand 90/200/A1 was provided from Biotechnologie GmbH (deacetylation degree of 91.9%) and gelatin 

from porcine skin, Type A (gel strength 90-110 Bloom; average molecular weight 20000–25000), from Sigma 

Aldrich and Transglutaminase (ACTIVA WM 110 active units/g) from Ajinomoto Foods Europe S.A.S. were 

employed. The particles were prepared by two steps comprising the consolidation of the particles’ conformation 

by an external crosslinking with TPP, followed by an internal covalent crosslinking induced by TGase. In the first 

stage, chitosan/gelatin acidic solution at 3 wt% (w/v) was prepared and added with the TGase. The solution was 

dropped by the dripping technique in a 5% TPP coagulation bath. The obtained particles were filtered and 

transferred to a water bath at 50 °C to perform the TGase covalent crosslinking. Finally, the particles were 

recovered by filtration and freeze-dried. The gelatin content (x1, %wt), TGase concentration relative to gelatin 

(x2, U/ggel) and crosslinking time at 50 ºC (x3, min) were set by the CCRD experimental design including three 

replicates at the central point (17 assays). As responses the swelling degree (SD) at pH 3 for 2 h (Y3, %wt) and at 

pH 3 and 7 for 2 h and 6 h, respectively (Y3+7, %wt) were analyzed [3,4]. Table 1, summarizes the used conditions 

and responses for the assays. 

 
Table 1 - Coded levels (and real values) of the experimental design (Gelatin content (x1, %wt), TGase concentration (x2, 

U/ggel), and bath time at 50º C (x3, min)) and the obtained SD responses (at pH 3 (Y3, %wt) and at pH 3 and 7 (Y3+7, %wt)) 

 Coded levels (real values) Responses 

Assay x1 (%wt) x2 (U/ggel) x3 (min) Y3 (%wt) Y3+7 (%wt) 

1 -1 (14.1) -1(24) -1(48) 239.85 270.28 

2 1(41) -1(24) -1(48) 350.14 286.54 

3 -1(14.1) 1(36) -1(48) 265.82 329.76 

4 1(41) 1(36) -1(48) 281.51 319.25 

5 -1(14.1) -1(24) 1(72) 207.02 212.04 

6 1(41) -1(24) 1(72) 247.95 249.40 

7 -1(14.1) 1(36) 1(72) 335.87 295.08 

8 1(41) 1(36) 1(72) 273.08 270.79 

9 -1.68(5) 0(30) 0(60) 280.66 278.92 

10 1.68(50) 0(30) 0(60) 294.89 284.81 

11 0(27.5) -1.68(20) 0(60) 267.64 275.77 

12 0(27.5) 1.68(40) 0(60) 322.24 327.89 

13 0(27.5) 0(30) -1.68(40) 307.04 311.61 

14 0(27.5) 0(30) 1.68(80) 295.54 230.49 

15 0(27.5) 0(30) 0(60) 308.71 287.73 

16 0(27.5) 0(30) 0(60) 298.78 281.95 

17 0(27.5) 0(30) 0(60) 319.64 286.45 

 

A statistical analysis of the obtained results was performed and some of the parameters are summarized in Table 

2. Considering the FCal values higher in comparison to FTab the predicted models were established, in general, 

considering the influence of the coefficients with p-value < 0.05 as significant. 
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Table 2. Predicted models and R2, FCal and FTab of the SD responses at pH 3 and pH 3 and 7. 

 Predicted models 

Response Adjusted model R2 FCal FTab 

SD at 

pH 3 

Y= 301.45 + 9.37x1 + 14.88x2 - 9.62x1
2 - 7.09x2

2 - 24.79x1x2 - 18.48x1x3 + 

24.58x2x3 

86.30 8.101 3.293 

SD at  

pH 3 + 7 

Y= 282.53 + 20.82x2 - 26.06x3 + 5.29x2
2 - 5.59 x3

2 - 11.05x1x2 95.46 
46.269 3.204 

 

Aiming to validate the predictive models to tailor the SD of the particles based on the enzyme-induced crosslinking 

reaction, an optimized formulation was selected and prepared by triplicate. Considering the final application of the 

particles as bioactive carriers, a formulation with potential to preserve the compounds during the digestion process 

(pH 3 for 2 h) and release in the intestine (pH 3 for 2 h and pH 7 for 6 h) was defined. The optimized formulation 

included the x1, x2, and x3 coded values of -1.68, 1, and 0 (corresponding to 5 %wt, 36 U/ggel and 60 min uncoded 

values). 

 
Table 3. SD at pH3 and PH3+7 responses corresponding to the predictive model and experimental results and relative 

deviation between them. 

Responses Predictive Experimental Relative deviation 

SD at pH 3 307.95 ± 0.00 160.14 ± 8.29 92.02 

SD at pH 3 + 7 327.20 ± 0.00 319.91 ± 1.02 2.28 

 

The results evidenced the suitable capability of the models to predict the desired objectives (minimize Y3 and 

maximize Y3+7). Relative deviations lower than 20% are considered adequate to validate the models [5], fact 

observed in Y3+7 response. The relative deviation Y3+7 of 92.02% exceeded the defined value, nevertheless, it was 

verified no divergent relative deviation between the experimental values and predictive responses for all the 

models for each of the CCRD runs, demonstrating their suitable predictive capability within the studied 

experimental range. To highlight that the experimental value in Y3, resulted lower in comparison to the 

corresponding predicted value, indicating that values calculated through the predictive model would correspond 

to lower values when prepared experimentally. 
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Poly(butylene adipate-co-terephthalate) (PBAT) is a polymer with good compostability properties. It is an 

aliphatic-aromatic copolyester[1] that presents good ductile mechanical properties[2] and when blended with the 

more rigid PLA its properties may improve.  Blends of PLA/PBAT are already commercialized (e.g.: Bio-Flex® - 

FKuR & Ecovio® - BASF) and have the compostability seal (according to EN 13432 standard).  

 

In certain circumstances, like in fishing or agricultural activities, these materials could substitute 

polyethylene/propylene, particularly in the case of ropes or fishing nets[3]. In both cases control of the degradation 

process is desirable. The development of plastic formulations which deteriorate faster causing fewer impacts to 

environment is a defined situation.[4] 

 

In this work, the control of the degradability of a commercial blend of PLA/PBAT (Bio-Flex®) by adding small 

amounts of strong acids, namely, trichloroacetic (TCA), dichloroacetic (DCA) or its esters (E1,E2,E3) in order to 

control degradation, is studied. Additionally, the addition of commercial antioxidants was tested in order to slow 

down the degradation process.  

 

The PLA/PBAT samples blended with different additives were subjected to accelerated degrading tests in 

simulated marine environments.  Two kinds of situations were tested. The samples were immersed in saline water 

or samples were put in dry environments, only in contact with small amounts of saline water. In both situations a 

UV/V lamp simulates solar irradiation.  

 

The samples were characterized before and after degradation tests by Fourier-Transform Infrared Spectroscopy 

(FTIR), Differential Scanning Calorimetry (DSC), Scanning Electron Microscopy (SEM), and Mechanical 

performance. Also, Size-exclusion Chromatography (SEC) and contact angle were evaluated. Acids were found 

to be highly effective in increasing the degradation of the PLA/PBAT blend. As expected, DCA esters showed 

less activity and could be used to control the degradation process. The addition of commercial antioxidants reverts 

the degradation process. 

 

 
 

The analysis of the tensile strength of the samples showed that among the tested additives, DCA causes higher 

degradation of the material subject to saline water environment (dark green, initial samples and light green, after 

tests).  Analysis of other properties of the tested materials will be provided in this work.   
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Levulinic acid is a biorenewable chemical largely available from lignocellulosic biomass that finds a variety of 

applications in the production of important chemical comodities.1 The esters of levulinic acid attracted a 

considerable interest due to their application as bio-fuels and fuel additives.2 Furthermore, the esters with long-

chain alcohols are used as bio-based lubricants.3  

 

Furfuryl alcohol is another major derivative arising from lignocellulosic biomass and its production is a notable 

example of an industrialized process. Encouraged by our previous investigations on the use of Achmatowizc 

rearrangement of furfuryl alcohol as a key step in the production of important polyols,4 herein we report the 

synthesis of 5-hydorxylevulinic acid 2 and its esters 3 as a potential new class of biorenewable fuel additives and 

bio-based lubricants.  

 

Through this investigation we subjected the readely available from furfuryl alcohol lactone 1 to hydrolysis or 

acloholysis under flow conditions (Scheme 1). We have undertaken an intesive screening of various acidic 

heterogenious catalysts and found about that the readely available Amberlyst 15® provided up to 99% yield of 4-

ketovalerolactone (2), which is used as a monomer for the synthesis of the biodegradable polymer poly(4-

ketovalerolactone) (PKVL). 

 

By taking advantage of the natural reactivity of 1 we then completed the synthesis of various ester derivatives 3 in 

good yields without extensive use of highly acidic catalysts usually required for the production of the analogous 

Levulinic acid esters. In contrast, mild basic condition provided the desired esters in excellent yields.  

 

 
Scheme 1. Synthesis of 5-hydroxylevulinic acid and its esters 

 

In summary, we reported the first use of the readily available from furfural alcohol lactone 1 in the synthesis of 

new biorenewable chemical commodities. The corresponding levulinate-analogues were achieved in excellent 

yields under flow conditions in the presence of readily available and cheap catalysts.  
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Background - A biorefinery utilizes biomass instead of petroleum to generate fuels and chemicals through an 

integrated process [1]. Fruit and vegetable waste is one of the biggest classes of food loss waste and valorization 

of these waste into high value products through a biorefinery approach might be an effective way for disposal of 

these waste [2]. Fruit peel waste is a good choice of feedstock for biorefineries as they are a source of chemicals, 

like cellulose, hemicellulose, anti-oxidants and enzymes [3].  

Rationale - With the growing consumer awareness and preference towards all natural products, natural colorants 

extracted from plant sources are competing with synthetic colorants in the food processing industry [4]. Blueberries 

are a source of a natural food color, called anthocyanin, that is capable of imparting red, blue, or green color to 

food depending on its pH [5]. Additionally, anthocyanins find applications in nutraceutical industries due to their 

antioxidant activity, and their role in prevention of cardiovascular diseases and degeneration of the eye [6,7]. 

Blueberries are also a good source of pectin, a natural plant-based polysaccharide that finds extensive use in food 

industries due to its gel forming properties [8]. Blueberries are cultivated across the world, but are prone to post 

harvest losses due to the high respiratory rate of the fruit [9]. This makes them an ideal choice for the biorefinery 

approach. This work focuses on valorization of blueberry waste to produce high valued chemicals like 

anthocyanins and pectin from blueberry pomace. 

Experimental - Extraction of anthocyanins and pectin was performed with distilled water using probe sonicator 

from Fisher Scientific. Fig 1 represents the flowchart for the overall biorefinery process. All the membrane-based 

filtration was done using a dead-end membrane filtration unit from HP 4750 stirred cell, Sterlitech Corporation. 

The composition of the purified pectin was analysed, and further analysis was done with ATR-FTIR (Attenuated 

Total Reflection Fourier Transform Infrared) spectrometer and GPC (Gel Permeation Chromatography).  The 

anthocyanins were quantified spectrophotometrically and analysed by a HPLC-DAD (High Pressure Liquid 

Chromatography, with a Diode Array Detector) at 520 nm.  

  

 

Results – The optimum parameters for extraction of anthocyanin from blueberry pomace was 30 minutes and 60 

% amplitude reading of the instrument (Fig 2 a,b). Pectin was co-extracted in the water extract and purification 

yielded 37.1 mg/g dw (dry weight) with 55.6 % galactouronic acid content and 9.5 % bound anthocyanins (Fig 2 

c). FTIR analysis revealed the presence of -COOH and -COCH3 groups in the purified pectin (Fig 2 d). From 

purification of the remaining filtrate with 1 KDa membrane, 24.2 % of 3.7 mg/g anthocyanin was recovered which 

was at par with the food industry standard for natural colorants. The residual biomass when extracted with 90 % 

ethanol yielded 1 mg/g dw of 75.9 % pure anthocyanins. The higher purity anthocyanins in ethanolic extract can 

serve as high value nutraceutical in food industry. 

 

Fig 1: Process flowchart for recovery and purification of compounds 
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Abstract  

 

Marine macroalgae represent a rich source of bioactive compounds that can be used in various food, cosmetic and 

pharmaceutical products for health improvement. More specifically, Ulva sp. has been proven to contain bioactive 

compounds, such as polyphenols, polysaccharides, carotenoids, and ω-3 fatty acids that possess significant 

bioactivity1. It is typical that Ulva sp. has a rich content of sulfated polysaccharides that possess anti-viral, anti-

tumour, anti-coagulant, hepatoprotective, immuno-stimulating, anti-depressant and anti-anxiolytic activities and 

are increasingly requested for pharmaceutical and food applications2. Alongside, biocatalysis is widely used for 

the targeted modification of natural compounds in order to enhance their biological activity, among many 

properties3.  

 

In the present work, an aqueous extract, rich in polysaccharides, was prepared from Ulva sp., a green macroalgae 

collected from Epirus coast. The prepared extract was assessed for its plenty of carbohydrates with Phenol-Sulfuric 

acid assay. A method for its enzymatic modification with a carbohydrase mixture, commercially available as 

“Viscozyme”, was developed, in order to be produced mono- and oligosaccharides from the mother, 

polysaccharides-rich extract. Both natural and enzymatically modified extracts were assessed for their antioxidant 

activity with DPPH and FRAP methods, their antimicrobial activity against a gram positive and a gram negative 

bacteria and their enzyme inhibitory activity against dermal aging enzymes such as elastase, lipoxygenase and 

collagenase. The results indicated the rich content of carbohydrates in the prepared extract as well as its successful 

enzymatic treatment with the carbohydrase mixture. As far as the biological activities of natural and modified 

extract are concerned, the enhancement of mother extract’s bioactivity after the enzymatic treatment is clear, 

highliting the importance of the produced oligo- and monosaccharides.  

 

Materials-Methods 

 

Ulva sp. was collected from Epirus coast in March 2019 and an aqueous extract, rich in polysaccharides, was 

prepared from its dry batch4. More specifically, five grams of dry ulva flakes were soaked in 100 mL d.d. H2O at 

90oC for 30 min. The resulting extract was filtered and subjected to lyophilization. The extract was assessed for 

the presence of carbohydrates by Phenol-Sulfuric acid method4 and was enzymatically modified with a 

carbohydrase mixture, commercially available as “Viscozyme”, for different reaction times5. Each sample was 

tested for the presence of reducing sugars with DNSA method. The reaction conditions that led to the highest 

reducing sugar content were chosen as the most appropriate and were further exploited for the enzymatic 

modification of the extract. The aqueous extract was modified with the carbohydrase mixture and lyophilized for 

further usage.  

 

Both natural and modified extracts were assessed for different biological activities. More specifically, DPPH and 

FRAP methods were conducted in order to be assessed different aspects of extracts’ antioxidant activity. 

Additionally, extracts were tested for their antimicrobial activity against a Gram negative (Escherichia coli) and a 

Gram positive (Corynebacterium glutamicum) bacteria and for their enzyme inhibitory activity against dermal 

aging enzymes e.g. lipoxygenase, elastase and collagenase. The enzymes that were used for inhibition assays are 

highly homologous with the human ones. All reagents were of analytical grade and purchased from reliable 

sources.     

 

Results 

The most important findings of this work are presented on the below Figure. The enzymatic treatment of the 

aqueous extract with a commercially available carbohydrase mixture, led to a new chemical profile, consisting of 

oligo- and monosaccharides in place of mother polysaccharides. As it was anticipated, the resulting products 

possessed different bioactivities compared to the corresonding ones before enzymatic treatment. More specifically, 

enhancement of extract’s antimicrobial, enzyme inhibitory and antioxidant activity was observed in most cases, 

results which are very crucial and are reported for first time for Ulva sp. macroalgae, highliting the importance of  

reaction’s products and arousing the interest for further investigation of the chemical nature of the resulting 

products.  
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Figure 1. The most important findings, as far as the biological activities of natural and modified extracts are concerned, are 

presented. Charts for their antimicrobial activity against Escherichia coli and Corynebacterium glutamicum strains at 

different  tested concentrations, for their elastase inhibitory activity at the concentration of 5 mgml-1 and for their antioxidant 

activity expressed as Trolox equivalents (mg) g-1dry extract, are given.  
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 Reactive oxygen species (ROS), such as hydroxyl radical, superoxide anion and hydrogen peroxide, is 

usually produced in all eukaryotic cells for signal transduction and neurotransmission, etc. These molecules are 

unstable compounds or radical moieties. Therefore, overproduction of ROS provides an imbalance between 

oxidants and antioxidants called oxidative stress. The imbalance of ROS can cause lipid, protein, DNA or cell 

membrane damages. These implicated coronary artery disease, diabetes, Alzheimer and osteoporosis [1]. 

Osteoporosis is commonly found in people of all ages, especially old and middle-ages. Bone tissue engineering 

using scaffold can be used to treat these patients after the cartilage surgery [2]. Microbial biomass, alginate, is 

known for its biocompatibility as well as biodegradability, and displays an important role in cell growth as bio-

based scaffold for bone tissue culture [3]. Detection and scavenging of ROS in bone tissue culture is crucial, 

however ROS is difficult to be directly detected due to its instability. Nitroxide probe is one of reported detectors, 

which can indirectly detect ROS [4]. Nitroxide bearing fluorophore commonly known as profluorescent nitroxide 

is non-fluorescent resulting from transferring of excited electrons from a fluorophore to an unpaired-electron of 

nitroxide. Indirect detection of ROS is depicted in Figure 1. For example, interaction between hydroxyl radical 

and dimethyl sulfoxide (DMSO) would afford methyl radical which are trapped by profluorescent nitroxide probe 

1, and consequently fluorescent compound 2 is generated [5].  

 

                                               
Figure 1. Reaction between hydroxyl radical and DMSO as well as reaction between profluorescent nitroxide 1 and methyl 

radical to construct fluorescent methoxylamine 2 

 In this study, for the purpose of ROS scavenging and detection in bone tissue culture, profluorescent 

nitroxide-alginate bioconjugate 3 consisting of alginate for naturally derived-biomass scaffold, nitroxide quencher 

and fluorophore was designed (Figure 2). Bone tissue culture containing nitroxide-alginate conjugate 3 without 

DMSO should be non-fluorescent. After an addition of DMSO, interaction between DMSO and produced ROS 

would provide sulfoxyl or methyl radicals. Then 3 would be trapped either by sulfoxyl radical or methyl radical to 

form fluorescent methoxylamine 4a, methanesulfinamide 4b or methanesulfonamide 4c. 
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Figure 2. (a) Restoration of fluorescence by interaction between profluorescent nitroxide-alginate bioconjugate 3 and 

sulfoxyl radical or methyl radical to form fluorescent compounds 4, (b) illustration of indirect scavenging and detection of 

ROS in bone tissue culture 

 

Synthesis of profluorescent nitroxide probe was briefly described in Scheme 1. 1-Nitropropane and methyl 

acrylate were used as starting materials to achieve the proflurescent nitroxide probe 5 in 10 steps. Alginate and 5 

was assembled via ester coupling reaction to achieve profluorescent nitroxide-alginate bioconjugate 1 [6]. All 

synthesized compounds were purified by column chromatography, and characterized by 1H and 13C NMR and IR 

spectroscopies as well as high-resolution mass spectrometry. Noted that bioconjugate 1 was purified by dialysis. 

  
 

                                         
 

Scheme 1. Synthesis of profluorescent nitroxide-alginate bioconjugate 1 

 

 In this research, profluorescent nitroxide-alginate bioconjugate 1 was successfully synthesized in 11 

steps. For detection of ROS, this probe will be utilized in bone tissue culture in PBS buffer treated with cold 

atmospheric plasma for a minute under argon atmosphere to accelerate the generation of ROS. The 100% plasma-

treated PBS (pPBS) will further diluted in PBS to final concentrations of 12.5%, 25%, 37.5%, 50%, 62.5% pPBS, 

which was then directly added in a 1/6 dilution in the media to the cells. The calibration curve of fluorescence 

intensities versus concentrations of ROS will be obtained for quantitative analysis. 
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The successful implementation of the European Circular Bio-Economy relies on the development of benign 

technologies for the sustainable production of chemicals, fuels and materials derived from the utilization of waste 

biomass. A wider adoption of such products can solve several problems linked to solid waste disposal, as they 

could be further re-used at the end of their life cycle, ensuring full circularity. Nanostructured bio-based materials 

(NBM) are the answer to many challenges faced by our society, embracing several applications in the fields of 

packaging, automotive, printed electronics, agriculture, and construction. Due to their small size, nanomaterials 

have peculiar physical, mechanical, chemical, and electrical properties which could expand the range of 

revolutionary applications. 

 

NBMs can be based on polymers derived from biomass fractions or synthesized from biomass-originated 

monomers, being further reinforced with nanomaterials/nanoadditives also derived from biomass, such as 

nanocellulose, nanolignin or nano-porous biochar. In general, bio-based polymers have recently gained increasing 

interest as an alternative to fossil-based polymers. Their annual production growth is estimated by around 15-20% 

using renewable sources, thus reducing CO2 emissions by 60-80% and the needs for non-renewable energy use at 

about 70%. However, many technical, economical, and regulatory barriers still hinder the full deployment of bio-

based polymers and related nanomaterials in the market and limit the implementation of solutions based on such 

materials. The Horizon2020 project BIOMAC aims at reducing these barriers and fostering the European 

Bioeconomy. It is one of the biggest EC-funded projects with 33 partners (academia, institutions, and companies) 

from 12 European countries. BIOMAC establishes a self-sustainable Open Innovation Test Bed (OITB) capable 

of upscaling the production of NBMs and facilitating the market-readiness of the related technologies and products.  

SMEs will be granted access to the services and facilities of the BIOMAC ecosystem after an initial validation 

phase, where practical applications of NBM will be demonstrated. 

 

The BIOMAC ecosystem will function as a cluster of parallel activities taking the form of 17 Pilot lines (PLs) 

covering the whole value chain, from biomass fractionation and intermediate chemicals to final bio-based 

polymers and composites. The PLs are grouped in 3 clusters and their activities will enable the realization of 5 

concrete outputs (Test Cases), demonstrating the validity of BIOMAC’s approach and the high value of NBM 

applications. Below is the list of the Test Cases (TeCs): 

 

TeC1: Automotive 

Bio-based resins reinforced with NBMs will be used in the fabrication of interior car parts and components for the 

automotive industry. These will be succinate-based polyesters and isocyanate-free polyurethane resins with 

exceptional physical properties including toughness, flexibility, and resistance to abrasion and temperature. 

 

TeC2: Agricultural applications 

The use of different biomaterials and NBMs will be validated in agricultural applications. Succinic and lactic acid 

will be derived from biomass and will be used as monomers in the development of completely biodegradable 

succinate and PLA biopolymers. Both biopolymers will be nano-reinforced with nanolignin, biochar, 

nanocellulose, etc., to create materials with enhanced mechanical properties and decreased water vapor 

transmission rates, as well as with antioxidant/optical properties and UV/thermal resistance appropriate for mulch 

films, injection-molded clips, thermoformed/injection molded pots, seeds coating, coating for controlled-release 

fertilization etc., to be used in agriculture. Biopolymers and nano additives will contribute to soil amendment and 

remediation after biodegradation of bioplastics in soil, to improve technical performances while increasing soil 

health and quality. 

 

TeC3: Food packaging 

Vacuum thermoforming will be post-utilized to produce bio compostable and biodegradable food containers, using 

bio-based PLA foils. These will be reinforced with bacterial nanocellulose and nanolignin to enhance the 

mechanical and antibacterial properties of flexible packaging materials. Two additional techniques will be applied 

on PLA film i.e., coating with NBMs to improve its permeability to gaseous compounds (water and oxygen), and 

specific micro/nano textured geometries will be designed, fabricated and replicated using nanoimprint lithography. 

This will further enhance the antimicrobial and antifungal properties of the film’s surface, leading to improved 

food maintenance/conservation and safety. 

 

TeC4: Construction 

Bio-based polymer and composites will be tested in the construction industry. A footbridge module made from 

isocyanate free TPU biopolymers reinforce 
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d with nanolignin, biochar and nano fibrillated cellulose will be constructed with 3D printing technology. Fused 

filament fabrication (FFF) filaments prepared by melt extrusion will be used, and simple printing tests of the bio-

filament will be performed using conventional fused deposition modelling equipment. The final product is 

expected to have high UV and fire resistance, anti-fouling & easy-cleaning capability. 

 

TeC5: Printed Electronics 

The main objective will be to develop stretchable conductive layers embedded into textiles (sock with integrated 

conductors) using a bio-based stretchable substrate, an ink and adhesives with printed electronic processes. Bio-

based inks will be reinforced with bio-resins. TPU produced by REX and bio-based succinate polyesters will be 

used as flexible substrates, and nano-copper for stretchable electrical prints will be integrated directly into textiles 

as stretchable circuitry between sensors and electronics. To achieve this, nano biochar will be modified by nano-

copper and silver to enhance their electrical conductivity. 

 

The Open Call and after-life sustainability 

After the successful demonstration of the five TeCs, BIOMAC will launch an Open Call aiming to select 5 new 

TeCs by companies and research bodies interested to access the ecosystem services. The BIOMAC ecosystem will 

offer them services for upscaling biomaterial concepts through the Pilot Lines and cover the assessment of 

regulation, safety, sustainability, circularity, and market potential. It will provide open services and solutions, 

accessible to SMEs or other Industries from a single-entry point. Through the Pilot lines, technologies that have 

been developed up to TRL 4-5 will be upscaled and validated up to TRL 7. This same procedure will be extended 

after the project’s official duration, granting innovators and researchers access to the ecosystem’s services at fair 

conditions and cost beyond 2024. 
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Nowadays, potential biological effects of natural antioxidant substances are extensively investigated for 

understanding the mechanism of interaction with the human tissues. Flavonoids and their derivatives are 

considered to be a representative class of polyphenolic compounds. Quercetin (QE) is a dietary yellow powder, 

widely known for valuable medicinal purposes like antitumor and anti-inflammatory activities. Despite this fact, 

its poor solubility in aqueous medium constitutes the main reason of restricted applications. Chitosan (CT) is a 

natural versatile polysaccharide, which can be shaped in nanoparticles, thin films or microspheres for enzyme 

immobilization on support materials [1]. Moreover, CT is able to carry various hydrophilic and hydrophobic drugs. 

Its macromolecular architecture can be crosslinked by small anion molecules like polyphosphates to finally achieve 

stable materials [2]. In this work, it has been designed an experimental and computational model, in order to 

explore the quercetin interaction behavior with a biopolymer gel formed by chitosan (CT) and phytic acid  (PA). 

The experimental procedure involves obtaining a biomaterial substrate loaded with QE, formed through a very 

gentle synthesis method (ionotropic gelation). QE powder was solubilized in ethanol 99% followed by evaporation 

of the solvent. A PA solution was added drop-wise using a sterile syringe to an aqueous medium consists of 

polymer and antioxidant. The encapsulated nanoparticles were formed spontaneously and further washed, purified 

and analysed. Morphological features were evaluated and investigated by AFM, DLS, fluorescence, FT-IR and 

UV-Vis spectroscopy. Molecular dynamics simulations were performed using GROMACS 4.5.4. software. The 

starting geometry of the CT chain was generated using the Avogadro package. QE associations with CT chains 

mediated by PA molecules were analysed.  

A)                                                                                                               

 
 
 
 

B) 

 
 
                                     

Figure 1.  A) Structure of QE ;  B)  Representative AFM image of the QE loaded CT-PA 

 
QE loaded-nanomaterials were successfully synthesized and investigated through experimental and computational 

methods. The QE molecules were entrapped in the CT-PA network through hydrogen-bonding interactions. As it 

can be seen in the Figure 1, outstanding fibrillar shapes of loaded CT-PA nanosystems were obtained at a specific 

concentration of CT. Moreover, the geometry, atom name and dihedral angle labelling for QE are represented 

above. 

Acknowledgements: This work was supported by the Romanian Academy within the research program “Colloids 

and dispersed systems of the “Ilie Murgulescu" Institute of Physical Chemistry and by the UEFISCDI  government  

project TE 68/2022-PN-III-P1-1.1-TE-2021-0418. 

 

References 

• R.M. Visan, A.R. Leonties, L. Aricov, V. Chihaia and D.G. Angelescu,  Phys. Chem. Chem. Phys., 23 22601-

22612 (2021). 

• A.R. Leonties, A. Răducan, D.C.Culiță, E. Alexandrescu, A. Moroșan, D.E. Mihaescu, L. Aricov,  Chem. 

Eng. J., 439 135654 (2022). 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

499 
 

Towards sustainability: Exploring the properties of novel vanillic acid-based polyesters  

 
Eleftheria Xanthopoulou1,2,  Alexandra Zamboulis2, Zoi Terzopoulou1,2, Dimitrios N. Bikiaris2,* and 

George Z. Papageorgiou1,4* 

1 Department of Chemistry, University of Ioannina, P.O. Box 1186, GR-45110 Ioannina, Greece 
2 Laboratory of Polymer Chemistry and Technology, Department of Chemistry, Aristotle University of Thessaloniki, GR-

54124 Thessaloniki, Greece 
3Digital Manufacturing and Materials Characterization Laboratory, School of Science and Technology, International 

Hellenic University, 14km Thessaloniki, 57001 N. Moudania, Greece 
4 Institute of Materials Science and Computing, University Research Center of Ioannina (URCI), GR-45110, Ioannina, 

Greece 

*elefthxanthopoulou@gmail.com 

 

As global energy and resources have faced enormous challenges over the years, conventional petroleum-based 

polymers are considered as one of the most important environmental threats. The continuous growth of waste 

accumulation after their short-term use, along with their contribution to greenhouse gases’ emissions, have 

intensified the public awareness over the quest of alternative routes towards the production of polymeric materials. 

Thus, different approaches for the transition from a petrochemically-dependent society to a bioeconomy have been 

proposed, both by academic and industrial communities. One of the most prevalent routes is the exploitation of 

renewable resources towards the production of sustainable monomers, polymers, and chemicals. Within this 

contect, , One of the most promising monomers derived from lignin biomass is vanillic acid (VA), which 

constitutes an oxidation product of vanillin, the most produced aroma chemical and appears as a great alternative 

building block for thermoplastic polyesters. Herein, the properties of novel VA-based polyesters were investigated. 

Specifically, the structural features were measured using multiple techniques, such as Fourier-tranformed Infrared 

spectroscopy (FTIR) and Nuclear Magnetic Resonance spectroscopy (NMR), while the thermal transitions were 

evaluated via Differential Scanning Calorimetry (DSC). Finally, the mechanical properties were investigated as 

they affect the final application of the materials. 
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Poly(lactic acid) (PLA) is currently the most frequently used biobased thermoplastic polyester. It is compostable, 

processable but also brittle. The properties of polymers often need tuning to obtain final products with the desirable 

characteristics for specific applications. Polymer blending has attracted considerable interest as an easy and cost-

effective method of fabricating materials for a wide range of applications. Therefore, PLA blends with both 

biodegradable and non-biodegradable polymers have been investigated for many applications. Biobased polymers 

derived from 2,5-furan dicarboxylic acid (2,5-FDCA), a promising monomer produced by the oxidation of 

hydroxymethylfurfural, are in the forefront of both academic and industrial research towards this goal.[1] In this 

work, biobased and biodegradable copolymers poly(butylene 2,5-furan dicarboxylate-co-adipate) (PBF-co-PBAd) 

with different comonomer ratios were synthesized and blended with PLA, to produce fully biobased blends and 

examine their physicochemical properties. 

PBF, PBAd and PBF-co-PBAd copolymers were synthesized with the transesterification and melt 

polycondensation method with Titanium(IV) butoxide catalyst. The copolymers were prepared in three different 

molar ratios; 25/75, 50/50 and 75/25. Afterwards, each hopolymer and copolymer was blended with 70 wt% PLA 

by melt compounding at 190 °C and 35 rpm for 5 min. Intrinsic viscosity [η] was measured with an Ubbelohde  

viscometer. The chemical structures and comonomer ratios were confirmed with NMR spectroscopy. Thermal 

transitions and thermal stability were examined with Differential Scanning Calorimetry (DSC) and 

Thermogravimetric Analysis (TGA), respectively. Mechanical properties were studied with nanoidentation. The 

compatibility of the blends was evaluated with Scanning Electron Microscopy (SEM) and DSC. Finally, reactive 

blending was tested as a means to improve the compatibility of the polymer blends.   
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Aliphatic polyesters are widely used for biomedical, pharmaceutical and environmental applications due to their 

high biodegradability and low-cost production. They can undergo hydrolysis within a reasonable time frame, 

which is a necessary property for biomedical applications. Besides linear polyesters, star and hyperbranched 

polyesters based on glycerol and ω-fatty diacids have gained considerable interest for the development of novel 

biodegradable and biocompatible materials.  

 

Pimelic acid is a seven-carbon aliphatic dicarboxylic acid with the chemical formula HOOC(CH2)5COOH. Both 

glycerol, which can be converted to glucose through a series of chemical transformations in the liver, and pimelic 

acid are generally regarded as safe materials according to the US Food and Drug Administration (FDA), and thus 

have been approved to be used in products for medical and tissue engineering applications [1]. 

 

Ocular drug delivery is one of the most challenging tasks faced by pharmaceutical researchers due to the anatomy, 

biochemistry and physiology of the eye and it is a great challenge for the formulator to pass through the protective 

barriers of the eye without causing any tissue damage [2]. In this context, we have investigated the synthesis of 

poly(glycerol pimelate) (PGP) as a promising candidate for ocular biocompatible materials, and we will present 

the synthesis and characterization of PGP polyesters. The synthesis of PGP was performed in two stages: (a) a 

one-step non-catalyzed polycondensation leading to the pre-polymer (oligoesters) and (b) thermal crosslinking. A 

series of pre-polymers with different properties were produced by changing the reaction parameters: the molar 

ratio of the reactants and the reaction time and temperature (160 - 180 °C), while the determination of acid values 

was used to monitor the conversion. Crosslinking was carried out at 120 °C under vacuum for 24 - 48 h to obtain 

the final elastomeric products. Pre-polymers and final polymers were characterized by infra-red and nuclear 

magnetic spectroscopies, differential scanning calorimetry and X-ray diffraction. The optimal polyesters were 

further used as contact lenses for the delivery of the ophthalmic drug liftegrast for the dry eye disease treatment. 

 

       
 

Figure 1.1H NMR and IR spectra of two PGP pre-polymers. 
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1. Introduction 

Lignin is the most abundant natural source of renewable aromatic molecualrs on earth [1]. Based on the difference 

in molecular weight, it can be further divied into several groups—lignin monomers, lignin oligomers and lignin 

macromolecules [2]. Among them, lignin oligomers has becoming a new focus of study due to its wide existence, 

underestimated value and unique functionality [3]. In the recent developed reductive catalytic fractionation(RCF) 

process under the ‘lignin-first’ biorefinery concept, a considerable amount of phenolic lignin oligomers is 

generated through a sustainable way [4, 5]. From some structural elucidating sduties, it has been proved that these 

RCF oligomers has a relatively low molecular weight, compared to lignin oligomers from other sources [6]. Also, 

they possesss a high amount and γ-OH substituted propyl end-chain, which brings them an impressively high 

amount of aliphatic hydroxyl groups content [7]. Until now, possible conversion and valorization of these RCF 

oligomers has been investigated, which lifted the veil of their huge potential in serving as green building blocks 

for fine chemicals, polymers, and other high-value products [8]. Here,  we report a novel bio-based epoxy resin 

with clear structure and high functionaily. Several parameters during RCF were studied and their effects on the 

final produced lignin oligomers were compared. The oligomers with the lowest molecular weight and highest 

hydroxyl groups content were seleted as the best candidates for the synthesis of epoxy resin. Meanwhile,  the 

glycidylation process of lignin molecules was thoroughly studied using both lignin model compounds and lignin 

oligomers, which later provided us a bio-based epoxy resin with clear structural information as well as good 

properties. 

 

2. Results and discussion 

Multiple RCF parameters including catalyst, solvent, additive, as well as hydrogen pressure, temperature and time 

were investigated. Starting from a conventional Ru-Methanol system, and ending in some new combination such 

as Ni-Ethylene glycol system, it was discovered that different catalyst-solvent-additive combination had 

significant effect on the lignin oligomers’ structure—molecular weight and hydroxyl groups content. On the other 

hand, the changing in the numbers of hydrogen pressure, temperature and time had direct relation to the reaction’s 

severeness, which consequently influenced mainly the lignin oligomer’s yield.  Three candidates with either the 

lowest molecular weight, the hight aliphatic hydroxyl groups content or the hight phenolic hydroxyl groups content 

were selected from the results in Figure 1, as well as a counter reference with exactly the opposite properties.  

 

Figure 1. The sreening results from different RCF parameters. 

 

A model compounds group consisting of dihydroconiferyl alcohol, dihydrosinapyl alcohol and 5-(3-hydroxy-2-

phenylpropyl)-2-methoxyphenol were used as substrates for studing the glycidylation process in lignin molecules. 

Under the effect of epicholorohydrin and NaOH, the phenolic hydroxyl groups were well converted to epoxy rings, 

but such conversion was not observed in the aliphatic hydroxyl groups. This is due to lower reactivity of aliphatic 

hydroxyl groups, especially their less vulnerability to be deprotonized. When a stronger based—NaH was applied, 

the aliphatic conversion improved significanyl to almost one hundred percent, which further confirmed the 

necessity of strong base in the glycidylation of less active hydroxyl groups. The similar pattern was then discovered 
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in the glycidylation of ligin oligomers from RCF. Seeing from Figure 2, the epoxy rings at different positions—

aliphatic end-chain, phenolic Syringyl units and phenolic Guaiacyl units were clearly distinguished in the 2D 

HSQC NMR spectrum. Using NaH as the base catalyst, an aliphatic conversion as high as ninety eight percent 

was achieved, which took a great advanctage of the considerably high amount of aliphatic hydroxyl groups in the 

RCF lignin oligomers. Together with the phenolic positions, a total of 103.2 epoxy rings was discovered in per 

100 aromatic units, which later brought good thermal and mechanical properties.  

 

Figure 2. The 2D HSQC NMR spectrum and the assignments of the glycidylated RCF lignin oligomer.  
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The increasing global energy demand makes the need for a sufficient and sustainable energy supply one of the 

biggest challenges of the 21st century. Among the various types of renewable energy sources currently in use, 

solar energy appears to be a viable choice; however, the available methods for storing it are costly and inefficient. 

A practical solution involves storage of solar energy by converting it into chemical energy, using photochemical 

water splitting and generation of H2, a solar fuel, which can be stored for use at any point. Inspired by nature, a 

smart and attractive approach for H2 production via photochemical water splitting is artificial photosynthesis, in 

which light is absorbed by a photosensitizer, initiates a series of electron transfers to appropriate catalysts that 

oxidize H2O to O2 (water oxidation catalyst, WOC) and reduce the released H+ to H2 (hydrogen evolving catalyst, 

HEC).[1] The most successful photocatalytic systems that have been utilized for H2 production rely on heavy and 

precious transition metals.[2] In this respect, the development of novel systems which are based on low cost and 

earth abundant 3d metals is of special interest.[3] 

 

In this work, we synthesized a series of homoleptic and heteroleptic Ni(II) and Co(III) complexes bearing chelating 

heterocyclic thioamidate ligands for utilization as HECs.[4] The hemi-lability of the ligands and the presence of 

H+ binding sites in the complexes, as well as their ability for electrocatalytic H2 production from H2O (as found 

by cyclic voltammetry studies), renders them suitable candidates as molecular catalysts for H2 production under 

photocatalytic conditions. Indeed, by combining these complexes either with molecular photosensitizers, such as 

photoluminescent Cu(I) complexes, or with nano-sized photosensitizers, such as N-doped carbon quantum dots 

(NCdots),[5] we obtained efficient noble-metal-free photocatalytic systems capable of reducing H+ from H2O to 

H2, using visible light as the only energy source. Systematic structural variations of the catalysts allowed tuning 

of the photocatalytic activity and the investigation of structure-activity relationships. Spectroscopic studies and 

DFT calculations are in progress to get a better understanding of the catalytic mechanism. Finally, we immobilized 

the molecular catalysts on appropriate solid supports to get stable and recyclable materials for heterogeneous 

photocatalytic H2 production. 
 

 
Figure 1.  Schematic representation of the photocatalytic H2 production system used in this study. 
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Primary and secondary amines, including anilines, are key intermediates in synthesizing agrochemicals, 

pharmaceuticals, fine chemicals, and industrial materials.[1-3] Developing chemoselective and heterogeneous 

earth-abundant metal catalysts is essential for environment-friendly chemical synthesis. Despite significant 

progress with non-noble metal nanoparticles in recent years,[4-7] developing single-site, well-defined 

heterogeneous and chemoselective earth-abundant metal catalysts with excellent tolerance of various functional 

groups under mild reaction conditions is challenging. To circumvent such difficulties, the design and synthesis of 

single-site heterogeneous catalysts based on the inorganic metal-oxo-nodes of metal−organic frameworks (MOF) 

have drawn considerable interest. The secondary building units (SBUs) of many MOFs has functional OH groups 

to mimic metal oxides/hydroxides. Due to the tunable pores, high chemical and thermal stability, presence of 

highly dispersed and uniform OH groups at the nodes, and predictable structures, MOFs offer a unique platform 

to develop robust single-site nickel-hydride catalysts.[8, 9] We have reported a highly efficient, chemoselective 

and reusable single-site nickel(II) hydride catalyst based on robust and porous aluminum metal−organic 

frameworks (MOFs) (DUT-5) for hydrogenation of nitro and nitrile compounds to the corresponding amines at 1 

bar H2 pressure. 

 

DUT-5 MOF having the formula of Al(μ2-OH)(bpdc) is constructed from aluminumoxide as SBUs and 

biphenyldicarboxylate (bpdc) as organic linkers via a solvothermal reaction of AlCl3.6H2O with bpdc in DMF at 

120 ℃. Deprotonation of μ2-OH with n-BuLi followed by post-synthetic metalation of lithiated DUT-5 with NiBr2 

resulted in the bond formation of nickel with μ2-O- to afford Al(μ3-ONiBr)(bpdc). The treatment of DUT-5-NiBr 

with NaEt3BH resulted in formation of nickel hydride species, DUT-5-NiH. Synthesized MOF catalyst was 

characterized using PXRD, BET and TEM. Oxidation state and coordination environment of Ni in DUT-5-NiBr 

and DUT-5-NiH was investigated by XNAES and EXAFS. DUT-5-NiH was highly effective for the hydrogenation 

of nitro and nitrile compounds. All the catalysis were performed using 50 mL Parr pressure vessels (4793 (VGR)-

T-SS-3000-DVD. Aromatic nitro compounds bearing electron-withdrawing and electron-donating functional 

groups were successfully hydrogenated to the corresponding amines with excellent yields and selectivity upto 99%  

using DUT-5-NiH (1 mol% Ni) catalyst in p-xylene as the solvent under 1 bar H2 at 90-130 ℃ in 6-30 h. DUT-5-

NiH was also highly chemoselective in the hydrogenation of nitroarene-bearing groups sensitive to reduction such 

as iodo, aldehyde, keto, nitrile, and thio. Intrestingly, under identical reaction conditions, heterocyclic nitro arenes 

such as 4-nitropyridine and 5-nitroindole were also hydrogenated to their corresponding amines. The conversions 

were analyzed using gas chromatography (GC) equipped with a mass detector (Agilent 5977B GC/MSD). Pure 

products were simply isolated via simple removal of catalysts by centrifugation followed by evaporation of solvent 

by vacuo.  

 

Interestingly, hydrogenation of nitriles selectively afforded either primary or secondary amines depending on the 

reaction conditions. At a 1.0 mol % Ni loading, dibenzylamine was obtained quantitatively from the hydrogenation 

of benzonitrile at 90 °C under 1 bar of H2. In contrast, benzylamine was afforded quantitatively when the same 

catalytic reaction was carried out at 130 °C in the presence of 1.1 equiv of di-tert-butyl dicarbonate (Boc2O) or 

acetic anhydride (Ac2O) with respect to benzonitrile under 1 bar of H2 followed by acid hydrolysis. Nitriles bearing 

various functional groups such as alkyl, halo, methoxy, and amino functional groups were fully converted to the 

corresponding substituted symmetric dibenzyl amines at 90 °C in 90−100% yields. At a 1.0 mol % Ni loading, 

DUT-5-NiH also gave complete conversion of various substituted nitriles at 130 °C in the presence of Boc2O to 

give the corresponding N-Boc-benzylamines within 6 h, and the corresponding primary amines were isolated as 

HCl salts after carbamate hydrolysis in acidic conditions. Heterocyclic nitriles, dinitrile and aliphatic nitriles were 

also reduced to corresponding amines in excellent yields. We found that the hydrogenation of substituted aryl 

nitriles in the presence of benzylic primary amines under identical reaction conditions gave unsymmetric 

secondary amines by the reaction of benzylic primary amines and the arylmethanimine intermediate.  

 

The mechanism for the hydrogenation of nitriles was investigated by experimental and computational studies. The 

plot of initial rates versus substrate concentration showed saturation in high substrate concentrations. Saturation 

kinetics implies reversible nitrile coordination to nickel followed by the turnover-limiting step. In addition, the 

initial substrate conversion rates had first-order rate dependence on nickel concentrations and zeroth-order 

dependence on the pressure of H2. Our kinetic data indicated that a substrate molecule and the nickel catalyst were 

involved in the turnover-limiting state of the catalytic cycle in the hydrogenation of aryl nitriles. To further study 

the mechanism of DUT-5-NiH-catalyzed hydrogenation of nitriles, we performed DFT calculations using the 

method (B3LYP) and a basis set of 6-311G(d,p) using the Gaussian 09 software suite, and the calculated energy 

profile will be discussed in details.   
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Figure 1. Iillustrating the single site Nickel-hydride catalyst supported on DUT-5 metal-organic framework (DUT-5-NiH) for 

the synthesis of primary and secondary amines.[10] 

 

 

DUT-5-NiH has a broad substrate scope with excellent functional group tolerance in the hydrogenation of aromatic 

and aliphatic nitro and nitrile compounds under 1 bar H2. Moreover, it could be recycled and reused at least 10 

times. Interestingly, pharmaceutical compounds bearing cyanide and nitro groups were hydrogenated to their 

corresponding amines. Symmetric or unsymmetric secondary amines were also synthesized selectively by 

changing the reaction conditions of the nitrile hydrogenation. This work has demonstrated that DUT-5 node-ligated 

single-site base-metal hydrides are promising catalysts in hydrogenation reactions for sustainable synthesis of 

chemical feedstocks owing to their low cost, excellent stability and reactivity, and usage of cheap and atom-

economic reductant hydrogen. In the presentation, importance and benefits of DUT-NiH over other heterogenous 

catalysts along with its synthesis and characterization will be disscused in details. The susbtracte scope (80 

examples) for hydrogenation reactions will be illustrated, and the reaction mechanism for hydrogenation of nitriles 

with its energy profile diagram will also be disscused.  
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Salicornia is a genus of succulent halophyte flowering plants that frequently occur in saline areas and comprise 

the most salt-tolerant land plant. The valuable properties of Salicornia species have been long known with 

displayed applications in folk medicine for treatment of bronchitis, hepatitis and diarrhea [1]. The important 

biological properties of Salicornia are owed to the numerous bioactive phenolic compounds found in their extracts. 

Among them, hydroxycinnamic acids (HCAs), such as ferulic acid (FA), sinapic acid (SA), p-coumaric acid (p-

CA) and caffeic acid (CA) are detected in high amounts [2]. This class of naturally occurring compounds shows 

strong antioxidant activity together with anti-aging, skin regenerative, anti-inflammatory, antimicrobial, antiviral 

and skin whitening properties among others and has great potential for application in formulation of bioactive 

products, such as functional feed, food and cosmetics [3][4].  

 

However, a significant limitation for the application of HCAs and thus plant extracts containing HCAs is often 

their low solubility in both aqueous and oil media. A common strategy to overcome this issue is to stabilize HCAs 

by a (trans)esterification reaction. Feruloyl esterases (FAEs, EC 3.1.1.73) are an interesting esterase subclass that, 

in nature, catalyze the hydrolysis of the ester bond between α-Larabinofuranose and FA or other hydroxycinnamic 

acids, present in lignocellulose. They have been identified as a promising biocatalytic tool for performing 

(trans)esterification reactions in the past years. However, this approach requires low water content by employing 

organic solvents as reaction medium in order to avoid the naturally occurring side-hydrolysis reaction. Although 

FAEs are not so stable in low water content media as the well-known lipases, their ability as biocatalytic tools for 

(trans)esterification has been demonstrated [5]. Their major advantage over lipases is the specificity towards 

HCAs, allowing acylation of FA with a wide range of hydrophilic or lipophilic substitutions, such as alcohols, 

polyols or sugars. Enzymatic stabilization offers a green and sustainable alternative to classic esterification 

methods that involve use of strong acids or expensive and toxic reagents as catalysts, high temperatures (150-

250oC), long reaction times, low yields and process limitations owed to heat sensitivity and oxidation susceptibility 

of FA [6]. The approach could enable the application of HCAs and thus Salicornia extracts in a variety of bioactive 

products offering exceptional selectivity and no need for deodorization and bleaching of final products, that is 

observed during conventional (trans)esterification.  

 

Aim of this study is to efficiently synthesize the stabilized ester of FA, raffinose ferulate, by employing the 

commercial multi-enzymatic preparation Depol 740L® (Biocatalysts Ltd.). Raffinose ferulate has been previously 

synthesized, however, the followed approach included a direct esterification reaction and low water content (3%) 

offering low yields and long incubation times (11.9%, 3.57 mM, after 6 days) [7]. This ester has been shown to 

have comparable antioxidant activity as FA, while it is a more hydrophilic compound that allows application in 

water-based formulations. In our approach we synthesized the ester by a transesterification reaction using an 

activated donor (vinyl ferulate or methyl ferulate). Since raffinose as acceptor is water soluble, it has to be 

introduced in a soluble form in the reaction as part of an aqueous phase including the enzyme and buffer. As such, 

a compromising ratio between the aqueous phase containing the acceptor and the organic phase containing the 

donor has to be achieved, in order to acquire high transesterification yields and selectivity over hydrolysis. In this 

work, we optimized the reaction conditions for the synthesis of raffinose ferulate by investigating the effect of 

medium, water content, donor and acceptor concentration, pH, temperature and time on the yield and selectivity. 

Using vinyl ferulate as donor, an estimated total product concentration of 42.2 mM corresponding to a 35.2% 

donor conversion was observed, at only 24 hours of incubation. Three distinct peaks (one major and two minor) 

were identified as transesterification products during HPLC analysis, while there is strong indication of di-

feruloylation of raffinose.  

 

The pharmacokinetic properties of the synthesized compound were predicted and compared to FA.  More 

specifically, SwissADME (http://www.swissadme.ch/index.php) was used to obtain data on the physicochemical 

properties, lipophilicity, water solubility, pharmacokinetics, druglikeness and medicinal chemistry of compounds. 

A free online tool provided by Molsoft (http://molsoft.com/mprop/) was also utilized to calculate molecular 

properties and overall druglikeness of the compounds. The toxicity of the compound was predicted through the 

freely available webserver ProTox II (https://tox-new.charite.de/protox_II/index.php?site=compound_input), 

which calculated the median lethal dose (LD50) and provides an estimation of acute toxicity, hepatotoxicity, 

carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity, Tox21 Nuclear receptor signaling pathways and 

Tox21 Stress response pathways. In vitro assays were employed in order to investigate the anti-inflammatory and 

antiviral effect of raffinose ferulate. Raffinose ferulate has potential as promising stabilized derivative towards 

application as a bioactive agent to boost immunity and potentially have significant health benefits if used to 

supplement formulations within the feed, food and cosmetics industry. 
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Natural weathering of rocks is an important sink for atmospheric CO2 [1]. Inspired by nature, the application of 

this concept utilizing materials rich in carbonates, silicates and oxides and supplying CO2 at higher concentrations 

than the atmospheric, shows potential of utilizing enhanced weathering as new method for carbon sequestration 

[2]. The mechanism involved in the chemical weathering comprises normally of two main steps: CO2 hydration 

into formation of bicarbonate (Equation 1) and mineral dissolution (Equation 2 for carbonates and Equation 3 for 

hydroxides). However, the conversion of CO2 to bicarbonate is a limiting reaction step. Paths to accelerate rock 

dissolution via the employment of biotechnological routes has received increasing attention [3]. Carbonic 

anhydrase (CA) is one of the fastest enzymes in nature, catalyzing the hydration of CO2 to bicarbonate, which is 

the limiting step of CO2 absorption [4][5]. The enzyme has been reported to increase mineral weathering by 

enhancing the dissolution rate in minerals, such as dolomite and limestone [6][7]. Exploiting a bio-based 

accelerated weathering route is a novel approach in CCUS (Carbon Capture Utilization and Capture), and it can 

have great use in the context of geological CO2 storage, which up to date is focused on the injection of gaseous 

CO2 to the bedrock. The utilization of aqueous solutions rich in bicarbonates as temporary storage form of CO2, as 

obtained in the accelerated weathering, could reduce safety concerns related to gas leakage and promote faster in-

situ mineralization for permanent CO2 geological storage [8]. Besides, the use of CA enables a more sustainable 

capture process since the enzymatic reaction does not require high temperatures and/or high pressures. Finally, the 

repurposing of industrial residues as co-capturing agents in post-combustion absorption is a meaningful strategy 

towards cleaner CO2 capture processes, which traditionally has relied on amine-based solvents.  

 

𝐶𝑂2(𝑔) +𝐻2𝑂(𝑙) 
𝐶𝐴
↔𝐻𝐶𝑂3(𝑎𝑞)

− +𝐻(𝑎𝑞)
+    Equation 1 

𝑀𝑥(𝐶𝑂3)𝑦 + 𝑦𝐻+ ↔𝑦𝐻𝐶𝑂3
− +𝑥𝑀2+     Equation 2 

𝑀𝑥(𝑂𝐻)𝑦 + 𝑦𝐶𝑂2(𝑔)
+ ↔𝑦𝐻𝐶𝑂3

− +𝑥𝑀2+     Equation 3 

Aim of the study is to investigate the extent of acceleration of the CO2 capture step in a CCS concept by applying 

CA during weathering of industrial residues. In this study, two different residue materials from the paper and pulp 

industry were assessed as co-capturing agents by utilizing a biochemical accelerated weathering approach. The 

effect of CA in enhancing the CO2 capture and carbonate dissolution was evaluated. 

 

An evolved thermostable CA from Desulfovibrio vulgaris (DvCA8.0) was overexpressed in E. coli. Lime mud and 

green liquor sludge were tested as co-capturing agents in CO2 capture experiments. The amount of calcite (CaCO3) 

in the residues was approximately 95% w/w and 50% w/w for each material, respectively, as assessed by XRD. 

Green liquor sludge contained about 8.5% w/w of Mg(OH)2 – which can also present co-capturing properties. 

Experiments were carried out in a glass reactor coupled to a heater/stirrer. Gas (20% v/v CO2) was fed to the 

reactor containing the material suspension and CA, by sparging. A reaction control was performed using buffer 

instead of enzyme. The pH of the solution was measured over time as an indication of the CO2 absorption in the 

mixture. At the end of the reaction,  the total amount of bicarbonate formed was quantified through a precipitation 

step forming calcium carbonate, by utilizing an adapted method from Mirjafari et al. [9]. The concentration of 

Ca+2 ions in the solution was determined by spectrophotometry (Spectroquant), in order to quantify the extent of 

mineral dissolution owed to calcite. 

 

Application of CA showed a significant improvement in bicarbonate formation and calcite dissolution. When CA 

was coupled with lime mud, a 3-fold increase in the bicarbonate yield and a 2-fold increase in the yield of calcium 

ions was observed, compared to the non-catalyzed reaction involving only lime mud. Similarly, when CA was 

coupled with green liquor sludge, a 2.5-fold increase in bicarbonate yield and a 2.3-fold increase in calcium ions 

yield was shown. CA accelerated the CO2 hydration, leading to a faster drop in the pH value of the solution by the 

formation of H+. At more acidic environments, the mineral dissolution was favored. For lime mud, the pH dropped 

from an initial value of 10-10.5 to 7.1 in 55 minutes, while when CA was added, the time was significantly reduced 

by 27%. For green liquor sludge, the drop of pH value to 7.1 took more time, approaching 120 minutes for the 

CA-accelerated reaction. The non-catalyzed reaction did not reach a pH of 7.1 within the experiment time.  

 

For further assessments, variables such as temperature of reaction, CO2 flow rate, residue concentration, and 

enzyme load will be evaluated to understand their influence in CO2 capture rate and mineral dissolution. As 
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conclusion, CA had a relevant effect in promoting accelerated weathering, demonstrating viability to be coupled 

in mineral systems rich in carbonates. The findings open the path towards application of CA in CCS processes, 

while co-use of industrial residues and CO2 from industrial emissions in such process may be a driving force for 

establishing in situ CCS processes near industrial emitters. This could eliminate the need of material transportation 

for storage. The paper and pulp industry may be a good candidate for establishing a carbon neutral production 

cycle and promoting waste recycling and the establishment of a circular economy.  
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The use of phosphine ligands for synthesising various types of transition metal catalysts have always been of 

immense importance owing to their unique feature of allowing convenient change of electronic effect without 

undergoing much change in steric effects.1 This property of phosphine ligands has always attracted researchers for 

their use in carrying out various transformations in organic synthesis as can be evident by the synthesis of sterically 

hindered biaryl-phosphines by Buchwald for stabilizing the R3P-Pd complexes.2 In particular, Mono-phosphine 

ligands are easy to use because of their flexible structures and excellent catalytical activity. The synthesis of 

monoligated phosphine base metal complexes is challenging because of their tendency to undergo ligand exchange 

reactions.3 The site isolation in metal-organic frameworks (MOFs) could be employed in order to prevent such 

ligand exchange reactions and also to stabilize the mono-phosphine R3P-M intermediate species formed during 

the reaction cycle.4 MOFs are porous molecular materials which are used for developing active and chemoselective 

heterogeneous base metal catalysts.5, 6 They are highly tunable materials that allow for development of single-site 

solid catalysts.7  

Here, we have developed a heterogeneous metal-organic framework (MOF) supported monoligated phosphine-

cobalt complex that could be used as an active catalyst for carrying out aromatic C-H bond borylation reactions 

and also hydroboration reactions in various types of alkenes. The cobalt mono-phosphine based MOF was 

synthesised by using Zr-oxo-hydroxo as SBUs and 4’,4’’’,4’’’’’-phosphanetriyltris([1,1’-biphenyl]-4-carboxylate) 

[P(ArCO2)3] as the organic linkers via a solvothermal reaction of ZrCl4 with P(ArCO2H)3 having benzoic acid as 

the modulator in DMF at 90 ℃ for 5 days. The MOF was metalated with CoCl2 in THF post-synthetically and 

afforded the cobalt functionalized mono-phosphine MOF (MOF-P-CoCl2). The synthesized MOF was 

characterized by using BET, PXRD and IR. Further, the MOF-P-COCl2 was treated with NaEt3BH4 to obtain the 

active catalyst MOF-P-Co.  

 

            

                                                            

 

 

 

 

 

 

 

 

Figure 1. Design of amino alcohol-functionalized metal–organic frameworks to develop robust single-site earth-abundant 

metal catalysts for heterogeneous asymmetric catalysis. 

Metal loading ICP-OES data of Co-functionalized MOF were obtained with an Agilent 5110 ICP-OES and 

analysed using Dichroic Spectral Combiner (DSC). The conversions of the reactions were analysed by gas 

chromatography (GC) using Agilent 7890B gas chromatograph equipped with mass detector (Agilent 5977B 

GC/MSD). The catalyst showcased a TON of 30,000. The MOF showcased recyclability and reusability upto13 

times for C-H borylation. The oxidation state of the Co centre within the MOF was established to be +2 by XPS. 

XPS was recorded on an X-ray photoelectron spectrometer, PHI 5000 Versa Probe III using Al-Kα (hν=1486.6eV) 

X-ray source. 307 m2/g of BET surface area was observed for MOF-P-COCl2.  Surface area was measured with a 

BELLSORP MAX II-high performance gas and vapor adsorption system with three microporous ports. Further, 

the mechanistic pathway was also investigated for the C-H borylation reactions of arenes and simultaneously DFT 

calculations were also done for the same using DFT method (B3LYP) and a basis set of 6-311G (d,p) on Gaussian 

09 software. 

 

TON >30,000 
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At a 0.5 mol% Co-loading, MOF-P-Co acts as a robust and active catalyst for aromatic C-H borylation and has a 

wide substrate scope involving various functionalised arenes and heterocycles. The monoligated phosphine cobalt 

species is not accessible in solution due to the lack of steric protection around the cobalt centre to prevent 

intermolecular interaction. 
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Abstract 

As the need for the usage of “greener” and sustainable practices in biochemical processes arises, neoteric 

solvents, such as Deep Eutectic Solvents (DESs) have emerged as environmentally-friendly alternatives to 

conventional petrochemical solvents [1]. A DES is formed by mixing at least two compounds, one of which is a 

hydrogen bond acceptor (HBA) and the other is a hydrogen bond donor (HBD). When both compounds are derived 

from nature, DESs are called Natural DESs (NADESs). This type of solvent possesses exceptional features, such 

as biodegradability, biocompatibility, non-volatility, stability, inexpensive and energy-efficient synthesis. DESs 

are implemented in biocatalysis, acting as co-solvents or replacing chemical solvents in which various enzymatic 

reactions can take place [2, 3].  

In this work, tyrosinase extracted from fresh mushrooms was immobilized through cross-linking in the 

presence of magnetic nanoparticles and the resulting biocatalyst (magnetic Cross-Linked Enzyme Aggregates, 

mCLEAs) was studied in terms of its biochemical characteristics in various DESs-aqueous solutions. Additionally, 

tyrosinase mCLEAs were used in the homogeneous modification of the polymer chitosan (CS) with caffeic acid 

in the presence of a DES acting as plasticizer [4]. It is well-known that the graft of phenolic compounds on chitosan 

offer improved physical properties such as antioxidant properties [5,6] and that the employment of DESs in 

chitosan films lead to a significant increase in the plasticity of the films [7]. Results indicated that the type and the 

concentration of the DES play a major role in the catalytic function and stability of the oxidoreductase. 

Furthermore, the biocatalyst demonstrated great ability in the simultaneous functionalization of chitosan in the 

presence of  DES, enhancing its antioxidant activity and plasticity. Moreover, mCLEAs could be obtained from 

the reaction medium by implementing magnetic field and reused, thus serving a purpose of bioeconomy. 

 

Experimental 

Deep Eutectic solvents ChCl:U (1:2), ChCl:Gly (1:2), ChCl:EG (1:2), ChCl:PG (1:2), ChCl:BG (1:2), 

ChCl:BG (1:4), ChCl:Fru:H2O (5:2:5), ChCl:U:Gly (1:1:1), ChCl:U:EG (1:1:1), ChCl:Gly:EG (1:1:1), EAC:U 

(1:1.5), EAC:Gly (1:1.5), EAC:EG (1:1.5), Bet:Gly (1:2), Bet:Gly (1:3), Bet:EG (1:3), Chol DHP:Gly (1:3), Chol 

DHP:EG (1:3) (Abbreviations: ChCl: Choline Chloride, EAC: Ethylammonium Chloride, Bet: Betaine, Chol DHP: 
Choline Dihydrogen Phosphate, U:Urea, Gly:Glycerol, EG:Ethylene Glycol, PG:Propylene Glycol, BG:Butylene Glycol, 

Fru:Fructose) were prepared by mixing the corresponding compounds in a specific molar ratio and mixtures were 

incubated and stirred. For the preparation of tyrosinase mCLEAs, fresh mushrooms were cut, homogenized in 

buffer, centrifuged and magnetic nanoparticles and ammonium sulfate were added to the solution. Afterwards, 

glutaraldehyde solution was added and the mixture was stirred in room temperature, centrifuged at the end and 

mCLEAs were washed with buffer. The activity of free tyrosinase from mushrooms and mCLEAs in the presence 

and absence of various %v/v concentrations of DESs was measured spectrophotometrically by measuring the 

oxidation of L-Dopa. For the homogeneous modification of chitosan with caffeic acid in the absence and in the 

presence of DES, neat chitosan solution or 10% v/v Bet:Gly (1:3)-containing chitosan solution and caffeic acid 

solution were mixed and tyrosinase mCLEAs were added. At the end of the reaction, mCLEAs were removed by 

using a magnet and the solutions were left to dry until the creation of films. The oxidation of caffeic acid by 

tyrosinase mCLEAs and the operational stability of the biocatalyst in this reaction was monitored through HPLC, 

by observing the consumption of caffeic acid. The presence of the oxidized caffeic acid in the chitosan films was 

observed by dissolving specific amounts of films in 1% v/v acetic acid and measuring the solutions 

spectroscopically. The antioxidant activity of the unmodified and modified chitosan films was determined by the 

ABTS assay as described elsewhere [8], with a slight modification. 

 

Results  

The activities of tyrosinase mCLEAs and free tyrosinase were studied at the concentration of 10% v/v of 

all DESs and at increasing concentrations (20, 50 and 70 % v/v) of certain ones (Figure 1). Results showed that 

the activity of both free tyrosinase and tyrosinase mCLEAs depended on the type and the concentration of the 

DES. Comparing free and immobilized tyrosinase, mCLEAs displayed better activity in most DESs and presented 

better stability in the increased concentrations of most DESs. However, in both cases, the activity of tyrosinase 

decreased with the rise in DESs’ concentration.  

Tyrosinase mCLEAs and the DES Bet:Gly (1:3) were further used in the modification of the polymer 

chitosan. Essentially, for the first time, tyrosinase mCLEAs were used in the oxidation of caffeic acid in the 

presence of the DES-containing chitosan solution, for the simultaneous functionalization of the polymer with the 

caffeic acid derivative and the enhancement of its plasticity. Tyrosinase mCLEAs showed decent operational 

stability at the modification of caffeic acid, as at the 10th cycle the biocatalyst preserved around 50% and 40% of 

its catalytic activity in the absence and in the presence of the DES, respectively. Concerning the modification of 
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the chitosan, a reddish-brown color (Figure 2a) and gelation of the solution was observed in the course of the 

reaction time, indicating the successful functionalization of the polymer [9,10]. Apart from these changes, the 

presence of the caffeic acid derivative in the modified chitosan films was also demonstrated by UV-Vis 

spectroscopy (Figure 2b). In the solutions of the dissolved modified chitosan and DES-containing chitosan films 

the characteristic bands of caffeic acid were observed. Additionally, an increase in the absorbance is observed in 

the area of 400-500 nm in the case of the modified films and not in the unmodified caffeic acid, indicating that its 

oxidation by the tyrosinase mCLEAs occurred [8]. With regard to the antioxidant activity of the mCLEAs-

modified films, they all presented the highest antioxidant activity (around 90%) in the first minutes of the ABTS 

assay, meaning that the presence of the DES didn’t affect the activity, whereas neat chitosan and DES-containing 

chitosan film showed lower activity (around 35%). 

 
 

 
Figure 1. a) Activity of tyrosinase mCLEAS and free tyrosinase in 10%v/v DESs, b) Activity of tyrosinase mCLEAS in 

increasing concentrations of certain DESs.  

 

        
Figure 2. a) The reaction mixture of the tyrosinase mCLEAs-catalyzed oxidation of caffeic acid in the presence of chitosan is 

depicted at the left and the unmodified chitosan solution is depicted at right, b) UV-Vis spectra of diluted unmodified DES-

containing CS film and modified with caffeic acid DES-containing CS film. 
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 Environmental protection is considered a current priority of the European Union Commission. In this 

context, the advanced oxidation processes (AOPs) for environmental decontamination purposes have received 

much attention during the last years [1,2]. AOPs have great advantages for the treatment of pollutants, even in low 

concentration, enabling complete mineralization or decomposition of most organic materials. Photocatalytic 

oxidation is a highly effective novel method speeding up the oxidation process and can be combined with 

ultraviolet-visible irradiation to offer a powerful treatment of wastewater. This AOP has been demonstrated as a 

promising approach for wastewater cleaning due to its high efficiency and low costs when solar radiation can be 

used to activate the photocatalytic material [3,4]. Metal-transition oxides as TiO2, WO3 or V2O5 are probed 

photocatalysts with high efficiencies for pollutant degradations, chemical stability, and non-toxic properties [5]. 

 Nevertheless, natural materials such as volcanic materials (ashes, sand, etc.) have shown significant 

photocatalyst activity for wastewater decontamination using artificial UV/visible light and natural sunlight. This 

work builds on our previous research [6-8] by studying natural materials as suitable green photocatalysts for 

pollutants photodegradation. The objective of this research work is to study natural materials acting as 

photocatalyst for the decontamination of aqueous media and air. It is intended to evaluate the properties and 

characteristics of natural materials economically favorable due to its high presence in large natural environments 

of volcanic origin. For this purpose, several volcanic materials were characterized and its photoactivity was tested 

under several conditions using sun irradiation to constitute an energetically sustainable process for water/air 

decontamination.  

 For the characterization of the photocatalyst, the following techniques were used: nitrogen physisorption, 

mercury porosimetry, scanning electron microscopy for determine the structural characteristics; X-ray diffraction 

and spectroscopy X-ray photoelectron to determine its composition and UV-Visible spectroscopy of diffuse 

reflectance to determine its potential as a photocatalyst (band-gap).To study the photocatalytic activity of the 

material, two configurations of different photoreactors were used.  

 Photocatalytic tests were carried out using artificial UV/visible light and natural sunlight in a slurry-type 

reactor and pilot plant scale photoreactors equipped with a parabolic sunlight collector. According to the material 

characterization, one of the natural volcanic materials tested (volcanic black sand) seems to have significant 

potential as a photocatalyst, showing a bandgap (Figure 1) corresponding to 3 eV (UV-radiation at 450 nm).  

 

 
 

Figure 1.  UV-vis spectra in Kubelka-Munk units vs. photonic energy (eV) for natural material tested as photocatalyst. 
 

 The photocatalytic activity was determined in terms of adsorption and photocatalytic properties. The 

pollutant is adsorbed on the material surface in the absence of a light source, decreasing its content (> 80%). On 

the other hand, a good photocatalytic activity has been observed achieving approximately a 100 % wastewater 

decontamination when sunlight was used as energy source, and about 80 % when visible and ultraviolet light were 

used (Figure 2). 
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Figure 2.  Pollutant degradation in wastewater by photocatalysis using sunlight 

 

 Our results describe the viability of using natural materials as photocatalyst for wastewater treatment at 

laboratory and pilot plant scales. Checking the photocatalytic activity of the natural volcanic material tested, 

through spectroscopy infrared of its surface, its photocatalytic capacity has been further highlighted against the 

adsorption phenomenon since the contaminant has been completely degraded not only from the water to be treated, 

but also that adsorbed on the surface of the photocatalytic material. 
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Fusel oil is a by-product formed during alcoholic fermentation, and it is composed by a mixture of insoluble 

organics obtained from the distillation of fuel ethanol, along with isoamyl alcohol, isobutanol and other minorities 

[1]. In general, for every 1000 liters of distilled fuel ethanol, 2.5 liters of fusel oil are produced [2]. As around 30 

billion liters of ethanol are produced in Brazil per year, 80 million liters of fusel oil are generated.  

 

So, our goal is to carry out the partial dehydrogenation of the sugarcane fusel oil to be a source of renewable 

chemicals having layered double hydroxides (LDH) hydrotalcite-like materials (Mg6Al2CO3(OH)16·4H2O) as 

precursor of the metal mixed oxides (MMO) used as catalysts. the establishment of a technically and economically 

viable methodology for the transformation of Fusion Oil will yield an extra source of financial resources for this 

agribusiness sector. 

 

Dehydrogenation and dehydration area catalytic and endothermic processes and for that there is an excess of 

energy available in many Brazilian sugarcane mills making this process self-sustainable.  

 

Hydrotalcite-based catalyst was synthesized replacing 20 % of Mg2+ by Zn2+(Zn20LDH) and its respective oxide 

(Zn20MMO). X-ray diffraction (XRD) patterns exhibit sharp reflection with high intensity with characteristic basal 

spacing at 10-25° (Miller index 003; 006 and 

113), and broad and asymmetric peaks at 34-

66° (Miller index 012, 015 and 018) for 

Zn20LDH. Surface area analysis (BET) 

indicated 154,3 ± 2,1 m2g-1 for Zn20MMO. 

 

At atmospheric pressure, the catalytic 

reactions were carried out in a stainless still 

bed reactor packed with the catalyst powder 

dispersed in silica gel 100 mesh. The feed 

flux was 0.1 and 0.2 mL min-1 and 

temperatures of 500 and 600oC, generating a 

mixture of products which can highlight 

aldehydes, olefins, esters, ethers and 

aromatic compounds (Fig. 1), showing the 

versatility of this methodology for obtaining 

important organic compounds for the fine 

chemicals industry. 

 

No products of aldol condensation were 

observed in any conditions tested, contrarily 

we expected, but the direct dehydration to 

form di-isoamyl ether as well as the first 

dehydrogenation of the isoamyl alcohol to 

form isoamyl aldehyde occurred in all conditions. 

 

Interesting, when the reactor is operated with a flow of 0.1 mL min-1 at 600oC, do not form aromatic and phenolic 

compounds. 

 

The subsequent analysis of the catalysts used in the reactions by thermogravimetric analysis (TGA) indicated that 

the primary source of deactivation of these materials was the deposition of carbon on the surface. Other catalytic 

systems and reaction conditions are under study to determine the main factor to turn the process more selective.  
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In an effort to minimize the resource depletion and the environmental problems due to petroleum-based monomers 

used for polymer production, nowadays various platform chemicals and polymeric materials are obtained from 

biomass processing [1]. 5-Hydroxymethylfurfural is a platform chemical from which many valuable compounds 

such as 5-hydroxymethyl-2-furoic acid (5OH2FA) can be obtained and used subsequently as monomers for the 

production of bio-based polyesters. In order to improve the properties of furan-based polyesters, in particular their 

biodegradability, monomers with furan units are mixed with biodegradable co-monomers [2]. 

 

The enzymatic synthesis of biopolymers represents currently an alternative method for chemical polymerization 

due to the biodegradability and natural origin of enzymes, efficient catalytic activity in mild reaction conditions 

and low impact on the environment. The most efficient enzymes used for polyester synthesis are lipases mainly 

the lipase B from Candida Antarctica. The polyesters obtained through enzymatic polymerization are important 

for their applicability in food industry, medical and pharmaceutical fields. 

 

One biodegradable compound that can be used as monomer for furan-based polyester synthesis is ricinoleic acid 

which is a natural unsaturated hydroxy-fatty acid that can be obtained through hydrolization in alkaline media 

from castor oil, a non-edible bio-based oil. Due to its structure (double bond, hydroxyl and ester groups), ricinoleic 

acid is an important resource for obtaining functional polymers with various applications [3]. 

 

In order to optimize the oligoester synthesis based on 5-hydroxymethyl-2-furoic acid (5OH2FA) and ricinoleic 

acid (RCA) in this study the statistical technique Design of Experiments (DoE) was used. Box-Behnken design 

from Unscrambler software package was used for the optimization of oligoesters. Three parameters were selected 

(temperature, biocatalyst concentration reported to the amount of monomers, molar ratio between monomers) and 

their influence on the average molecular weights and relative content of the reaction products was studied. The 

temperature varied between 60 and 80°C, the proportion of the biocatalyst in relation to the monomers between 

10 and 30%, and the molar ratio RCA: 5OH2FA from 1:1 to 5:1 were investigated. Based on the MALDI-TOF 

MS spectra and GPC analysis of each sample, the average molecular weights (Mn, Mw), and the relative 

composition of the reaction product (homopolymers and copolymers) were calculated and used as response 

variables. The optimal reaction conditions were determined based on DOE results and statistical analysis. The 

structure of the copolymer was demonstrated by NMR analysis. Although the polymerization degree is modest the 

obtained products could be useful in pharmaceutical, food, or medical applications.  
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1,3-Butadiene (BD) the most basic and important conjugated diene is a key derivative of the petrochemical industry 

and an intermediate of many industrial products 1. It is widely used as a raw material for the manufacture of a 

diversity of synthetic rubbers, elastomers and polymeric resins 2. BD is mainly produced as a by-product of the 

steam cracking process for ethylene and propylene production or from oxidative dehydrogenation of n-butane and 

n-butene 3. However, the depletion of these non-renewable feedstocks, closely related to the rapid growth in world 

population, increases the demand towards BD production from a greener and more sustainable routes using 

biomass-derived renewable materials 4. Butanediol isomers (i.e. 1,3-, 1,4- and 2,3-BDOs) are produced in high 

yields from the biomass fermentation process, therefore, the acid-catalyzed dehydration of such C4 alcohols can 

be regarded as an alternative potential route towards BD 2.  

 

Our work aims to stably produce BD with a very high yield from the catalytic dehydration of 1,3-BDO in the 

gaseous phase. To realize this goal, the catalytic behavior of several acidic commercial zeolites with different 

topologies were tested at 300 °C under atmospheric pressure in a fixed-bed flow reactor. Results revealed that the 

framework structure of zeolites plays a crucial role in governing butadiene selectivity. In addition to topology, 

active site accessibility, acid strength and acid site density can have a prominent impact on conversion rate, 

selectivity as well as stability in such dehydration reactions. While better sites accessibility may lead to shorter 

diffusion paths in the catalyst particle and lower cokes formation, hence, higher conversion and higher butadiene 

selectivity may be achieved; weak acid sites might decrease propylene formation by hindering carbon-carbon 

catalytic cracking as well as formation of undesirable side products (e.g. oligomerization of butadiene). To tackle 

these properties, new dehydration catalysts such as mesoporous, nanosized, layered as well as Boron-incorporated 

zeolites were synthesized by several groups and their catalytic activity were studied. Consequently, taking into 

consideration all these crucial properties, there is a potential of surpassing 80% in butadiene yield from the direct 

dehydration of 1,3-BDO. 
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The demand for enantiomerically pure compounds in the pharmaceutical industry increases the complexity of the 

synthetic routes. Among the methodologies to obtain enantiopure compounds, lipase mediated kinetic resolution 

offers a green process, with a well-established route, distinct advantages of high activity, selectivity, and mild 

operating conditions. [1] 

 

α-hydroxycyclopenteno-aziridines (bicyclic-aziridines) are an intermediary to achieve molecules with biological 

properties such as functionalized aminocyclopentitols (e.g., peramivir, ticagrelor, neplanocin A and trehazolin).[2] 

The bicyclic-aziridines are obtained in a racemic mixture through a photochemical transformation of pyridinium 

salts, for which we developed a flow reactor for gram-scale preparation. [3] These bicyclic-aziridines have a free 

secondary alcohol in their structure, allowing for an enzymatic kinetic resolution, which could be achieved by 

using Novozym 435, an immobilized lipase, CAL B. The obtention of enantiopure bicyclic-aziridines unlocks 

synthetic routes to complex chiral structures. 

 

We herein disclose the enzymatic kinetic resolution of two bicyclic-aziridines: allyl bicyclic-aziridine and butyl 

bicyclic-aziridine, from early batch studies to flow (Figure 1 (B,D) and (C, E)).  

We successfully obtained with short residence times (S)-allyl bicyclic-aziridine 98% enantiomeric excess (ee) and 

46% isolated yield (Figure 1(C)), as well the obtention of (R)-butyl bicyclic-aziridine acetate in 95% ee and 20% 

isolated yield (Figure 1(B)).  

 

 
Figure 1. Obtention of enantiomeric pure bicyclic-aziridines: (A) Photochemical transformation of pyridinium salts in flow;  

Enzymatic kinetic resolution of (B) butyl-bicyclic -aziridine and (C) allyl-bicyclic -aziridine. Flow setup of enzymatic kinetic 

resolution (D) and (E).  
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Abstract  

Hydrolases such as β-glucosidases (BGLs) and proteases (trypsin) are among the most significant industrial 

enzymes. They belong to the ubiquitous enzyme family of hydrolases. More specifically, BGLs catalyze the 

cleavage of β-1-4 glycosidic bonds, whereas in specific conditions can mediate the transglycosylation of glucose 

derivatives. Numerous industrial processes require the exploitation of BGLs e.g., for the production of biofuels, 

flavour and juice clarification, and pharmaceuticals synthesis1. On the other hand trypsin is a serine protease, found 

in the digestive system of many vertebrates, where it hydrolyzes proteins, mainly at the carboxyl side of the amino 

acids lysine or arginine. It is used for numerous biotechnological processes and proteomic analysis. However, 

limitations regarding low stability and insufficient reusability of soluble enzymes hamper their application. Hence, 

immobilization of enzymes is a promising prospect which enhances the utilization of biocatalysts in 

biotechnologically related applications. Green nanoparticles deriving from agricultural wastes are gaining ground 

for enzymes immobilization. Moreover, Deep Eutectic Solvents (DESs) are a type of green solvents which are 

employed in many biocatalytic reactions owing to their benign features and beneficial effect on enzymes 

performance 2. 

 

In this regard, β-glucosidase from the hyperthermophilic bacterium Thermotoga maritima (Tm) and trypsin from 

bovine pancreas were immobilized on the functionalized surface of green magnetic nanoparticles occurred from 

an olive leaf extract. The immobilization yield, specific activity, and enzymatic performance on DESs binary 

systems were investigated. The aim of this work was to assess the activity of the immobilized enzyme on different 

aqueous choline chloride DESs solutions. The effect of DESs as co-solvents on the enzymatic hydrolysis of 

substrates and the apparent kinetic constants of immobilized enzymes were also evaluated. 

 

The results of this study demonstrated that green nanoparticles are robust and environmental-friendly nanocarriers 

for the effective immobilization of hydrolases. The new nanobiocatalytic systems (immobilized enzymes) were 

able to perform enzymatic reactions in aqueous DESs solutions. In particular, immobilized Tm’s activity was 

screened on different choline chloride-based DESs solutions with substantial observations. The hydrogen bond 

donor and the % DESs concentration (v/v) seemed to affect the hydrolytic activity of immobilized Tm. ChCl:BG 

had a profound impact on the enzymatic performance of immobilized enzymes and so, it is considered a promising 

co-solvent for biotechnological reactions of interest. However, in the cases of salicin and esculin hydrolysis 

(phenolic glucosides), reaction rates were decreased with choline chloride-based DESs as co-solvents. 

 

 

Materials 

β-Glucosidase from Thermotoga maritima (BGL) was obtained from Megazyme (E-BGOSTM). Trypsin from 

bovine pancreas was obtained from Sigma. Choline chloride (ChCl, Sigma), urea (U, Fluka), glycerol (0.5% max 

water, Gly, Fisher Scientific), butylene glycol (BG, TCI), D(-)-fructose (Fru, Sigma) were of analytical grade. 

Acetonitrile and water were for liquid chromatography. Buffers and aqueous solutions were prepared in double 

distilled water (ddH2O).  

 

A hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) were mixed in specific molar ratios as 

described before 3.  

 

Immobilization of hydrolases on green hybrid zinc oxide-iron oxide nanoparticles was proceded through covalent 

bonding using EDC/NHS, as described before by Chatzikonstantinou et al., with minor modifications 4. 

Hydrolysis reactions of phenolic glucosides or peptides were monitored and quantified by high performance liquid 

chromatography (HPLC) equipped with a μBondapack C18 reversed-phase column (particle size 10 μm, length 

300 mm, diameter 3.9 mm) and a diode array UV detector. 

 

Results 

Some key results are presented in Figure 1 and Table 1. Choline chloride-based DES have been used extensively 

as co-solvents in different enzyme mediated reactions. In with work, a variety of ChCl-based DES with different 

hydrogen bond donors were prepared in order to evaluate the catalytic activity of immobilized Tm. As shown in 

Figure 1, the hydrolysis of p-NPG was used as the model reaction and specific DESs were applied as co-solvents 

at different concentrations (v/v). At lower concentrations of DESs, a favorable effect on the immobilized enzyme 

activity was observed. More specifically, HBDs with hydroxyl groups enhanced remarkably the enzymatic 

file:///C:/Users/hstam/Dropbox/PC/Downloads/hstamati@uoi.gr


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

524 
 

performance in some cases. The apparent kinetic constants were also affected with the inclusion of DESs. In 

particular, it was observed that Km and Vmax values were increased in any case. 

 

Regarding the hydrolysis of phenolic glucosides, immobilized Tm was able to catalyze the cleavage of β-1-4-

glucosidic bond in different aqueous DES solutions (10% v/v) (Table 1). However, reaction rates were 

substantially affected. A possible explanation is that in aqueous DES solutions occur mass transfer limitation 

issues.  

 

 
Figure 44. Hydrolytic activity of immobilized Tm at different concentrations of DES/buffer solutions (v.v). p- NPG was used 

as model substrate. 

 
Table 1. Reaction rates of the hydrolysis of phenolic glucosides catalyzed by 0.050 mg mL-1 immobilized enzyme at 50 oC. 

  Esculin hydrolysis Salicin Hydrolysis 

  Reaction Rate (μM min-1 mg-1  nanobiocatalyst) 

Buffer 433 710 
ChCl:U 263.6 247.4 

ChCl:Gly 325.8 269.2 
ChCl:Gly:U 273 272 

ChCl:BG 318.4 303.6 
ChCl:Fru:H2O 335.2 307.4 

 

In conclusion, the immobilization of hydrolases on green hybrid zinc oxide-iron oxide nanoparticles stabilizes the 

enzymes. The new nanobiocatalysts (immobilized hydrolases) were able to effectively perform hydrolytic 

reactions in aqueous DES solutions 
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Abstract: The Fe-Co-based alumina supported catalysts with or without additive of Pt were tested in the dry 

reforming of methane (DRM). Their activity was compared under atmospheric pressure and varying the process 

temperature within 400-800°C. The 5-20%Co-Fe-Pt/Al2O3 catalyst exhibits the high activity and selectivity in the 

syngas production by DRM. Methane is almost completely converted at 800oC. Adding small amount of Pt (0.25 

wt.%) slightly increases in activity, promotes the reverse water gas shift reaction, and prevents coke formation. 

The catalysts have been characterized by a number of physico-chemical methods (BET, XRD, TEM, SEM, H2-

TPR, and Messbauer spectroscopy). By Messbauer spectroscopy, the formation of bi- and trimetallic clusters of 

Fe-Co, Fe-Pt, and Fe-Co-Pt have been observed.  

 

There are several technologies for methane reforming to produce syngas. Among them dry reforming of methane 

(DRM) (Eq.1) is an attractive way to utilize the main greenhouse gases (Eq. 1). More importantly, the biogas 

mainly composed of carbon dioxide and methane is a cheap renewable source for DRM. Besides, some reservoirs 

of natural gas can contain comparable concentrations of CO2 and methane, which makes the reaction more 

desirable for commercialization. 

 

           CH4 + CO2 ↔ 2H2 + 2CO                             (Eq. 1) 

 

Despite its considerable environmental potentials, DRM is not considered an industrially mature process. The 

principal reason for this is the carbon-forming reaction, which quickly deactivates conventional reforming 

catalysts if used without the presence of steam. Ni-based catalysts are commonly used ones and widely 

investigated. Nevertheless, no effective commercial catalyst to date exists which operates without carbon 

formation.  

In the present work, the performance of Fe-Co based catalysts used in DRM is discussed. The effect of amount of 

metals and Pt additive on the catalyst behavior has been investigated. 

The polymetallic Fe-Co-containing catalysts were prepared by impregnating alumina with an aqueous solution of 

Fe, Co, and Pt compounds followed by thermal treatment. Total content of Fe and Co was varied within 5-20 wt.%. 

The mass ratio of Fe:Co was kept as 1:1. The trimetallic catalysts were synthesized by adding of 0.25 wt.% of Pt 

to the Fe-Co/Al2O3.    

The physicochemical properties of the catalysts were studied using TEM, SEM, BET, TPR-H2, Mossbauer 

spectroscopy, and XRD. 

The process of dry reforming of methane (DRM) was carried out in a laboratory flow quarts reactor supplied with 

programmed heating and a controlled feeding velocity. The gas hourly space velocity (GHSV) was 1000 h-1 and 

process was operated under the atmospheric pressure. The temperature was varied within 400-800°C. The initial 

and final reaction products were on-line analyzed using the GC’s. 

The catalysts activity was tested in the dry reforming of methane. The effect of temperature on methane and carbon 

dioxide conversion over the new polymetallic supported catalysts was studied. Also, the influence of the content 

of metals was examined. 

At 800oC, methane is almost completely converted over the synthesized catalysts: X(CH4) is > 99.0%, while carbon 

dioxide conversion degree is lower and reaches 90-92%.  

Syngas is the only product of CO2 reforming of methane over the catalysts. The ratio of the H2/CO in the synthesis 

gas is < 1 and is varied within 0.90-0.94. 

By Messbauer spectroscopy, the formation of the bimetallic Fe-Co, Fe-Pt, and possibly trimetallic Fe-Co-Pt 

clusters were shown. The bi- and trimetallic Fe-Co catalysts are much higher active than the monometallic Co- 

and Fe-supported catalysts. 

The results obtained show that the new multicomponent catalysts based on Fe and Co with additive of noble metal 

and supported on alumina have the high activity and stability in the dry reforming of methane.  
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Plasma jet sputtering is a convenient method for preparing catalysts supported on stainless steel meshes. Such 

catalysts are particularly suitable for processes carried out at high space velocities [1]. One of them is the catalytic 

total oxidation of volatile organic compounds (VOC), an economically feasible and environmentally friendly 

method of reducing VOC emissions. Mixed oxides are efficient catalysts in oxidation of VOC. Cobalt oxide-based 

catalysts in combination with Mn oxides are particularly active [2]. However, cobalt compounds are among the 

strategic materials and are expensive. Therefore, we have attempted to investigate new oxidation catalysts based 

on nickel oxide in combination with other transition metal oxides. In this contribution, we have decided to study 

properties and oxidation activity of Ni-Cu mixed oxides prepared by hollow cathode plasma jet sputtering, as both 

metals are easily accessible and plasma jet sputtering can be realized on a large scale.  

 

Hollow cathode plasma jet sputtering of Ni, Cu and Ni+Cu mixtures in an Ar+O2 oxidizing atmosphere has been 

used to create thin oxide coatings on stainless steel meshes. The prepared samples differ in molar ratios of both 

components and are labeled as Cu, NiCu14, NiCu11, NiCu41 and Ni (numbers denotes Ni:Cu molar ratios, e.g., 

the NiCu14 sample contains Ni and Cu in molar ratio of 1:4). The properties of the supported catalysts were 

characterized by EDX, powder XRD, SEM, temperature programmed reduction (H2-TPR), Raman spectroscopy, 

and XPS. The catalytic activity was examined in the deep oxidation of ethanol and toluene, which were used as 

model VOCs. The activity of the catalysts in the oxidation of ethanol and toluene was evaluated as specific activity 

(amount of reactant converted per unit mass of metal oxides per hour) at chosen reaction temperatures. All 

properties of the prepared catalysts were compared with grained catalysts obtained by calcination (500 °C in air) 

of coprecipitated precursors with corresponding compositions.  

 

The catalysts prepared by Ni and/or Cu sputtering on stainless steel meshes had very low content of Ni-Cu oxides 

(~0.3 wt.%). Molar ratios of Ni and Cu determined by EDX were very close to the demanded values (Table 1). 

Powder XRD patterns of sputtered Ni and Cu catalysts revealed presence of NiO (bunsenite) or CuO (tenorite). 

When both elements were deposited simultaneously, a mixture of NiO and CuO was formed. Evaluation of lattice 

parameters and crystallite size was very difficult due to the few distinguishable peaks present. In addition, a 

diffraction peak at ~51.1° corresponding to the stainless steel support overlapped the most intense NiO peak at 

~50.7°. For these reasons, the calculated D values (the sizes of the NiO coherent domains in Table 1) are less 

accurate. Powder XRD patterns of the oxide samples obtained from the coprecipitated precursors showed the same 

oxides (NiO, CuO or their mixtures). SEM images of the meshes revealed uniform distribution of Cu, Ni, and Ni-

Cu oxide particles on the meshes, not differing from each other. 

 

Table 1 also summarizes the surface areas (SBET) of the oxides deposited on the meshes. The deposited Ni oxide 

showed the largest surface area (5.2 m2 g-1), while the Cu one showed substantially lower surface area (1.8 m2 g-

1). Surface area of the deposited Ni-Cu oxide catalysts varied from 0.8 to 3.0 m2 g-1. Surface area of the grained 

catalysts obtained from coprecipitated precursors varied from 3.3 m2g-1 (the NiCu14 sample) to 17.8 m2g-1 

measured for the Ni catalyst; thus, they surface areas of the Ni-Cu oxide catalysts prepared by different ways were 

very similar.  

 
Table 1.  Properties of Ni-Cu oxide catalysts sputtered over stainless steel meshes and those from coprecipitated precursors 

  Meshes      Grains     

Sample Ni/(Ni+Cu) 

Expected 

mol mol-1 

Ni/(Ni+Cu) 

EDX 

mol mol-1 

Ni/(Ni+Cu) 

XPS 

mol mol-1 

XPS/ 

EDX 

MeOx
a 

wt.% 

DNiO 

nm 

SBET 

m2 

goxides
-1 

Ni/(Ni+Cu) 

AAS 

mol mol-1 

Ni/(Ni+Cu) 

XPS 

mol mol-1 

XPS/ 

AAS 

DNiO 

nm 

SBET 

m2 
goxides

-1 

Cu 0 0.00 0  0.21 - 9.4 0 0.01  - 7 

NiCu14 0.2 0.14 0.43 3.1 0.30 12.1 3.3 0.21 0.43 2.0 12.1  22 

NiCu11 0.5 0.49 0.58 1.2 0.30 13.7 10.1 0.53 0.72 1.4 13.1  28 
NiCu41 0.8 0.74 0.61 0.8 0.29 11.7 10.2 0.80 0.71 0.9 18.5  33 

Ni 1 0.98 1 1 0.17 9.0 17.8 1 1 1.0 33.1  14 
a Ni+Cu oxides content (determined by weighing the stainless steel meshes before and after the Ni and Cu sputtering) 

 

Reducibility of the obtained Ni-Cu oxides was examined by H2-temperature programmed reduction. The positions 

of Tmax in TPR patterns are presented in Table 2. The reduction profile of the sputtered Cu catalyst is rather complex 

with a broad reduction feature ranging from 200 °C to 400 °C with maximum at 277 °C. Small peak was also 

observed at 337 °C. As the powder XRD of Cu catalyst confirmed the presence of CuO in this catalyst, this 
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reduction feature was ascribed to the reduction of Cu2+ species to Cu0. The Ni catalyst exhibited one reduction 

peak with a maximum at 404 °C. The peak included the reduction of Ni2+ to Ni0. The Ni-Cu oxide catalysts from 

coprecipitated precursors were reduced at lower temperatures compared to the Ni and Cu samples (Table 2). The 

reduction maxima observed at 257, 270, and 270 °C for the NiCu14, NiCu11, and NiCu41 catalysts, respectively, 

were shifted to lower temperatures with increasing copper content in the catalysts, as precipitated Ni catalyst was 

reduced mainly at 367 °C. Reduction of sputtered Ni-rich catalysts was slightly worse than that from the 

coprecipitated precursors. 

 

Raman spectra of the examined catalysts revealed several (Table 2). The Cu catalysts of both types showed 

identical main band at 298 cm-1 along with two minor bands at 344 and 628 cm-1. The Ni-containing catalysts 

showed a broad band at 535 cm-1 for the precipitated catalysts, which shifted slightly to higher values for sputtered 

catalyst. The shift of Ni-O band can be attributed to the smaller particles formed during the precipitation of the 

catalysts precursors. The grained Ni catalyst revealed a broad band even at 488 cm-1. 
 

Table 2. Positions of the reduction maxima during TPR measurements and observed Raman bands of the Ni-Cu oxide 

catalysts 

Sample  Tmax observed during TPR, °C  Raman bands, cm-1 

 Meshes Grains Meshes Grains 

Cu 277; 337 265; 281 298; 348; 628 296; 344; 628 

NiCu14 295; 354 257 299; 348; 552broad; 628sh 296; 344; 535 

NiCu11 303; 340 270 299; 347; 548; 628sh  296; 344; 535 

NiCu41 309 219sh; 270 299; 543broad  535broad 

Ni 404 300sh; 367  200; 387sh; 488broad  

 

The XPS measurements proved presence of NiO and CuO on the surface of all catalysts. The surface Ni 

concentration was higher than the bulk concentration for both types of catalysts, with the sputtered NiCu14 catalyst 

being almost 1.5 times higher than in the grained ones. The ratio of surface to bulk concentration close to 1 was 

approximately the same for the other catalysts (Table 1).  

 

The activity of sputtered catalysts with different Ni-Cu molar ratios in the oxidation of ethanol and toluene is 

shown in Figure 1, left. In the ethanol oxidation, the activity increased significantly with increasing Ni:Cu molar 

ratio, with the Ni catalyst being the most active. In the toluene oxidation, the maximum activity was observed for 

the NiCu11 catalyst. Toluene oxidation took place at temperatures about 130 °C higher than the ethanol oxidation. 

The grained catalysts showed (Figure 1, right) the highest activity in ethanol oxidation over the NiCu14 and 

NiCu41 catalysts. In the oxidation of toluene, the NiCu11 catalyst showed the maximum activity. As expected, 

the activity of the grained catalysts obtained from coprecipitated precursors was higher than that of the pelletized 

coprecipitated catalyst (NiCu11pell, 4x3 mm pellets) due to the internal diffusion of the reactants. 

 

 

  
Figure 1.  Comparison of catalytic activity of sputtered (left) and grained (right) Ni-Cu oxide catalysts (GHSV=20 l g-1 h-1, 

800 ppm of VOC) 

 

Comparing the activity of the sputtered catalysts (Fig. 1 left) with that of calcined coprecipitated NiCu11 in the 

form of pellets (NiCu11pell), the activity of the sputtered catalysts was ~10 times higher for ethanol oxidation and 

almost 40 times higher for toluene oxidation, although the amount of active components in the sputtered catalysts 

was almost 30 times lower. 
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Abstract text:  

A putative β-galactosidase from the extreme thermophile Thermoproteus uzoniensis (β-GalTu) was cloned and 

expressed in Escherichia coli for potential application in isoflavone conversion. Isoflavones have attracted 

attention because of their biological activities against cancer, heart disease, symptoms of menopause, and 

osteoporosis, which can be improved by deglycosylation of isoflavones into aglycones that are quickly absorbed 

in human body because of their lower molecular weight and better hydrophobicity than those isoflavones. In this 

study, we investigated that production of daidzein and genistein from Korean wild soybean (glycine soja) using β-

GalTu. β-GalTu was purified by His-trap affinity chromatography with a specific activity of 1,103 μmol/min/mg, 

and exists as a homodimer of 113 kDa. Biochemical properties of β-GalTu such as effects of pH and temperature, 

thermostability, and substrate specificities. β-GalTu showed the highest activity for p-nitrophenyl (pNP)-β-D-

galactopyranoside among aryl glycosides, and its hydrolase activities for isoflavone glycosides followed the order 

genistin > daidzin > ononin > glycitin at pH 5.0 and 90 °C. β-GalTu completely hydrolyzed daidzin and genistin in 

the seed extract of wild soybean into 2.77 mM daidzein after 80 min with a productivity of 1.86 mM/h; and 3.85 

mM genistein after 70 min with a productivity of 3.30 mM/h. Moreover, daidzin and genistin in the root extract of 

wild soybean were completely converted to 9.89 mM daidzein and 1.67 mM genistein for 180 min and 30 min 

with the productivities of 3.30 mM/h and 3.36 mM/h, respectively, which showed the highest productivities 

compared to other glycosidases. This is the first report on the production of isoflavone aglycones (daidzein and 

genistein) from isoflavone glycosides (daidzin and genistin) in wild soybeans. This study will be helpful for 

industrial production of isoflavone aglycone using wild soybean. 

 

 
Figure 1. Production of daidzein and genistein from daidzin and genistin in the seed and root extracts of wild 

soybean by thermostable β-galactosidase from Thermoproteus uzoniensis 
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Volatile organic compounds (VOC) in industrial gases represent a serious environmental problem; they contribute 

to ozone/smog formation and some of them exhibit toxic, narcotic or carcinogenic properties. Concentration of 

these pollutants in air can be reduced applying the catalytic total oxidation to carbon dioxide and water as the final 

products; this process is markedly energy saving compared to the elimination of VOC by thermal combustion. 

Besides the rather expensive noble metals-containing catalysts, cheaper transition metal oxides are also used as 

catalysts in this process. Both cobalt and copper are active components in oxide catalysts used for VOC removal 

and their combination can be beneficial due to the synergistic effect [1,2]. 

 

The oxide catalysts were obtained by heating of precursors, prepared by coprecipitation of nitrate solutions 

containing Co and Cu in various molar ratios (4:1, 1:1, and 1:4). The single-component precursors containing only 

Co and Cu were precipitated as well. The dried and powdered products were formed into pellets and calcined for 

4 h at 500 °C in air. After cooling, the pellets were crushed and sieved to obtain the fraction with particle size of 

0.160-0.315 mm, which was used in catalytic experiments. The samples were labeled by acronyms with cation 

composition, i.e., Co, CoCu41, CoCu11, CoCu14, and Cu. The prepared oxide catalysts were characterized by 

elemental analysis (AAS), surface analysis (XPS), powder XRD, Raman spectroscopy, nitrogen adsorption, and 

temperature programmed reduction (H2-TPR). The catalytic performance was examined in the deep oxidation of 

ethanol, which was used as a model VOC. The catalytic reaction was carried out in a fixed bed reactor (5.0 mm 

i.d.) in the temperature range from 80 to 400 °C and temperature ramp of 2.0 °C min-1. The inlet ethanol 

concentration in air was 750 ppm at GHSV of 20 l gcat
-1 h-1. The T50 and T90(CO2) temperatures (the temperatures 

needed to achieve 50% ethanol conversion and 90% conversion of all organic compounds to CO2, respectively) 

were chosen as a measure of the catalysts activity. Selectivity in ethanol oxidation to formation of acetaldehyde 

and carbon monoxide was described by maximum concentrations of both compounds occurrence at corresponding 

temperatures. 

 

The metals contents in the catalysts are presented in Table 1; the determined Co:Cu molar ratios are close to those 

adjusted in nitrate solutions used in the precursors coprecipitation. The catalysts contained also small amount of 

sodium cations remaining in the prepared products after washing. The XPS analysis showed strong enrichment of 

the surface with Cu in the CoCu41 catalyst, while surface of the CoCu11 and CoCu14 catalysts was enriched with 

Co. Powder XRD pattern of the Cu catalysts corresponded to CuO (tenorite) and the Co catalyst contained only 

Co3O4 with a spinel structure. Powder XRD patterns of the Co-Cu oxide catalysts showed diffraction peaks 

corresponding to both CuO and Co3O4; it indicated formation of a mixture of spinel-type Co3O4 and CuO during 

heating of coprecipitated Co-Cu precursors. Part of copper cations can also occupy sites in the spinel lattice. It is 

difficult to determine from XRD patterns, whether the spinel structure corresponds to Co3O4 or CuxCo3-xO4; these 

oxides have very similar positions of diffraction lines with only small shifts caused by small difference in the Co 

and Cu cation sizes. Evaluation of powder XRD data showed that the spinel lattice parameters in Co-Cu samples 

were slightly larger (about 8.089 Å) compared to the Co sample (8.084 Å). The XRD coherent domains (often 

considered as approximate crystallite sizes) were calculated from the broadening of diffraction peaks; they 

reflected structure ordering of the prepared oxides. The crystallite sizes of spinel-type oxides in all Co-Cu samples 

were very similar (about 30 nm). The CuO crystallite sizes increased with increasing copper content in the samples, 

from 16 nm in the CoCu41 sample to 33 nm in the Cu one (Table 1). The Raman spectra of Co-Cu oxide catalysts 

also showed a simple superposition of the bands characteristic for single-component Co and Cu oxides, i.e., Co3O4 

and CuO; relative intensities of the bands corresponded to the Co and Cu contents in the samples. A shift in the 

positions of Raman bands did not prove clearly the formation of Co-Cu mixed oxides as the band positions could 

be affected by shape and size of the crystallites. Both powder XRD patterns and Raman spectra of the Co-Cu 

catalysts indicated that mixtures of Co3O4 and CuO rather than Co-Cu mixed oxides were formed during heating 

of the coprecipitated precursors. The measured N2 adsorption isotherms were classified as type II isotherms 

corresponding to non-porous or macroporous materials. A small adsorption at low relative pressures (maximum 6 

cm3 g-1) was found and, therefore, no micropores were likely present in the catalysts. The determined values of 

surface area (SBET), mesopore volume (Vmeso), and average pore size decreased with increasing Cu content in the 

catalysts (Table 1). The hydrogen consumptions during TPR measurements are summarized in Table 2. The Co 

catalyst exhibited two reduction peaks: a smaller peak with a maximum at 292 °C and a larger one with a maximum 

at 378 °C. The TPR profile of Co catalyst was characteristic for Co3O4 reduction; the first reduction peak was 
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ascribed to reduction of Co3+ to Co2+ and the larger peak to the reduction of Co2+. The TPR profile of Cu catalyst 

was more complex with a broad reduction feature ranging from 200 °C to 450 °C with maximum at 414 °C; it 

might be ascribed to the reduction of Cu2+ species to metallic copper. The Co-Cu catalysts were reduced at lower 

temperatures compared to the Co and Cu samples. The reduction maxima were observed at 313, 271, and 253 °C 

for the CoCu14, CoCu11, and CoCu41 catalysts, respectively; a shift to lower temperatures with increasing cobalt 

content in the catalysts was found (Table 2). 

 
Table 1.  Characteristics of the prepared Co-Cu oxide catalysts: Content of Co and Cu components, crystallite sizes 

determined from XRD data, and textural properties determined from nitrogen adsorption 

Sample Metal content (wt. %) Co:Cu ratio Crystallite size (nm) SBET  

(m2 g-1) 

Vmeso 

(cm3 g-1) 

Pore size 

(nm) Co Cu Na AAS XPS spinel CuO 

Co 66.3 - 1.75 1:0 - 26 - 27 0.23 32 

CoCu41 56.7 15.0 0.17 4:0.98 2.29:1 30 16 21 0.18 32 

CoCu11 35.3 37.2 0.34 1:0.98 1.30:1 26 28 19 0.09 18 

CoCu14 14.3 59.3 0.57 1:3.84 2.55:4 33 28 18 0.08 16 

Cu - 75.1 0.77 0:1 - - 33 5 0.02 14 

 

Results obtained during testing of the Co-Cu oxide catalysts in the ethanol oxidation are summarized in Table 2. 

The low T50 temperature (90 °C) indicated high activity of the CoCu41 catalyst, while the Cu catalyst showed the 

highest T50 value (186 °C). Acetaldehyde and carbon monoxide were detected as the main by-products of ethanol 

oxidation over the examined catalysts. The most active catalyst, CoCu41, showed relatively high acetaldehyde 

formation (444 ppm); the highest concentration of acetaldehyde (629 ppm) was found on the Cu catalyst. The 

amount of carbon monoxide produced during the reaction was low; maximum concentrations ranged between 5 

and 14 ppm, with an exception of the Co catalyst, which showed 131 ppm of CO. The T90(CO2) temperature is an 

important parameter for the VOC total oxidation. The lowest T90(CO2) temperature (159 °C) was found for the 

CoCu41 catalyst, while much  higher temperatures were found for the Cu-rich CoCo14 (197 °C) and Cu (259 °C) 

catalysts. The Co catalyst was active (T50 temperature 105 °C) but exhibited a relatively high T90(CO2) temperature 

(202 °C). For all copper-containing catalysts, a linear correlation between the temperature of the main reduction 

peak in TPR profiles and their activity in ethanol oxidation (T50 temperatures) was observed; only the copper-free 

Co catalyst clearly deviated from this dependence. 

 
Table 2.  TPR results and performance of the Co-Cu oxide catalysts in the ethanol deep oxidation 

Sample Hydrogen 

consumption 

(mmol g-1) 

Tmax 

(TPR) 

(°C) 

T50    

(°C) 

T90(CO2) 

(°C) 

Acetaldehyde 

formation* 

(ppm / °C) 

CO 

formation* 

(ppm / °C) 

Co 16.8 292; 378 105 202 544 / 137 131 / 202 

CoCu41 18.1 214; 253 90 159 444 / 134 7 / 170 

CoCu11 16.7 271 99 172 428 / 141 7 / 171 

CoCu14 12.5 260; 313 131 197 340 / 164 12 / 199 

Cu 12.6 375; 414 186 259 541 / 212 9 / 216 

* Maximum concentration during the catalytic experiment and temperature, at which it was detected 

 

The Co-Cu oxide catalysts prepared from coprecipitated precursors contained a mixture of Co3O4 and CuO 

(detected by powder XRD and Raman spectroscopy). The TPR results indicated that CuO present in the samples 

promoted reduction of Co3O4. The most active CoCu41 catalyst was reduced at the lowest temperature, likely due 

to the high dispersion of CuO on the surface of Co3O4 particles. In contrast, the surface area of the Co-Cu oxide 

catalysts was not critical for their performance in deep oxidation of ethanol. A synergistic effect of Co and Cu 

components in the catalysts was observed for CoCu41 and CoCu11 samples. The CoCu41 catalysts showed the 

highest activity and selectivity, achieving 90% conversion to CO2 at 159 °C (compared to 202 and 259 °C observed 

for the Co and Cu catalysts, respectively). 
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In the present study the photocatalytic treatment of ceftazidime (CEF), a third-generation cephalosporin, has been 

investigated using manganese oxides supported on graphene oxide (GO)- titania (TiO2) nanocomposites. GO-TiO2 

nanocomposites were prepared by using a mild ultrasonically assisted synthetic route with different mass ratios of 

graphene (1–5 % wt %). With the MnOX active component loaded by means of ultrasonic impregnation. The 

characterization of the catalysts and the determination of their physicochemical properties was conducted 

employing Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), BET analysis 

and X-Rays Diffraction (XRD). The degradation kinetics followed the first-order kinetic law. The synthesized 

composite with 1% GO and 5% MnO appeared to be the most effective catalyst. Tests were performed using a 

secondary effluent from a wastewater treatment plant and a landfill leachate. The nearly complete removal of the 

target compound could be achieved after 1 h at low concentration to 6h at high concentration in leachate matrix. 

Moreover, the kinetic effects of catalyst dosage, contaminant concentration, chemical oxidants (H2O2, S2O8
2-) and 

solution pH on CEF degradation were studied, and the transformation products were identified by liquid 

chromatography–High Resolution mass spectrometry (LC-HRMS) to propose the possible transformation 

pathways. 
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In this work, microwave irradiation (MW) was used as hybrid process to extract silica from rice husks and to 

prepare bio-based SBA-15 mesoporous silica. SBA-15 was synthesized using both hydrothermal methodology in 

a MW heated reactor and using an autoclave. The MW_SBA-15 was post-functionalized with SO3H- groups. The 

structural and chemical composition of the prepared materials were characterized by several techniques such as 

elemental analysis, XPS, FT-IR, XRD, SEM and N2 adsorption/desorption isotherms confirming the successful 

preparation of the materials. SBA-15 functionalized with the organosilnane CSPTMS was applied as catalyst in 

the production of fuel additives such as alkyl levulinate using the biomass-derived platform molecule 5-

hydroxymethylfurfural (5-HMF). Different types of reactors (conventional, MW and high-pressure batch reactor) 

were used to compare their efficiency to convert 5-HMF. The results showed that MW reactor allowed the best 

activity and selectivity. The effects of temperature reaction and use of different alcohols simultaneously as solvent 

and reagent, were evaluated and showed that higher temperature favors the production of ethyl levulinate and that 

the increase in the alcohol carbon chain promoted the production of heavy organic compounds. The ability of 

SBA15@CSPTMS to be reusable were evaluated and it is noteworthy to mention that no significant loss of activity 

was observed during four catalytic cycles. 

 

 
 

 
 

Figure 1.  Representative scheme of the described work. 
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Transferring a metal-photoactivated allylic substitution reaction into a protein host to improve reaction 

efficiency and achieve enantioselectivity in aqueous conditions. 

In this study we are aspiring to transfer an efficient copper-photoactivated allylic-C-H alkynylation reaction into 

aqueous conditions and aiming to induce enantioselectivity, via the use of a suitable protein scaffold [1]. 

To this purpose, we have chosen LmrR, a dimeric protein, which has been already used efficiently as a protein host 

for metal-catalysed reactions in aqueous conditions [2-5]. 

The reaction of interest leads to the efficient formation of 1,4-enyne compounds at room temperature in organic 

solvent, using a copper(I) terpyridyl complex as photo-initiator. 

We have shown that the protein’s dimeric cavity has a good affinity for the copper-terpyridyl complex. Thus, the 

copper catalyst can be trapped via non-covalent interactions inside the cavity. 

We have determined the factors that are necessary for compatibility between protein and the reaction-components 

and are working further via reaction-engineering on overcoming the compatibility barrier. 

Our next step is to enhance reaction efficiency in the aqueous environment further and induce enantioselectivity.  
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DUDE CHEM is a Green Chemistry start-up with its roots in the German Cluster of Excellence in Catalysis at the 

University of Technology Berlin. As a high-tech virtual manufacturer, we facilitate greener outsourcing of 

pharmaceuticals and their intermediates in order to transform the current pharma-chemical industry towards into 

an environmentally benign sector. Our multi-disciplinary team combines expertise in both green chemistry and 

digitization. 

 

The use of quantum chemical methods allows for accelerating development time for specific challenges like 

solvent screenings or extraction problems by the use of tailor made applications, e.g. for catalyst reuse in 

homogeneous solvent systems:  

A Suzuki coupling reaction of an important API class will be shown, that is used for the treatment of hypertension. 

In this case the expensive Pd catalyst could be reused up to 4 times while salts and product could be easily removed 

and isolated in one step.  

 

In another case study we will show how the change of synthesis design towards an API led to a much greener 

process in which toxic solvents were replaced. By direct comparison of the old industrial process with the new one 

one clearly sees that the number of synthesis steps were shorten and a more atom efficient route was established.  

By calculating the PMI (Process mass index) and the E-factor of both processes it is shown that the PMI was 

improved for the new process by a factor of ~3 and the E-factor by 4. 
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The most established synthetic route towards (−)-Ambrox, a fragrance compound of industrial interest, is a three-

step procedure starting from the diterpene (−)-Sclareol.[1] The traditional approach in this sequence suffers from 

the reduction-step from (+)-Sclareolide to (−)-Ambradiol, which is usually performed using the expensive and 

difficult to handle KBH4, red-Al, or LiALH4.[2] In addition, super-stochiometric waste is thereby generated which 

renders this approach in general disadvantageous for larger scale applications. These limitations were previously 

addressed with the transition-metal catalyzed hydrogenation of (+)-Sclareolide avoiding such reagents by the use 

of highly active but expensive nobel metal catalysts[3] or less reactive earth-abundant metals[4], both in combination 

with relatively large amounts of base. In order to make this process even more economically interesting, we report 

a high yielding Mn-catalyzed hydrogenation of (+)-Sclareolide to (−)-Ambradiol employing a new bench-stable 

Mn-PNN complex under relatively mild reaction conditions at low manganese and base loadings (Figure 1).[5] This 

complex can be synthesized from a commercially available manganese precursor as well as an air stable and readily 

available PNN-pincer ligand. Its easy synthesis along with the good activity and chemoselectivity observed, make 

this new catalyst a cost-effective alternative to the frequently used Ru-catalysts. 

 

 
 

Figure 1. Efficient hydrogenation of (+)-Sclareolide using the newly developed Mn-PNN complex. 
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Chemical recycling, in particular hydrogenative depolymerization, offers a promising way to utilize plastic 

waste.[1-3] This is an important avenue for dealing with the pollution caused by plastic waste and also to limit the 

use of fossil feedsctocks as a source of monomers for the production of various polymeric plastic materials.[4,5] 

This report highlights the manganese-catalyzed hydrogenation of polyurethane materials to the corresponding 

monomeric units (Figure 1). The key to success is a Mn pincer complex as a potent hydrogenation catalyst in 

combination with elevated temperatures (up to 200 °C) and suitable solvents to ensure sufficient solubility of the 

polymers. A wide array of polyurethane compounds of varying polyol and isocyanate compositions, some of which 

contain significant amounts of urea functionalities, are depolymerized, resulting in polyetherols and 

diaminotoluene (TDA) in yields of up to 89 % and 76 %, respectively. 

 
Figure 1: Hydrogention of polyurethane model 
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Introduction 

In the last decade, interest has been focused on the development of efficient and green processes for the 

transformation of renewable resources into value-added chemicals. One prominent example is of fatty acid methyl 

esters (FAMEs), which are produced via the Prilezhaev reaction with several disadvanteges such as the  highly 

production of corrosive waste and leads to undesirable epoxy-ring opening [1-2]. In contrast, epoxidation of FAME 

using hydrogen peroxide is one of the most attractive sustainable options to produce renewable epoxides since it 

is easy to use and water is the only by-product (Figure 1). For the latter process titanium silicalite-1 (TS-1) has 

gained considerable attention as a promising catalyst in recent research [3]. With et al. [4] reported a hybrid concept 

in which the catalytically active component TS-1 is combined with a sorptive functionality of a polymer-based 

spherical activated carbon (SAC). This new composite material shows higher catalytic activity (based on Ti-sites) 

than pure TS-1. However, the exact role of the carbon in the TS-1-catalyzed epoxidation is not clear. Therefore, 

in the present work, TS-1 and two TS-1/SAC composite catalysts (called Composite_A and Composite_B based 

on the composition of both components) were investigated regarding their catalytic activity and selectivity to 

understand whether the additional adsorption capacity of SAC affects the epoxidation of methyl oleate (MO) to 

epoxy methyl oleate (eMO) using these composite catalysts. Furthermore, the effect of the addition of the TS-1 on 

the diffusion behavior of the reactants inside the composite catalyst is investigated. 

 

 
Figure 1. Epoxidation of methyl oleate using hydrogen peroxide using a Ti-catalyst. 

 

Experimental Part   

The syntheses of TS-1 and TS-1/SAC composites (spherical carbon supports supplied by Blücher GmbH) were 

carried out according to the method proposed by With et al. [4]. Diffusion experiments were conducted by 1H 

NMR using a wide bore 9.4 Bruker BioSpin spectrometer following the experimental methodology from 

Dvoyashkin et al. [5]. Catalytic experiments were conducted in the liquid-phase using a two-neck round-bottom 

flask (V = 25 mL) containing a magnetic stirrer and connected to a reflux condenser at 323 K. In a typical 

experiment, 10 mL of acetonitrile (99.9%, VWR) were added with 90 mg of MO (≥ 99%, Sigma-Aldrich) and 

150 mg of the catalyst. The reaction mixture including the catalyst was stirred (stirring speed = 600 min-1) for 5 h 

at 323K before starting the reaction. Samples were taken at 0, 0.5, 1.5, 3 and 5 h intervals before staring the reaction 

via H2O2 addition to investigate adsorption effects. After 5 h, 140 mg of H2O2 (30 wt.-% aqueous solution, Sigma-

Aldrich) were added to initiate the reaction and samples were taken after 5.5, 6.5, 8 and 10 h. A defined amount 

of the sample (0.1 mL) was diluted in 0.5 mL of acetonitrile and analyzed by gas chromatography (Shimadzu GC 

2010 equipped with a flame ionization detector). The turnover number (𝑛𝑒𝑀𝑂,𝑡=5𝑛𝑇𝑖
−1)of MO conversion was 

calculated as moles of epoxy methyl oleate produced per mole of titanium sites present in the catalyst. 

Results and Discussion 

SEM images suggest the formation of TS-1 crystals on the surface of the SAC. The presence of MFI-type crystals 

was confirmed by the characteristic peaks at 2θ = 7.9°, 8.9°, 23.1°, 23.9° and 24.4° observed by XRD. Weight 

fractions of TS-1 and SAC in the synthesized composites as determined by thermo-gravimetric analysis (TGA) 

were 26 and 74 wt.-% in Composite_A and 56 and 44 wt.-% in Composite_B, respectively. Figure 2 shows an 

illustration of the three assumed MO diffusion regimes and their associated Diffusion coefficients in a TS-1/SAC 

composite particle as determined by PFG-NMR. Bulk diffusion (D1), diffusion in the inter-crystalline spaces 

formed by the aggregation of TS-1 crystals (D2) and diffusion within the pores of the SAC (D3). Furthermore, MO 

diffusion is not expected to be observed into the TS-1 micropores (0.54 nm) as the molecular size of the MO is 

too large to access them (approx. 2.5 nm along the C-C segments, 0.5 nm for the cross section). With increasing 

TS-1 content in the composite, the probability of finding MO molecules with the D2 diffusion coefficient increases, 

i.e. the population of molecules diffusing between the intercrystalline spaces of TS-1 increases. Furthermore, the 

probability of finding a MO molecule in the SAC pores decreases notably with the increase of the TS-1 content. 

This is explained by the TS-1 crystals blocking part of the pore system of the SAC. This was also confirmed by 

characterization via nitrogen sorption, mercury intrusion porosimetry and SEM images (not shown here).   
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Adsorption of the reactant MO needs to be taken into account when 

assessing the activity of the composite catalysts (Figure 3 (left). A 

reduction of MO concentration in the liquid phase with no epoxy methyl 

oleate (eMO) formation was observed. This indicates a significant 

adsorption of the reactant molecules on the solid materials without a 

chemical reaction occurring. The term apparent conversion was thus used 

to express the reduction of reactant concentration in the liquid phase (𝟏 −
(𝒏𝑴𝑶,𝒕𝒏𝑴𝑶,𝟎

−𝟏 )). A reduction in observed reactant concentration is thus be 

caused by the interplay of reaction and (unreactive) adsorption on the 

catalyst surface. The TS-1/SAC composites are nearly four and six times 

more active for the conversion of MO with H2O2 in the liquid phase than 

a commercial TS-1 catalyst with an epoxide selectivity of 81 % and 96 % 

(Figure 3 (right)). The higher conversion for the composites with respect 

to TS-1 may be attributed to an adsorptive enrichment of the reactants on 

the catalyst surface in the vicinity of the catalytically active sites of the 

TS-1.  
 

 
 

Figure 3. (Left): Apparent conversion expressed as 1−(𝑛𝑀𝑂,𝑡𝑛𝑀𝑂,𝑜
−1 ) in the MO epoxidation with H2O2 initiation. (Right): 

Turnover number (𝑛𝑒𝑀𝑂,𝑡=5𝑛𝑇𝑖
−1)and relative molar amount of eMO (apparent selectivity) expressed as 𝑛𝑒𝑀𝑂,𝑡=5𝑛𝑀𝑂,𝑡=0

−1  

after 5 h of reaction over TS-1, Composite_A and Composite_B. 

Conclusions 

Composites of TS-1 and spherical activated carbon are up to six times more active (normalized by molar Ti-

content) than a commercial TS-1 with comparable epoxide selectivity of ca. 80%. Experiments with physical 

mixtures (not shown) indicate a true synergistic effect with composite formation. An increase in eMO selectivity 

(82 vs. 96%) for the Composite_B over the Composite_A indicates a decrease in the irreversible adsorption of the 

reaction product (eMO), possibly caused by less unfavorable adsorption occurring inside the SAC pores, which 

are more likely to be blocked by TS-1 at higher TS-1 loadings. Addition of a strong adsorbent to the catalytically 

active species may lead to an overestimation of conversion due to removal of the reactant from the liquid phase 

(through adsorption). Moreover, the overall conversion and apparent selectivity are reduced due to irreversible 

(under reaction conditions) adsorption of reactants and products, respectively. Furthermore, increasing the TS-1 

content in the composite material increases the Ti-content normalized activity despite the overall mass-transfer 

being slower in the composite with higher TS-1 loading. This counterintuitive finding can be explained with the 

partial blockage of the smaller SAC pores by TS-1 preventing the unwanted diffusion and adsorption of reactants 

in these pores. Also, this could be caused by the increased probability of finding reactant molecules within the 

inter-crystalline space between agglomerated TS-1 crystals. 
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Abstract 
Graphitic carbon nitride (g-C3N4), a metal-free catalyst, has been widely used in recent years as a photocatalyst 

mainly due to its ability to provide a large number of catalytic reaction sites [1], decomposing this way organic and 

inorganic substances under UV and visible light [4]. 

 

In the present study, four heterogeneous graphitic carbon nitride samples were prepared after the surface 

modification of the pristine sample g-C3N4, i.e. a) by recalcination and b) by oxidation of the of the pristine sample 

of the photocatalyst. The pure photocatalyst was prepared from melamine, and urea as precursors. 

 

The recalcination was performed at 550 °C for 4 hours for both precursors. 

 

For the oxidation surface modification, an amount of the pristine photocatalyst, prepared either from melamine or 

urea as precursors, was added to an equimolar mixture of 40 mL H2SO4 / HNO3, for 5 hours under ambient 

conditions. [1]. 

 

The characterization of the photocatalysts was performed with XRD, SEM, BET, FTIR, XPS, UV-reflectance 

while the pH-point of zero charge was also measured [2]. The results of X-ray diffraction and SEM showed that the 

samples prepared with melamine as a precursor showed a greater crystallinity than the samples prepared with urea 

as a precursor, while the BET results revealed that the samples prepared after recalcination presented larger specific 

surface area than the samples prepared after oxidation.  

 

Accordingly, the results of the photocatalytic activity showed that the samples prepared with urea as precursor 

presented higher degree of RB5 degradation with the sample prepared after recalcination to have the highest yield. 

Similar trend was observed for the samples prepared with melamine as precursor. 

 

The mechanism of the degradation process was investigated in the presence of different scavengers (methanol, 

potassium iodide, inert nitrogen atmosphere) in order to investigate the formation of holes (h+), superoxide anion 

radicals (•O2−) and hydroxyl radicals (•OH) during the photocatalytic process. Among these, •O2− appear to have 

a favorable role in the photodissociation of RB5. In conclusion, surface modification of the photocatalyst leads to 

increased degradability of RB5 dye under UV and sunlight. 
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ABSTRACT 

Energy needs of modern life inevitably keep high and unluckily increasing fossil fuels (coal, oil, and natural gas) 

utilization in order to address those. Among others, this leads to the emission of enormous quantities of CO2 in the 

atmosphere. However, CO2 is a greenhouse gas and its high and continuously increasing concentration in the 

atmosphere renters it as the determinant cause of global warming and the concomitant climate change. Therefore, 

control of CO2 emissions is an urgent environmental need. Besides the direct efforts for partial -or even complete- 

replacement of carbon-based fuels with renewable energy sources, CO2 capture and storage (CCS) and CO2 

utilization/recycling through its conversion to added-value products and fuels (e.g. methane, methanol) 

technologies are nowadays among the approaches that receive intense research and technological interest. Here 

we report on the CO2 methanation efficiency of Rh, Ru and Ir, dispersed on a variety of mixed oxide supports with 

the characteristic of different oxygen storage capacity and mobility, namely γ-Al2O3 (ΑL), Al2O3-CeO2-ZrO2 

(ACZ) and CeO2-ZrO2 (CZ). The effect of the active metal nature as well as of the oxygen storage capacity (OSC) 

of the supporting material on CO2 conversion efficiency and methane production selectivity are comparatively 

addressed. It has been found that the activity of the noble metals investigated under the titled reaction follows the 

same order Ir<Rh<Ru on all the supports used. However, for each active phase supported on different supports a 

significant but non monotonic influence of the OSC of the support on CO2 methanation output characteristics 

occurred; the support with intermediate value of OSC was found to be optimal for promoting CO2 methanation on 

Ir, Rh and Ru, independently of the nature of the active phase. Tuning this characteristic of the supporting materials 

we might lead to the design of more efficient CO2 hydrogenation towards methane catalytic formulations. 
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Here we demonstrate a simple and cost effective synthetic route for selective esterification of aldehydes with high 

productivity in the presence of molecular oxygen (O2) on gold supported lanthanum oxide (Au/La2O3) 

nanoparticle catalyst. Au nanoparticles with sizes of 2–7 nm supported on 1D La2O3 nanorods with diameters 

between 20 and 50 nm was synthesized by room-temperature surfactant-assisted single-step preparation method. 

The as-synthesized catalyst was thoroughly characterized by powder XRD, SEM, HR-TEM, H2-TPR, XPS, 

TGA/DTA, FTIR, BET, EXAFS and UV-visible spectroscopy. This prepared nanostructured catalyst was found 

to be highly effective in liquid phase production of methyl methacrylate through direct oxidative esterification of 

methacrolein with high turnover number of ∼1136. The effect of various reaction controlling parameters like 

reaction temperature, pressure and time of reaction were investigated and was studied. High methacrolein 

conversion of 89% and with high methyl methacrylate selectivity of 98% was attained without the use of any 

external additives. The synergistic effect between the surface Au NPs and La2O3 nanorods plays an important role 

towards the activity of the catalyst. 
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Abstract:  

Catalytic processes application have been one of the many methods proposed for the water treatment, were wide 

application had have in the oxidation of organic pollutants by ultraviolet or visible radiation assistance in presence 

of heterogeneous catalysts. The advantage of the solid as catalysts is due by the easier separation of the medium. 

In addition, these catalysts have been also used in reduction reaction of chemical species in waste water. One of 

the studied reactions is the reduction of nitroarene compounds which have been reported as pollutant in industrial 

water. Many solids are actually researched with the purpose to know the mechanisms over the surface and finding 

the better materials for these applications. In this work, we studied the application of TiO2-ZrO2-based mixed oxide 

modified with the impregnation of copper and silver particles for the reduction and oxidation of nitroarene 

compounds with the purpose to determine the most adequate application of these materials for the water treatment.   

 

The catalytic materials were prepared by impregnation of copper and silver particles on TiO2-ZrO2. The support 

of mixed oxide was synthesized by sol-gel route from alcoxide precursors in ethanol medium. The catalysts were 

used in the reduction of nitroarenes in presence of sodium borohydride, following the reaction by ultraviolet-

visible spectroscopy. In addition, the synthesized solids were also tested in the photoxidation of nitroarenes in 

presence of hydrogen peroxide.  

 

The Figure 1 shows the spectra of nitrophenol during the reduction reaction to aminophenol. The TiO2-ZrO2 

materials did not show activity in the reduction of this compound; however, once the copper or silver were 

supported on the solid, the reaction was carried out in a short time. Slight differences were observed depending on 

the impregnation method as well as the metal supported. 

 

On the other hand, the photooxidation of nitrophenol occurred in presence of the unmodified mixed oxide of TiO2-

ZrO2; nevertheless, the activity changed with the copper and silver incorporation over the mixed oxide surface. 

The oxidation reaction depended on of pH of aquatic system.     
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.  Uv-vis spectra of nitrophenol reduction. 

 

The results showed interesting aspect about the difference in the catalytic activity of materials with copper and 

silver, as well as the contribution of the both metals in the bimetallic catalysts.  
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The management of non-renewable plastic wastes has become one of the most concerning environmental issue 

that affects human health, wildlife, and water quality. Moreover, COVID-19 pandemic has dramatically impacted 

on plastic pollution due to the massive increasing of single-use personal protective equipment and disposable 

plastic packaging. Since the beginning of the pandemic, plastic use was increased by 40% for medical purposes 

and 17% for other applications across the world [1]. In the frame of the 2030 Agenda, reduce, re-use, and recycling 

waste plastic is a great challenge for societies to address the Sustainable Development Goals (SDGs). In this 

context, the development of eco-friendly green chemistry processes opens new opportunities to give a second life 

to plastic wastes. Specifically, the waste polyethylene terephthalate (PET) is an attractive raw material to design 

catalytic active carbon materials [2, 3].  

 

Quinolines are nitrogen-containing heterocycles with biological activity, which make them interesting target 

compounds in medicine [4]. In addition, quinolines also present a wide range of applications in food, dye, 

materials, refineries and electronics industries. In the present work, it is presented an efficient methodology for 

green synthesis of quinolines by the Friedländer condensation catalyzed by N-doped basic-carbon materials 

derived from waste plastic.  

 

Carbon materials were prepared based on plastic bottles made from up to 90% recycled PET [5]. Chemical 

activation using K2CO3 and urea as N-compound was performed by adapting the experimental protocol previously 

reported by Arenillas et al. [6]. Four different homogeneous PET/K/Urea mixtures were prepared by mixing the 

components at varying the PET/K/urea ratio: 1:0.5:0, 1:0.5:0.25, 1:0.5:0.5 and 1:0.5:1, respectively. The 

composition and the textural characteristics of the samples were determined from N2 adsorption/desorption 

isotherms, thermogravimetric and elemental analyses. 

 

Catalytic performance was assessed in the Friedländer condensation reaction from 2-amino-5-chlorobenzaldehyde 

(0.5 mmol) and ethyl acetoacetate (5 mmmol), under solvent-free conditions, at 30 ºC, using 25 mg of catalyst. 

(scheme 1). The reactions were performed in a three-necked vessel of 10 mL volume under atmospheric pressure 

by using a multiexperiment work station StarFish (Radley’s Discovery Technologies UK); each vessel was 

provided with a reflux condenser, thermometer, and magnetic stirrer. Evolution of the reaction was analyzed by 

collecting samples at different times  5, 10, 15, 30, 60, 90, and 120 min  and diluted with dichloromethane (0.5 

mL). Afterwards, the catalyst was separated by filtration, and the solvent evaporated in vacuo. Samples were 

analyzed by 1H NMR spectroscopy using a Bruker AVANCE DPX-300 spectrometer (300 MHz for 1H). 1H 

chemical shifts (δ) in [D6]DMSO are referenced to internal tetramethylsilane. 

 

 
Scheme 1. Synthesis of quinolines 3 from 2-amino-5-chlorobenzaldehyde 1 and ethyl acetoacetate 2 catalyzed by N-doped 

basic carbon catalysts 
 

Carbon materials present low specific surface area (SBET) ranging 10-20 m2/g and increased N loading, depending 

on the used urea proportion, which increases from PET/K/Urea 1:0.5:0.25 to PET/K/Urea 1:0.5:1, as expected . 

The FTIR-ATR spectra of samples show characteristic bands of nitrogen at ca. 1650 cm-1 and 1500 cm-1 

corresponding to C-N and C=N bonds. Moreover, both samples PET/K/Urea 1:0.5:0.25 to PET/K/Urea 1:0.5:0.5 

show a broad band above 3000 cm-1 associated to C-OH groups. Figure 1 shows the evolution of the conversion 

and selectivity values with the time.  

 

mailto:*eperez@ccia.uned.es


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

545 
 

 
Figure 1. (a) Conversion vs time and (b) selectivity values for the synthesis of quinolines after 30 min, catalyzed by N-doped 

basic-carbon materials derived from waste plastic. 

 

As it can be observed from Figure 1a, all investigated carbon catalysts were active in the reaction yielding high 

conversion values after only 30 min of reaction time. It is noteworthy that both catalysts PET/K/Urea 1:0.5:0 and 

PET/K/Urea 1:0.5:1, without and with the highest urea proportion, respectively, selectively led to quinoline 3 in 

97 and 75% (30 min), respectively. At the shortest reaction time, differences regarding reactivity have been 

observed for both catalysts probably due to the distinct active phases and, therefore, the basicity of the samples.  

 

On the other hand, PET/K/Urea 1:0.5:0.25 and PET/K/Urea 1:0.5:0.5 reached conversion values up to 90% after 

only 5 min, although with decreased selectivity (up to 77%) in comparison with PET/K/Urea 1:0.5:0 and 

PET/K/Urea 1:0.5:1, while observing the appearance of a stable intermediate compound whose NMR signals could 

be assigned to the corresponding aldol resulting of the first and rate-limiting step of the reaction (Figure 1b). In 

both cases, selectivity to 1 is increased with the time, being superior to 82% after 120 min in the presence of 

PET/K/Urea 1:0.5:0.5 sample, as a typical behavior of the processes taking place through reactions in cascade. 

These preliminary results strongly suggest that an optimal N content for the investigated catalysts is required. It is 

interesting to highlight that the obtained results show a great potential from a mechanistic point of view for the 

design of new strategies for the generation of future, efficient and environmentally sustainable carbon catalysts. 

 

In summary, we report herein a new family of eco-friendly N-doped carbon catalysts derived from plastic wastes, 

easily prepared, highly efficient and selective for the quinoline synthesis under solvent-free and mild reaction 

conditions. 
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Among other primary biorenewable building blocks, furfural is an important intermediate available from 

carbohydrates such as xylose and arabinose. Moreover, its production from lignocellulosic biomass is one of the 

few examples of an industrialized biorefinery process. [1] Furfuryl alcohol is a major derivative arising from the 

hydrogenation of furfural and finds many applications in the production of resins, fragrances and biofuels. A very 

interesting transformation of furfuryl alcohols was reported in the early 70s by Osman Achmatowiczwho 

demonstrated the formation of 6-hydroxy-(2H)-pyran-3(6H)-one 1 from furfuryl alcohol (Scheme 1). Latter this 

reaction was named Achmatowicz rearrangement and proved to be an efficient synthetic tool that produce 

structurally complex derivatives from simple furans. This transformation holds its unique place in the synthesis of 

natural products and in the diversity oriented organic synthesis. [2] Recently our group showcased its potential as 

a key step in the biorefinery towards the production of biorenewable C5-alcohols.[3]  

 

Encouraged by our previous investigations herein we report an efficient redox-neutral [RuCp*(CH3CN)3][PF6] 

catalyzed allylic alcohol isomerization of Achmatowicz rearrangement products that provide access to structurally 

complex lactones from biogenic furans. Furthermore, we applied our findings in biorefinery and the synthesis of 

natural Acetogenins.  

 

Initially we focused our efforts towards the synthesis of 5-hydorxylevulinic acid and its esters (Scheme 1) as a 

potential new class of biorenewable fuel additives. 5-hydorxylevulinic acid is a derivative of the biorenewable 

Levulinic acid whose esters attracted considerable interest due to their application as bio-fuels and fuel 

additives.[4] To our delight we achieved the synthesis of 5-hydorxylevulinic acid in very high yields via lactone 

2. Furthermore, by taking advantage of the natural reactivity of 2 we successfully completed the synthesis of 

various ester derivatives in good yields without extensive use of highly acidic catalysts required for preparation of 

the analogous Levulinic acid esters. 

 

 
Scheme 1. Synthesis of 5-hydroxylevulinic acid and its esters 

 

When considering the incorporation of the biorefinery into the chemical industry, apart from the synthesis of bulk 

chemical commodities a facile entry into high-value added functionalized products and synthons from renewable 

resources is required. To this end we used our findings in the synthesis of biologically active acetogenin 

muricatacine isolated from the seeds of Annona muricata. We started our synthesis from the reported asymmetric 

furfuryl alcohol S-4 and achieved the asymmetric synthesis of S,S-muricatacine in 3 steps wherein the key step 

was the diastereoselective tandem reduction/isomerization of intermediate S-6 to give the desired product in 100% 

de 9 (Scheme 2). 

 

 
Scheme 2. Synthesis of S,S-muricatacine 

 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

547 
 

In summary we reported the first Ru-catalyzed allylic alcohol isomerization of Achmatowicz rearrangement 

products. The process is characterized by low catalyst loadings, mild reaction conditions, high yields and is redox 

neutral thus avoiding the extensive use of oxidants or reductants. Our strategy was explored in the synthesis of a 

potentially new class of biorenewable fuel additives and biologically active natural Acetogenins. 
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With a wide variety of commercially available drugs having unsymmetrical di and triaryl methane pharmacophore, 

the synthesis of such molecules from common feedstock are considered a useful synthetic task. Though various 

metal-catalyzed cross-coupling methods are known to achieve the task, reported concerns with the use of such 

costly and toxic metal catalysts limit the usefulness of such protocols. [1-3] The title work describes a sustainable 

and robust metal-free double hydroarylation strategy for the synthesis of symmetrical /unsymmetrical diaryl- and 

triarylmethanes in excellent yields using Lambert salt (0.2-1.0 mol%) as the catalyst. Despite the anticipated 

challenges associated with controlling selective product formation, unsymmetrical diaryl- and triarylmethanes 

products are obtained unprecedentedly. A highly efficient gram-scale reaction has also been reported (TON for 

symmetrical product = 475 and for unsymmetrical product = 390). The synthetic utility of the methodology is 

demonstrated by the preparation of several 

unexplored diaryl- and triarylmethanes-

based biological relevant molecules, such as 

arundine, vibrindole A, turbomycin B, anti-

inflammatory agent. A total synthesis of 

phenanthrene based anti-breast cancer agent 

is also demonstrated in one pot. [1] Further, 

control experiments, Hammett analysis, 

HRMS and GC-MS studies reveal the 

reaction intermediates and reaction 

mechanism.[4] 

Figure 1. Lewis-acid initiated Brønsted acid-catalyzed Friedel-Crafts hydroarylation reactions of aldehydes. 

The triarylmethane motif is a privileged structure in functional materials including organic dyes, fluorescent probes 

for bioimaging, and sensors for metal ions and demonstrates a huge range of biological activities. [5] The last 

couple of decades has witnessed an incredible development in the advancement of catalytic creation of diaryl- and 

triarylmethanes motifs. However, these protocols have one or more innate drawbacks, such as harsh conditions, 

hazardous and toxic chemicals, corrosive acids, expensive transition metal catalyst, pre-functionalized starting 

materials with relatively low yields and limited substrate scope, poor selectivity often being detrimental to the 

sustainable approach. Therefore, a sustainable protocol to synthesize both symmetrical as well as unsymmetrical 

diaryl- and triarylmethanes (TRAMs) in an atom economic fashion are highly desirable. Hence, we envisaged a 

unique methodology, whether reactions could be carried out between aldehydes and electron-rich arenes to give 

the corresponding diaryl- and triarylmethanes via transition-metal-free approach under ambient conditions. From 

our recent findings, we have established that it is indeed feasible and herein we present an attractive and sustainable 

alternative method for the synthesis of triarylmethane derivatives using in-situ generated Lambert salt 1a. [6] 

 
Figure 2. Si–H bond activation by using trityl salt (1). 

Lambert salt {1a, [Et3Si][B(C6F5)4] was generated (Figure 1) by the In-situ activation of Si–H bond of Et3SiH with 

trityl borate (1, [Ph3C][B(C6F5)4) that was confirmed by the detection of 1b by GC-MS data (Figure 2). 

Interestingly, Friedel-Crafts arylation of aldehydes selectively afforded either symmetrical or unsymmetrical di- 

and trisubstituted methanes depending on the reaction conditions. In a dry Schlenk tube, the catalyst 

[Ph3C][B(C6F5)4] (1, 1.00 mol%, 1.84 mg) was taken followed by N2 pursing using a balloon. Further, Et3SiH (3.0 

mol%, 1.0 µl) was added to the above solution for in-situ generations of the [Et3Si][B(C6F5)4] (1a). After that the 

substrate aldehydes (0.2 mmol) was added to the solution followed by the addition of aromatic nucleophile (2.1 

equiv., 0.42 mmol) for symmetrical products and the reaction mixture was charged with two different aryl 

nucleophiles (1.1 equiv.) each for unsymmetrical products. Aldehydes bearing various functional groups such as 

alkyl, halo, nitro, cyano, and, methoxy functional groups were fully converted to the corresponding polysubstituted 

methanes at 25 °C in excellent yields with TON = 475 for symmetrical and 390 for unsymmetrical products. It is 

worth mentioning that this protocol provides excellent results using only 0.2 to 1.0 mol% of catalyst, one of the 

lowest catalyst loading used till to date. Further, we have explored this methodology for the construction of several 

pharmaceutical molecules and a facile approach for the total synthesis of anti-breast-cancer agent. We have also 

performed some control experiments and Hammett correlation study to investigate the reaction mechanism and 

also by the analysis of HRMS and GC-MS data for the detection of the reaction intermediates. A possible catalytic  
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Figure 3. Catalytic cycle for the synthesis of triarylmethane. Counter anion [B(C6F5)4]- is omitted for better 

clarification. TMB = 1,3,5-Trimethoxybenezene. 

 

cycle is proposed in which a stable carbocation is formed by the action of in-situ generated a three coordinate 

silylium ion as an initiator. [7] Based on these findings, the reaction was found to follow a Lewis acid-initiated and 

Brønsted acid-catalyzed pathway Figure 3. 

 

We have described a variety of diaryl- and triarylmethanes (TRAMs) can be synthesized unprecedently by a one-

pot transition-metal-free and sustainable methodology using as low as 0.2 mol% of catalyst, one of the lowest 

catalyst loading used till to date. This approach affords a convenient synthesis of symmetrical and unsymmetrical 

triarylmethanes/diarylmethanes starting from readily available aldehydes and electron-rich arenes. The synthetic 

utility of this approach towards the efficient synthesis of triarylmethanes/diarylmethanes-based unexplored 

medicinally active molecules initiated by in-situ generated Lambert salt. A highly efficient gram-scale reaction 

has also been reported (TON for symmetrical product = 475 and for unsymmetrical product = 390).  The substrate 

scope (85 examples) for hydroarylation has been illustrated, and the reaction mechanism for the Friedel-Crafts 

reactions of aldehydes with control experiments and the Hammett correlation study has been discussed.  
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Hydrosilylation is one of the most important catalytic reactions used in a large industrial scale for the synthesis 

and modification of silicon compounds.[1] The commonly used catalysts in this process are platinum compounds, 

however, high price of platinum and impossibility of its reuse in technological processes, have prompted scientists 

to search for alternative cheaper solutions, based on other elements, but of similar effectiveness. From the 

environmental and economic point of view, compounds based on earth abundant metals are more desirable as 

catalysts than those based on noble metals. On the other hand, in the era of molecular-heavy and complex ligands, 

it is essential to develop a rational and sustainable coordination environment.\ 

 

 

 

 

 

 

 

 

 

Scheme 1: Scope, general catalyst structure and yields of reactions 

 

 

In the communication we present a bench-stable cobalt(II) complex, with 3N-donor socket-type benzimidazole-

imine-2H-imidazole ligand as a precatalyst for regioselective hydrosilylation of terminal alkynes. Both aromatic 

and aliphatic alkynes could be effectively hydrosilylated with primary, secondary, and tertiary silane to give α -

vinylsilanes in high yields with excellent Markovnikov selectivity and extensive functional-group tolerance. 

Catalyst loading varies within 0.5 − 0.05 mol %, which is one of the most efficient reported so far in the literature 

on cobalt-catalyzed alkyne hydrosilylation. 
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Abstract:  

Fossil fuel consumption has gradually risen on a global scale [1,2]. It has caused an increase in CO2 emissions, 

which is accelerating global warming. Efforts to convert the emitted CO2 into a usable gas are ongoing [3,4]. 

Reverse Water Gas Shift-Chemical Looping(RWGS-CL) has drawn the attention of researchers as a method to 

convert CO2 into CO [5]. This study was investigated to determine the optimal La-Fe-oxide ratio for an oxygen 

carrier in the reverse water gas shift chemical looping. 

 

La-Fe-oxides were synthesized with four different molar ratios (La2O3: Fe2O3 = 1:5, 1:10, 1:15, 1:20) by solid 

state reaction. La2O3 and Fe2O3 were mixed and grounded well and then calcined. The furnace was heated up to 

1200 ℃ at a rate of 5 ℃/min and remained at 1200 ℃ for 3 h in the atmosphere. TGA, XRD, SEM, TPO-CO2, 

and GC analyses were performed.  

 

It was observed that 1:10 La-Fe-oxide was most appropriate when using 15% CO2/N2, while 1:5 La-Fe-oxide was 

most suitable for 99.9% CO2 when CO2 was introduced as oxidizing agent instead of oxygen or air. In order to 

confirm the oxidation of oxide by CO2, the production of CO was investigated with GC. The GC analysis 

confirmed that CO production for 1:5 La-Fe-oxide was 9.3 mmol/g and 12.233 mmol/g for 1:10. It was claimed 

that La-Fe-oxide can be used, and CO2 can be a promising oxidizing agent for reverse water gas shift chemical 

looping process. 
 

Figure 1.  Schematic diagram of RWGS-CL with La-Fe mixed oxide 
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It is well known that H2-polymer electrolyte membrane fuel cells (PEMFCs) are promising devices for the 

replacement of conventional electricity generators due to the expectations of a significantly higher efficiency, low 

emission of pollutants and low operating temperature. PEMFCs have been specifically targeted for automotive 

applications because of their high-power density and low operating temperatures. Since the PEMFCs are operated 

at relatively low temperatures (80°C), their Pt-anode catalyst is extremely sensitive to CO contaminant (1%) in 

reformed gases, which poisons the catalyst and diminishes the performance. The carbon monoxide concentration 

has to be reduced to below 10 ppm. Since the PROX reaction can operate at low temperatures and atmospheric 

pressure, it is a simple, efficient, and economic method for CO removal from hydrogen rich streams in comparison 

with other methods as membrane separation or pressure swing methods. Catalysts for PROX process should 

possess high CO conversion ability (about 99.9%) in order to achieve <10 ppm in the reaction mixture in wide 

temperature interval (50-150°C) and good resistanse to the presence of CO2 and H2O. 

 

Catalysts so far proposed for the PROX process are based mainly on noble metals, such as Pt, Rh, and Ru, 

deposited on different supports with or without any promoters. Due to high price of precious metals, non-precious 

metal catalysts have been considered as a potential alternative for the CO PROX reaction Co-based catalysts have 

shown promising catalytic performance for the CO PROX reaction. The main drawback of the bulk cobalt oxide 

appears to be the reduction to the metallic Co under the excess H2, which lead to deactivation [1]. Different studies 

indicate that a highly oxidized form of cobalt that exhibits strong interaction with a support allows CO activation 

that could lead to high activity for the preferential oxidation of CO in excess H2 [2]. 

 

Two series of Co-Ce/SiO2 catalysts were prepared by impregnation. The Ce was introduced first and after 

calcination the Co was deposited in the first series. In the second one the samples were obtained from a mixed 

aqueous solution of Co(NO3)2.6H2O and Ce(NO3)2.6H2O (samples denoted (xCoyCe)/SiO2). All samples were 

calcined 3 h at 450 C. The as prepared samples were characterized by X-ray diffraction (XRD), BET, X-ray 

photoelectron spectroscopy (XPS), temperature programmed reduction (TPR), HRTEM.  

 

Samples prepared by successive impregnation showed very low catalytic activity. Significantly higher activity was 

shown by the samples obtained by impregnation from a mixed solution of nitrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 
 

B 
 

Figure 1. CO conversion to CO2 on A) catalysts prepared by consecutive deposition of Ce and Co and B) catalysts prepared 

from mixed solution  

 

According to XRD data, the two-component catalysts clearly exhibit two crystalline phases after calcinations at 

450 C: Co3O4 with spinel structure and CeO2 with fluorite structure (data not presented here). No mixed phase 

between cobalt and cerium oxides was observed. The mean particles sizes of Co3O4 for all bi-component samples 

have comparable mean particles size (about 35 nm), which means that the sequence of impregnation with Co and 

Ce salts has a little effect on Co3O4 dispersion.  
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The presence of ceria in the two-component samples gives rise to an increase in the reduction temperature of cobalt 

oxide. These shifts to higher temperature are probably due to some supply of oxygen from CeO2. 

 

The analysis of studied fresh most active catalyst samples performed by high resolution TEM identified CeO2 

cerianite, cubic, a= 5.41100 A, (COD # 96-900-9009) and Co3O4, cubic, a= 8.16910 A, (COD # 96-900-5901).  

analysis of different regions of (CeCo)/SiO2 samples indicated homogeneous distribution of Co and Ce on the 

support. As can be seen from HRTEM cobalt oxides and CeO2 are homogeneously distributed on the support, and 

both oxide phases are in strong contact. 

 
Figure 2. TEM image of (20Co15Ce)/ SiO2 sample (a) and (b), the corresponding SAED patterns with phase 

identification (c), HRTEM image of the marked in b) area (d). 
 

 

 

Catalytic tests showed that cerium modified the catalytic behavior of cobalt in preferential CO oxidation in 

hydrogen reach gases.  

The homogeneous distribution of Co3O4 and CeO2 and good contact between them are key factors controlling the 

activity since the main active phase in PROX process is cobalt oxide. Because of close interaction between Co3O4 

and CeO2 in the catalyst prepared with common solution of Co- and Ce nitrates, more surface oxygen species are 

provided to the cobalt oxide. 

Acknowledgements 

The authors kindly acknowledge the financial support of  project № BG05M2OP001-1.002-0014 „Center of 

competence HITMOBIL – Technologies and systems for generation, storage and consumption of clean energy”, 

funded by Operational Programme “Science аnd Education For Smart Growth” 2014-2020, co-funded by the EU 

from European Regional Development Fund 

 

References 

1. Z. K Zhao, X.L. Lin, R.H. Jin, Y.T. Dai, G.R. Wang, Cat. Sci. Technol. 2, 554 (2012). 

2. K.  Omata, Y. Kobayashi, M. Yamada, Catal. Commun. 6, 563 (2005) 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

554 
 

Polyethylene Biodegradation by Bacillus Species from a Landfill Site 

 
Seung-Do Yun1, Min-Ju Seo2 and Soo-Jin Yeom1,2* 

1 School of Biological Sciences and Biotechnology, Graduate School, Chonnam National University, Yongbong-ro 77, 

Gwangju 61186, South Korea 
2 School of Biological Sciences and Technology, Chonnam National University, Yongbong-ro 77, Gwangju 61186, South 

Korea 

*soojin258@jnu.ac.kr 

 

Polyethylene (PE) is the most abundant synthetic polymer that has been indispensable in all aspects of modern life 

because of its various applications [1]. The PE is extremely recalcitrant to natural biodegradation processes, 

resulting in massive accumulation in the environment [2]. Therefore, decomposition of PE using microorganisms 

should be investigated for development of environment-friendly process. To obtain potential microorganisms for 

PE degradation, we took a landfill sample and screened. Bacillus species successfully isolated from a landfill that 

specifically enriched in non-carbonaceous nutrient medium, with PE powder as the only carbon source. Among 

the screened Bacillus species, B. thuringiensis JNU01 has the highest cell growth levels in media with PE powder, 

and microbe treated PE has new chemical functional groups such as hydroxyl, carboxyl, and amide groups in the 

inert hydrocarbon. B. thuringiensis JNU01 treated PE film showed defective external sites and relatively high 

hydrophilicity by scanning electron microscope and contact angle analysis. Moreover, obtained PE powder after 

cultivation with B. thuringiensis JNU01 were analyzed by GC-MS. Interestingly, various alkane derivatives as 

potential renewable resources were detected, indicating that B. thuringiensis JNU01 biodegrades PE and provides 

significant insights into the discovery of novel functions of Bacillus species as well as their potential as the PE 

decomposers. 
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Plastics, synthetic organic polymers, have been indiscriminately used because of its some advantages such as 

inexpensive, lightweight, strong, durable, and corrosion-resistant materials with high thermal and electrical 

insulation properties [1]. However, plastics cause environmental pollution.  Among the plastics, polystyrene (PS), 

the sixth type of commercially distributed plastic, is difficult to biodegrade due to its unique chemical structure 

that comprises phenyl moieties attached to long linear alkanes [2]. In this study, we investigated the biodegradation 

of PS by mesophilic bacterial cultures obtained from various soils in common environments. Two novel strains, 

Pseudomonas lini JNU01 and Acinetobacter johnsonii JNU01, were specifically enriched in non-carbonaceous 

nutrient medium, with PS as the only carbon source. Their growth rates after culturing in basal media increased 

more than 3-fold in the presence of PS. To confirm changes of chemical structures in PS, obtained PS samples 

after cultivation with P. lini JNU01 and A. johnsonii JNU01 were analyzed by fourier transform infrared 

spectroscopy. Obtained PS showed an increase in the amount of oxidized PS indicating that P. lini JNU01 and A. 

johnsonii JNU01 have some biocatalysts for biodegradation of PS. Moreover, field emission scanning electron 

microscopy analysis confirmed PS biodegradation by biofilms of the screened microbes. Water contact angle 

measurement additionally offered insights into the increased hydrophilic characteristics of PS films. Furthermore, 

A. johnsonii JNU01 showed higher PS degradation activity than P. lini JNU01. Thus, we chose A. johnsonii JNU01 

for candidate to find a potential enzyme for PS degradation using bioinformatics and transcriptional analyses. We 

found alkane-1-monooxygenase (AlkB) in A. johnsonii to be involved in PS biodegradation, which was confirmed 

by the hydroxylation of PS using recombinant AlkB. These results provide significant insights into the discovery 

of novel functions of Pseudomonas sp. and Acinetobacter sp., as well as their potential as PS decomposers. 
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In recent years, the attention of scientists has focused on the use of zeolites as catalysts supports due to their 

thermal and acid stability and moisture resistance. They have high specific surface area which is a prerequisite for 

the creation of active catalytic systems. Metals and metal oxides can be deposited on them as highly dispersed 

nanoparticles and thus create active catalytic systems in which a large number of active centers are accessible to 

the reagents in the catalytic processes. One of the best adsorbents and supports for catalytic systems used for the 

degradation of VOCs are zeolite aluminosilicates, thanks to their adjustable surface properties, their controllable 

hydrophobicity and the ability to deposit metals and metal oxides. 

 

Zeolite ZSM-5 is a well-known high silicon crystalline alumosilicate with wide area of applications as catalyst and 

sorbent. Although belonging to the group of medium porous zeolites, ZSM-5 has a relatively high resistance to 

coke formation. Due to the combination of high hydrothermal structural stability and large surface mass to volume 

ratio, this zeolite is widely used in reactions that rely on chemical and physical interactions occurring on the 

crystalline surface [1, 2]. During catalytic reactions on porous materials an often occurring serious problem is the 

constrained diffusion of the reactants and products, and relatively rapid deactivation of the zeolite catalyst because 

of limited access to the active sites due to the formation of coke. There are two approaches to solve these problems: 

1) by drastically reducing the crystallite size, which increases the active surface area of the material and 2) through 

post-synthetic treatments forming additional micro- and/or meso-pores on the crystal surface to improve access to 

the active sites [3]. The treatment of the zeolites with HF acid in combination with NH4F is an easily controllable 

chemical approach to creating hierarchical zeolites. In our previous investigations we found that cobalt supported 

on the zeolite ZSM-5 with  different Si/Al ratios 100, 40 and 23 is promising catalysts for the reaction of complete 

oxidation of propane, butane and  n-hexane.  

 

In this work we present the VOC oxidation of cobalt modified ZSM-5 after fluoride etching post-synthetic 

treatment. Post-synthetic treatments were performed with hydrofluoric acid in combination with ammonium 

fluoride to form some additional porosity without changing considerably the Si/Al ratio of the zeolite framework. 

In our previous investigations we found that cobalt supported on the zeolite ZSM-5 with different Si/Al ratios 100, 

40 and 23 is promising catalysts for the reaction of complete oxidation of propane, butane and n-hexane.  

 

In this work we present the VOC oxidation of cobalt modified ZSM-5 after fluoride etching post-synthetic 

treatment. Post-synthetic treatments were performed with hydrofluoric acid in combination with ammonium 

fluoride to form some additional porosity without changing considerably the Si/Al ratio of the zeolite framework.  

 

The starting ZSM-5 materials having different Si/Al ratios were kindly provided by SUD-CHEMIE AG (H-MFI-

90, Si/Al = 50) and ALSIPENTA zeolite GmbH (SH-27, Si/Al = 23), respectively. The ZSM-5 sample of Si/Al 

=40 ratio was synthesized according to [4]. The ZSM-5 zeolites were modified by etching using an aqueous 

solution of 0,25М HF hydrofluoric acid and ammonium fluoride. Cobalt was incorporated from 

Co(CH3COO)2.4H2O by incipient wetness impregnation technique followed by drying and calcinations. The 

obtained materials were characterized by BET, XRD, UV-vis, XPS, TPR and tested in complete oxidation of n-

hexane and propane. 

 

The X-ray pattern for the starting sample contains all signals corresponding to the ZSM-5 phase with a high degree 

of crystallinity. According to the XRD data the crystallinity and structural of the acidic treated zeolite show that 

the characteristics are preserved in hierarchical samples. No cobalt oxide diffraction lines in the XRD spectra of 

Co modified samples were observed, indicating fine dispersion of cobalt oxides. The results of nitrogen 

adsorption/desorption isotherms were used to obtain the specific surface areas and pore sizes of the initial and 

modified catalysts (Table 1).  
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Table 1. Texture parameters of ZSM-5 before and after acidic treatment 

Sample SBET  

m2 g-1 

Total pore volume, 

см3 g−1 

Average pore diameter, 

nm 

Vmicro 

cm3g−1 

Starting 

zeolite 

After 

treatment 

Starting 

zeolite 

After 

treatment 

Starting 

zeolite 

After 

treatment 

Starting 

zeolite 

After 

treatment 

Si/Al=23 349 340 0,20 0,22 2,34 3,00 0,16 0,14 

Si/Al=40 331 391 0,25 0,24 2,98 3,00 0,16 0,15 

Si/Al=50 444 422 0,34 0,51 3,10 5,60 0,14 0,14 

 

After the etching process, changes in the textural properties (specific surface area and pore volume) of the treated 

sample were observed. As a result of the applied acidic treatment, decreasing of the specific surface area and 

micropore volume was observed, while the total volume of the pores increased, and this is more noticeable for the 

sample Si/Al=50. The formation of different cobalt oxide species would be suggested from TPR data: extra 

framework Co3O4; CoO strongly interacting with zeolite framework and framework cobalt or some other types of 

cobalt silicate (Fig. 1a). UV-vis spectra give additional information about cobalt species present in Co-ZSM-5 

catalyst (Fig. 1b). The presence of Co3O4 in all investigated samples is evidenced by the appearance of bands at 

408 nm in and 770 nm (Figure 1b). Bands at 510, 593 and 650 nm are ascribed to the Co2+ ions located at the 

intersections of straight and sinusoidal channels (β site). 

Figure 1. a) TPR data of studied samples; b) UV-vis of Co-ZSM-5 before and after reaction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Catalytic tests of complete oxidation of propane and n-hexane were carried out on samples of Co-ZSM-5 with 

different ratios of Si/Al=23, Si/Al=40 and Si/Al=50 after treatment with a hydrofluoric acid buffer solution and 

ammonium fluoride. The data are presented in Figure 2a, b.  

The results show that the treatment with a buffer solution of hydrofluoric acid and ammonium fluoride does not 

affect the catalytic activity in the case of propane for the samples with the ratio Si/Al=23 and Si/Al=40, in contrast 

to the sample Si/ Al=50 where an improvement in activity is observed. The studies regarding n-hexane show that 
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the treatment improves the catalytic activity in all the investigated cases, and the most noticeable effect is observed 

in the sample with a ratio of Si/Al=50. The sample with Si/Al=50 ratio showed good thermal stability. 
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The upcoming depletion of fossil fuels has already resulted in the need of finding alternative feedstocks for fuel 

and chemicals production [1]. Lignin is one of the three main structural components of lignocellulosic biomass 

and is considered as the most abundant natural source of aromatic/phenolic compounds. According to different 

degradation processes, such as pyrolysis, high value-added bio-oils enriched in alkoxy/alkyl-phenols can be 

obtained from lignin [2]. Lignin derived bio-oils can be further upgraded to cycloalkanes via down-stream 

hydrodeoxygenation (HDO) and can be utilized as drop-in jet bio-fuels [3].  

 

This work focuses on the catalytic HDO of lignin/phenolic monomers, derived via fast pyrolysis, by the use of 

zeolite-supported nickel catalysts under mild conditions (T=140-250 oC, 0.5-2 h, 0-70 bar H2). In order to identify 

the reaction mechanisms involved, model aromatic/phenolic compounds with different side chains and functional 

groups were studied, i.e. alkoxy/alkyl phenols, alkoxy-aromatics, aromatic aldehydes, etc. Nickel catalysts 

supported on Beta and ZSM-5 zeolites led to high conversion (>95%) and enhanced cyclohexane yields. The 

activity and the deoxygenation capacity can be correlated with the acidic and the micro/mesoporous properties of 

the zeolitic supports as well as the complexity of the model compound.  
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Introduction  

As the amount of CO2 in the atmosphere increases, the negative effects on the environment also significantly 

increase. CO2 catalytic conversion is effective way to minimize emissions. CO2 combined with hydrogen from 

renewable sources, can be used for the production of methanol, what can be used as renewable fuel or as an 

intermediate to produce valuable chemicals [1]. 

 

While research for developing more effective catalyst continues, Cu-based catalysts has been considered as most 

active for methanol production. In our previous studies Cu/ZnO/SBA-15 catalyst showed good activity and 

selectivity for methanol producing. 

 

In this work the effect of reaction conditions - H2 to CO2 molar ratio and reaction pressure- on CO2 hydrogenation 

reaction in a fixed-bed tubular micro-activity reactor (Microactivity-Effi, PID Eng&Tech S.L.) at 250 °C has been 

studied.  

 

Materials and Methods 

Catalyst preparation 

The preparation of catalysts: An aqueous solution (15 ml) of appropriate amount of Cu(NO3)2∙2.5H2O and 

Zn(NO3)2∙6H2O was prepared and then an aqueous solution (15 ml) of glycine was added to the first to obtain the 

“impregnation solution” as in [2]. The “impregnation solution” was added dropwise to of SBA-15 (ACS Material 

LLC) and water was allowed to evaporate into the air by stirring at the room temperature. The viscous blue gel 

obtained after evaporation was treated for 15 min in an ultrasonic bath, and then calcined at 350 °C for 4 h. Metal 

loadings of Cu and Zn calculated were 30 wt.% and 5 wt.%, respectively. 

 

Catalyst testing 

The CO2 hydrogenation was carried out in a Microactivity-Effi, PID Eng&Tech S.L. fixed-bed tubular micro-

activity reactor. The catalyst mass for reaction used was 0.2 g, and it was diluted with quartz until volume of 3 ml.  

Reaction temperature was 250 °C and time on the stream 50 hours. A flow of CO2 and N2 was 10 mL min-1 and 

H2 was 40 mL min-1 or 30 mL min-1, respectively. The synthesized catalysts were reduced before the reaction 

under a flow of H2 (50 mL min-1) at 300 °C temperature for 4 h.  

 

The effluent gas from the reactor passed through cold trap (T=5 °C) to condense the products. The reactor outlet 

gases were analyzed by on-line gas chromatograph (Shimadzu Nexis GC-2030) equipped with four columns, flame 

ionization detector and thermal conductivity detector.  Helium was used as a carrier gas. 250 µL of sample was 

injected using sample loop. Multicolumn chromatography system consisting of two Restek Porapak Q 80/100 (6 

ft, 2 mmID) and Restek Molesieve 5A 60/80 (6 ft, 2 mmID) columns and thermal conductivity detector was used 

for the analysis of gases.  

The space time yield of methanol (STY) is calculated as follows: 

( ) ( )catOHCHprodOHCH mtXmSTY ••= /33
   (1) 

where mprod represents the total mass of methanol and water formed (g), XCH3OH is the mass fraction of methanol, 

t indicates the time of reaction (h), m is the mass of the catalyst (g).  Methanol content in the condensed products 

were determined by IR spectra, recorded using UATR Accessory on Perkin Elmer equipment and methanol content 

were measured at 1015 cm-1 (baseline 975-1055 cm-1) based on calibration measurements. 

 

Results and Conclusion 

As can be seen in Figure 1, increase of reaction pressure enlarged STY of reaction in the range of studied pressure. 

Also higher H2 to CO2 molar ratio allowed to obtain higher amount of methanol. By using H2 to CO2 molar ratio 

4:1 and 20 bar pressure at 250 °C temperature, the CO2 conversion of reaction increased reaching 124.5 mg CH3OH 

h-1gcat-1. 
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Figure 1.  Catalytic activity reported as STY A. Influence of reaction pressure at H2:CO2 molar ratio3:1; B. Influence of 

H2:CO2 molar ratio at 20 bar reaction pressure. 
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Abstract text:  

To overcome hurdles left in electrochemical CO2 conversion including complex reaction mechanism and 

competitive hydrogen evolution reaction (HER), we introduced Cu-Ag bi-potentiostatic system controlling each 

bias independently. Considering that the generally adopted Cu-Ag bimetallic systems have failed to elucidate the 

interplay between Cu-Ag (electrodes) was nearly impossible, the research suggested a custom-made flow cell 

enabling fine control of various reaction circumstances. We suggested significant clues for enlightening C2+ 

related interplay mechanism. Interestingly, we have succeeded in not merely demonstrating the sequential 

interplay between Cu and Ag, but achieving a 67% of C2+ selectivity even including a considerable amount of 1-

PrOH generation at 6.5%.  

 
 

 
Figure 1.  Schematic illustration of the experiment 

 

 

In addition to achieving successful CO interplay investigation, we strive to elucidate these sequential reactions by 

varying multi-components; array, form, gap, metal species, and applied potential of the electrodes. Also, we 

attempt to figure out factors determining the pathway between methane and C2+ chemicals, by the hydrogen-

producing electrode incorporation with the Cu. 
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Abstract  

Understanding the relationship between structure and activity is critical in catalyst engineering to enhance the 

selectivity and efficiency of electrochemical catalysts. A grain boundary, which is an interface between two grains 

with different orientations, is well-known for increasing the selectivity of electrochemical carbon dioxide reduction 

reaction (CO2RR) in contrast to competitive hydrogen evolution reaction.[1] However, direct evidence of the 

correlation between grain boundary density and highly selective CO2RR is still absent. Here, we observed 

polycrystalline gold surface in-situ where the reactions are taking place with scanning electrochemical microscopy 

(SECM). The relationship between surface structure and catalytic activity was elucidated by a specially designed 

voltammetry sequence which enables selective product collection. Simultaneous catalytic reactions visualized 

individually via SECM will provide a basis for understanding an overall CO2RR. 
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Abstract:  

An excessive amount of CO2 is the leading cause of climate change, and hence, its reduction in the Earth's 

atmosphere is critical to stop further degradation of the environment. [1] While a lot of research has been done on 

post-combustion low-temperature CO2 capture, there are very few high temperature pre-combustion CO2 capture 

processes. As one of the best-known high-temperature CO2 capture sorbents, lithium silicate (Li4SiO4) faces two 

challenges: moderate sorption kinetics and poor sorbent stability. In this work, we have designed and synthesized 

lithium silicate nanosheets (LSNs), [2-5] which showed high CO2 capture capacity (35.3 wt% CO2 capture using 

60% CO2 feed gas, close to the theoretical value) with ultra-fast kinetics and enhanced stability at 650 °C. Because 

of the nanosheet morphology of the LSNs, they provided an excellent external surface for CO2 adsorption at each 

Li site, yielding excellent CO2 capture capacity. The nanosheet morphology of the LSNs allowed efficient CO2 

diffusion to ensure reaction with the entire sheet as well as providing extremely fast CO2 capture kinetics (0.22 g-

1 min-1). As is known, conventional lithium silicates rapidly lose their capture capacity and kinetics within the first 

few cycles due to the formation of thick carbonate shells and also due to the sintering of sorbent particles; however, 

the LSNs were stable for at least 200 cycles without losing their capture capacity or kinetics. The LSNs neither 

formed a carbonate shell nor underwent sintering, allowing efficient adsorption–desorption cycling. We also 

proposed a new mechanism, a mixed-phase model, to explain the unique CO2 capture behavior of the LSNs, using 

detailed (i) kinetics experiments for both adsorption and desorption steps, (ii) in situ diffuse reflectance infrared 

Fourier transform (DRIFT) spectroscopy measurements, (iii) depth-profiling X-ray photoelectron spectroscopy 

(XPS) of the sorbent after CO2 capture. 

 

 
 

Figure 1.  Proposed mixed-phase vs. double shell model for CO2 adsorption–desorption. 

 

LSNs show high capture capacity, fast kinetics and cycling stability for more than 200 cycles of a CO2 sorbent. 

We perform various kinetics and spectroscopic studies (XPD depth profiling and in situ DRIFT) to prove the 

proposed mechanism of the mixed phase model. 
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Introduction 

Carbon capture and conversion represents an interesting strategy for reducing CO2 emissions that has economic 

potential through the generation of value-added products. CO2 valorization through catalytic hydrogenation 

reactions are promising ways to produce highly versatile chemicals such as carbon monoxide. The conversion of 

CO2 to CO via the reverse water-gas shift (RWGS) reaction represents the starting point of all CO2 hydrogenation 

processes [1-4] since the mixture of CO and H2, known as syngas, can be used as a feedstock for the synthesis of 

useful chemicals or alternative fuels. However, the RWGS reaction is limited by constraining thermodynamic 

barriers, which drastically limits the CO2 conversion of the reaction below 600 ºC (< 40 %). Considering this 

evidence, water, the main by-product of the reaction, can be removed from the reaction media using hydrophilic 

adsorbents. This technique, known as sorption-enhanced reaction process (SERP), represents an innovative 

strategy to overcome the limits imposed by thermodynamics by shifting the equilibrium according to Le Chatelier's 

principle. The operation of the SERP applied to the RWGS reaction allows notably i) to increase considerably the 

CO2 conversion ii) to lower the operating temperature of the reactor and thus the energy costs, and finally 3) to 

decrease the sintering and deactivation of the catalyst [4]. In the present work, this intensified RWGS process was 

investigated using a new copper-promoted metallurgical residue as a catalyst and a 13X-based adsorbent known 

for its high adsorption capacity and selectivity for water at high temperatures [5]. The study focused on the 

development of kinetic models to accurately describe the experimentally measured (i) intrinsic reaction rate of 

RWGS and (ii) rate of water adsorption on the adsorbents. Understanding the kinetics of these two interrelated 

processes (reaction and water adsorption) is essential before modeling a SE-RWGS reactor, which is a key step in 

the design of a process prior to its scale-up. 

Experimental 

For conventional RWGS experiments (without adsorbent), the catalyst was prepared by a deposition-precipitation 

method. Briefly, UGSO, the metallurgical residue used as a catalyst support, was suspended in distilled water 

under stirring at 65ºC. Simultaneously, a solution containing the copper precursor (Cu(NO3)2·3H2O, 99 %, Acros 

Organics) and another containing a basic precipitating agent (NH4HCO3, 99 %, Acros Organics) were added 

dropwise to the initial water-UGSO mixture. The whole was stirred for 30 minutes at constant temperature, then 

the resulting solid was recovered by vacuum filtration. The catalyst was then dried and calcined at 400ºC for 3h. 

For the sorption-enhanced (SE) RWGS tests, 13X zeolite was used as received from the manufacturer (Particle 

size < 10 µm, Advanced Speciality Gas Equipment, Part No: MS-1328) and mechanically mixed with the catalyst 

dispersed in an aqueous solution. The water adsorption study was performed in an intelligent gravimetric analyzer 

(IGA-003, Hiden Isochema) equipped with a microbalance capable of accurately measuring (±0.1 µg) the sample 

mass over time. Gas flow rates, temperature and humidity in the reaction chamber were adjusted to the desired 

conditions. Conventional and intensified RWGS reaction tests were performed in a 40 cm long fixed bed reactor 

where the temperature and reactant flow rates were respectively adjusted by a temperature controller and mass 

flow meters. The kinetic study of water adsorption and RWGS reaction was conducted between 200 and 300 ºC, 

where the reaction intensification effect is most easily observed. A Langmuir-Hinshelwood-Hougen-Watson 

heterogeneous kinetics method based on the packed-bed reactor model was used to investigate the reaction rates, 

while an empirical model (double stretched exponential) was able to properly portray the water adsorption data 

[6]. 

Results preview 
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Figure 1. A) Conversion rate of the adsorbent (at X = 0, the adsorbent is free of water, at X = 1, the equilibrium adsorption 

capacity is reached) as a function of time in the temperature range studied (PH2O = 9.64 kPa, P = 101.325 kPa). B) Rate 

constant of water adsorption following an Arrhenius law 

 

The findings of this study have allowed the identification of kinetic parameters that accurately describe the 

behavior of the adsorbent under RWGS reaction conditions, as well as that of the studied catalyst in the investigated 

temperature range. As expected, an increase in temperature boosts the adsorbent conversion rate (as can be seen 

on Figure 1. A) and that of the RWGS reaction, but the water adsorption capacities diminish. In the analyzed 

temperature range, we note that a temperature of 250ºC is optimal to observe the reaction intensification effect. 

Lower than this value, the reaction rate is largely decreased, while higher, the water adsorption becomes more 

negligible. These results can be used to model a reactor operating the innovative SE-RWGS process for the 

conversion of CO2 into CO, a value-added product. 
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Caused by current climate challenges and continuously growing emissions of carbon dioxide, the development of 

methodologies for carbon capture and valorisation is more imperative than ever.[1]  Carbon dioxide (CO2) is an 

abundant, inert and renewable source of carbon and thus interesting for further conversion to fuels and feedstock 

chemicals; therefore the development of processes utilising CO2 has been of significant interest in the last decade.[2]
 

To develop an efficient process, the high thermodynamic and kinetic barrier for CO2 reduction needs to be 

overcome. Eventually, photocatalytic generation of carbon monoxide (CO) from CO2 allows for in-situ 

carbonylation towards feedstock chemicals using CO2 as a resource and thereby offers the potential for safer and 

greener carbonylation chemistry on industrial scale. 

 

Besides commonly used ruthenium and rhenium photocatalysts, newly developed systems based on iridium- and 

nickel-N-heterocyclic carbene-complexes (NHC-complexes) show desirable results in the reduction of CO2.[3] 

Apart from the high selectivity for CO as main product, this system enables photocatalytic reduction under visible 

light. Additionally, using nickel as catalyst material comes with the benefit of cheap and earth abundant catalytic 

components.  

 

We have thus developed a novel reaction protocol for Ni-NHC photocatalysts, allowing for a fast and facile 

synthesis in high yields. The Ir-Ni-NHC-photocatalytic system is further supported by ionic liquids that show 

considerable potential as cooperative media in CO2 photoreduction, as they can solubilise and activate large 

concentrations of CO2. Detailed studies on the impact of various ionic liquids in photocatalytic CO2 reduction are 

currently ongoing.  

 
Figure 1: Ir-Ni-NHC-photocatalytic system in ionic liquids 

Acknowledgements 

This project has received funding from the European Research Council (ERC) under the European 

Union’s Horizon 2020 research and innovation programme (Grant agreement No. 864991). 

 

References 

[1] Q. Liu, L. Wu, R. Jackstell, M. Beller, Nat. Commun. 2015, 6, 5933. 

[2] A. Sainz Martinez, C. Hauzenberger, A. R. Sahoo, Z. Csendes, H. Hoffmann, K. Bica, ACS Sustain. Chem. 

Eng. 2018, 6, 13131–13139. 

[3] V. S. Thoi, N. Kornienko, C. G. Margarit, P. Yang, C. J. Chang, J. Am. Chem. Soc. 2013, 135, 14413-14424. 

 

  

mailto:*lisa.eisele@tuwien.ac.at


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

569 
 

New photocatalytic materials for carbon dioxide valorization in carbonylation chemistry 

using the cooperative effect of ionic liquids 

 
Bletë Hulaj1*, Lisa Eisele1 and Katharina Bica-Schröder1 

1Technische Universität Wien, Getreidemarkt 9/163, 1060 Vienna, Austria 

*blete.hulaj@tuwien.ac.at 

 

The replacement of hazardous carbon monoxide with more benign surrogates is highly desirable, and recent ideas 

focus on the valorization of carbon dioxide as an abundant, non-toxic and renewable carbon source. To achieve 

this, the high thermodynamic and kinetic barrier for the reduction of carbon dioxide to carbon monoxide needs to 

be overcome [1]. 

 

Photocatalytic systems consisting of a photosensitizer and a photocatalyst such as Ru and Re showed high 

selectivity for carbon monoxide formation with a turnover number above 50, allowing for visible light 

photocatalyzed reduction of carbon dioxide [2]. Ionic liquids show considerable potential as cooperative media as 

they can solubilize large concentrations of carbon dioxide, and are also able to activate carbon dioxide. 

 

Materials that combine both photocatalyst and ionic liquid are thus highly desirable for a photocatalytic carbon 

dioxide reduction to generate carbon monoxide and the in situ conversion into carbonyl compounds. 

Immobilization of the photocatalyst is favourable, facilitating catalyst handling and recovery, and enables the use 

in continuous processes.  

 

Consequently, we have developed different ionic liquid-photocatalyst polymers by copolymerization of the ionic 

liquid 1-butyl-3-vinylimidazolium chloride and photocatalytically active Re- and Ru-complexes bearing vinyl 

groups. The synthesis of the polymer systems was conducted via radical polymerization utilizing varying ratios of 

photocatalytic materials with vinyl functionalized ligand system and ionic liquids affording high yields of the 

desired material. Analysis of the synthesized materials with UV-Vis spectroscopy showed high correlation with 

reported values for vinyl group monomers; the spectra were minimally shifted from 455 nm for the vinyl modified 

Ru monomer to 480 nm for the Ru-IL-polymer as shown in figure 2 [3]. 

 

The obtained novel polymers synthesized from the copolymerisation of ionic liquids and photocatalysts, will be 

further studied for the visible-light photoreduction of carbon dioxide, aiming for a continuous production of carbon 

monoxide under benign conditions. 

     
  

Figure 1.  Photocatalytic polymer system Figure 2.  UV Vis measurement results 
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Climate change and the depletion of oil resources are the main problems facing the entire world community. In 

the interests of sustainable development, a search is being made for new alternative cheap and renewable sources 

of energy, petrochemistry, and environmental protection. In the long term, carbon dioxide can serve as a source of 

renewable raw materials. In recent years, carbon dioxide reforming of methane, also called as dry methane 

reforming (DRM), has generated a lot of interest because it can convert two major greenhouse gases (CO2 and 

CH4) to syngas (CO+H2). 

 

This work deals with the production of synthesis gas by dry reforming of methane over the Co-based catalysts 

supported on a matrix composed of alumina modified with zirconia and rare-earth metal oxides. Also, the effect 

of steam on DRM over the catalysts has been studied. The multicomponent 5%Co-M/Al2O3-ZrO2-R catalysts 

showed the high stable activity during its long-term continuous testing for 400 hours. The catalysts were 

characterized by a number of physico-chemical methods. 
 

Experimental 

The multicomponent 5%Co-M/Al2O3-ZrO2-R catalysts, where M is a noble metal (Pt) and R is Ce or/and La oxides 

were synthesized by impregnation and tested in dry and steam reforming of methane. The processes were carried 

out in a quartz flow reactor supplied with programmed heating, controlled feed velocity, a programmable syringe 

pump, and GCs. Stainless steel reactor with catalyst volume – 100 mL was used in order to carry out the long-term 

tests. The dry (DRM) and bireforming (combined steam-dry – BRM) reforming of methane have been studied 

under atmospheric pressure, varying gas hourly space velocity (GHSV) within 1000-3000 h-1 with using a feed 

with a ratio of CH4/CO2=1:1 and varying temperature within 300-800oC. The 0.5-2.0 vol. parts of steam has been 

added to a feed to provide bireforming of methane. To elucidate the stability the 5%Co-M/Al2O3-ZrO2-CeO2-

La2O3 catalyst was continuously tested for a long-term period: 400 hours in DRM and 100 hours bireforming of 

methane. The catalysts were characterised by BET, XRD, SEM, TEM, and TPR methods. 

 

Results/Discussion 

The catalysts perform a high activity in both dry and steam reforming of methane. Methane is almost completely 

converted at 750-800oC depending on the catalyst composition and process type. Adding steam in amount 0.1-1 

volume parts to a feed of carbon dioxide + methane always leads to decrease in temperature of methane complete 

conversion and enriching syngas with hydrogen over the synthesized catalysts. 

 

The 5%Co-Pt/Al2O3-ZrO2-CeO2-La2O3 catalyst showed a high stable activity for all period of testing in both 

processes: 400 hours in DRM and 100 hours in byreforming of methane.  

 

Under conditions t=700oC, P=1 atm, GHSV=1000 h-1, CH4:CO2=1:1, methane conversion was varied within 96.0-

96.6%, while the extent of carbon dioxide conversion was insignificantly less and varied within 90.4-92.3% 

(Figure 1).  

 

 

Figure 1. Dependence of conversion of CO2 and CH4 on process duration over the 5%Co-Pt/Al2O3-ZrO2-CeO2-

La2O3 (t=700oC, P=1 atm, GHSV=1000 h-1, CH4/CO2=1:1) 
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The ratio of H2/CO in the syngas formed in DRM was 0.9.  

In combined steam-dry reforming of methane (CH4:CO2:H2O=1:1:1), H2/CO ratio was increased to 1.3 under the 

same conditions.  

 

A high dispersed state of metals was observed by TEM. The effect of the second metal on reducibility of Co was 

revealed by TPR method.  

 

Conclusion 

The 5%Co-M/Al2O3-ZrO2-R catalysts developed performs the extremely high activity and stability in syngas 

production carbon dioxide reforming of methane.  

The synthesis gas composition can be controlled by adjusting the composition of the feed.  
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Abstract 

 Biogas is considered as an alternative renewable fuel, which due to its nature can potentially help 

reduce the global climate change, while at the same time can lead to the reduction of treated wastes. It is mainly 

produced by the anaerobic digestion (AD) of carbon-containing waste materials (e.g., sludge from the wastewater 

treatment plants, from manure, from landfills etc.) [1,2]. However, as the biogas even after pretreatment for the 

removal of minor constituents (e.g., moisture, NH3 and H2S), still contains significant amounts of CO2, it is 

considered of particular importance to upgrade it, by removing most of carbon dioxide content, and capturing this 

for potential further reuse.  

In the current study, a membrane process investigated for the efficient CO2 separation from CH4, which are the 

major constituents of biogas, and leading to biogas upgrade towards biomethane, aiming to meet the requirements 

for effective energy use (e.g., by connecting the CH4-rich gaseous into the natural gas grid). Therefore, the main 

goal is the production of high purity biomethane (>95%) from biogas with the simultaneous CO2 capture.  

 

 The mass flow of inlet gas mixture, consisting of CO2 and CH4 and simulating biogas, was controlled by 

a mass controller between 1000-3000 mL/min and the feed pressure was controlled by a back pressure regulator 

(BPR) in a range between 5-10 bars. The gas streams were analyzed directly, applying a specific gas analyzer for 

the CH4 and CO2 content. The examined membrane is the polyimide hollow fiber UBE UMS-B2 module.  

 

 A series of laboratory tests carried out for the evaluation of this membrane module, regarding the CO2 

removal, the typical results are presented in Fig. 1. The biogas upgrade membrane assembly in continuous flow 

designed to operate under the optimal defined separation conditions. The laboratory research results are 

respectively validated and verified also via a pilot-scale biogas upgrading system, where the reactor is fed with 

real pre-treated biogas from the anaerobic digestion of Thessaloniki’s Wastewater Treatment Plant, under 

continuous flow. 

 

 

Figure 1. Mixed gas separation performance according to the applied pressure for the typical CH4/CO2 biogas mixture at 20o 

C; CH4 purity in the retentate stream for various back pressure values (5-9 bar). 
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Power-to-Gas (PtG) processes are a recent research field focused on the seasonal storage of renewable electricity 

surplus through the generation of synthetic natural gas (SNG). Especially, through the utilisation of biogenic CO2 

sources (biogas, biomass combustion/gasification/pyrolysis), the opportunity to produce decentralized “Green” 

methane arises even more reducing the carbon footprint of renewable energy storage as existing natural gas 

infrastructure is exploited. In the PtG concept, renewable electricity surplus produces H2 through electrolysis 

which is fed in a Sabatier reactor along with captured CO2 at temperatures around 300-350°C to produce methane. 

Due to the intermittent nature of renewables such as solar and wind energy, reliable operation of the methanation 

reactor under transient and dynamic conditions is necessary. 

 

Packed bed reactors are the most common type of methanation reactor available but in general temperature control 

is challenging and requires several intercooled reactors in series or catalyst distribution [1] increasing reactor size 

and complexity. The methanation reaction is highly exothermic .Due to the large reaction heat and the high activity 

of the catalysts towards methane, hot spots usually occur at the reactor inlet. These hot spots must be kept below 

500°C to avoid catalyst degradation and optimize methane yield [2]. Monolithic structured reactors on the other 

hand present low pressure drop, high heat transfer and cross flow area making them easier to control especially 

under dynamic inlet conditions. Several models have been developed for the fixed bed reactor and only a few for 

honeycomb methanation reactors. The most important parameters affecting the performance of the reactor are 

reaction kinetics and heat transfer. The kinetics for the methanation reactor have been thoroughly researched, 

mainly to study the methane reforming reaction which is the reverse reaction. Indirect reaction schemes (CO 

methanation + water-gas shift reaction) have been investigated by Xu and Froment [3] while direct CO2 

methanation reaction schemes of the Langmuir-Hinshelwood (LHHW) type have been recently published by 

Koschany et al. [4]. Both kinetic studies are widely adopted by the scientific community either for steady state or 

transient models. On the other hand, catalyst thermal properties such as conductivity and capacity are largely 

affected by device geometry, substrate and catalyst loading [5] and properties. Since the majority of methanation 

models published are axial, pseudo-homogeneous and steady state, they are not suitable for thermal performance 

evaluation in the PtG context. 

 

In this study, a 2D/3D heterogeneous dynamic model has been developed for the simulation of packed bed and 

monolithic methanation reactors. Exothermia suite (ES), a software package developed by Exothermia SA, an 

Aristotle University of Thessaloniki spin-off company, was used for the simulations. ES was originally developed 

for exhaust after-treatment modelling applications where honeycomb catalysts are common. Basic model inputs 

are reactor geometry, material properties, reaction schemes and a reactor cooling sub-model. Industrial reactor oil-

cooling methodology is adopted through the modeling of a hydraulic system in which heat transfer between the 

reactor wall and coolant is calculated using a surface-calibrated thermal resistivity factor. Reactor properties and 

boundary conditions are fully customizable and are read in tabularized format in the form of “*.csv” files. The 

model has been calibrated through widely cited publications both for fixed bed and structured reactors. Detailed 

sensitivity analysis has been performed to determine the cooling model parameters and their effect on heat transfer 

and reactor performance. A parametric analysis was performed with literature-accepted kinetic parameters 

modifying several catalyst attributes (tortuosity, thermal capacity/conductivity, diffusion parameters, heat and 

mass transfer coefficients). 

 

 

 
Figure 1. Packed bed model axial temperature profile for different catalyst thermal conductivity and axial discretization 

scenarios (left) and CO2 conversion efficiency for different catalyst thermal conductivity scenarios (right) 

 

Preliminary model runs showed a direct effect of catalyst temperature on CH4 yield and CO2 consumption as at 

elevated temperatures CH4 formation is inhibited. Catalyst porosity/tortuosity and thermal conductivity 

significantly affect catalyst temperature however it does not have a crucial effect on CH4 yield and CO2 conversion 

efficiency but mainly on hotspot location. Reduced porosity leads to lower peak temperatures and shifts the axial 
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temperature peak further into the reactor as seen in literature [5]. The two reactor types are compared and combined 

in a dynamic inlet PtG scenario of biogas/syngas upgrading for SNG production. The analysis shows that higher 

space velocities are achievable in honeycombs without risking temperature increase allowing for larger tube 

diameters and lower construction costs. Solid and gas peak temperatures are observed in different axial locations 

due to the high effect of thermal conductivity present in the structured honeycomb catalyst. Three different case 

studies were simulated a) Oxy-Gasification of solid digestate (a by-product of biogas plants) and mixing of the 

produced syngas with H2 from electrolysis, b) Methanation of CO2 originating from biogas upgrade with H2 from 

electrolysis and c) biogas methanation with H2 from electrolysis. Seven different scenarios were compared to 

account for feed gas composition, load and inlet composition fluctuation and a shut-down and hot start-up scenario. 

The simulations show that the proposed two-stage reactor with intermediate water removal can achieve very high 

CH4 yields (>90% in all cases tested) without compromising catalyst durability. Fast start-up times and 

optimization through cooling temperatura control are also findings that highlight the concept’s flexibility and 

robustness. 
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Cyclic organic carbonates have a wide range of amazing uses, including as solvents and chemical intermediates in 

the manufacture of fine chemicals and polymers. Importantly, the widely desired potential to recycle CO2 as a C1 

source for the synthesis of common compounds under benign conditions is provided by the synthesis of cyclic 

carbonates via the coupling reaction of CO2 with epoxides and the development of single-component halogen-free 

organocatalysts in the highly investigated for the coupling reaction of CO2 with epoxides is sought-after to improve 

the sustainability of the process and lower costs. In this study, highly nucleophilic 3,4-diaminopyridine derivatives 

were prepared and used as catalyst for the coupling reaction of CO2 and epoxides. From predictive calculations of 

epoxide-specific carbon basicities suggested that highly nucleophilic 3,4-diaminopyridines possess suitable 

basicity to serve as active single-component catalysts for the coupling reaction. Indeed, experimentally, the most 

active compounds of this class performed efficiently for the conversion of epoxides to carbonates under 

atmospheric pressure outperforming the catalytic activity of traditional N-nucleophiles. Importantly, the 3,4-

diaminopyridino scaffold could be easily supported on polystyrene resin and used as a recyclable heterogeneous 

catalyst under atmospheric CO2 pressure. Finally, the mechanism of the coupling reaction, which was catalyzed 

by several N-nucleophiles, was examined. This highlighted the significance of the nucleophilicity of 3,4-

diaminopyridine in successfully promoting the critical initial step of epoxide ring-opening without the addition of 

nucleophiles or hydrogen bond donors. 
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Introduction 

Since the industrial revolution fossil fuels have driven economic growth and now, approximately 85% of global 

energy generation comes from combustion of coal, oil, and natural gas. [1]. However, temperature  increases due 

to rising CO2 levels are projected to have many negative impacts, such as rising sea levels and loss of biodiversity, 

and therefore scientists are looking for methods to tackle this increase in atmospheric CO2 levels.  

 

In nature, photosynthesis in plants occurs through a z-scheme mechanism that involves a two-step photoexcitation. 

First, electrons in photosystem (PS) II and PS I are excited to their respective LUMOs following visible light 

absorption. Next, the electrons in the LUMO of PS II are transferred to the HOMO of PS I through an electron 

mediator, neutralising the photogenerated holes therein. The remaining photogenerated electrons (used to reduce 

CO2) and holes (used to oxidise H2O) are left in the LUMO of PS I and the HOMO of PS II, respectively [2]. There 

is much potential to mimic this process artificially. Therefore, artificial photosynthesis (AP) using two distinct 

light absorbing species is an important area of research as a successful system would mean that waste CO2 and 

free solar radiation can create fuels and valuable chemicals using abundant visible light as an energy provider. 

 

“Z-scheme” is the term used to explain the observed efficient electron/hole separation mechanism obtained through 

the use of two co-located semiconductors [3]. These systems involve the use of a semiconductor with a high energy 

conduction band (CB) and a medium energy valence band (VB) (the reduction photocatalyst), and one with a low 

energy VB and medium energy CB (the oxidation photocatalyst). Following photon absorption and electron 

excitation, the electrons in the CB of the oxidation photocatalyst combine with the holes in the VB of the reduction 

photocatalyst. This leads to retention of strong reduction and oxidation abilities in the two semiconductors, spatial 

separation of charge carriers, and an extended light harvesting range (albeit with a necessarily decreased photon-

to-exciton efficiency) [4].  

 

The intent of this work is to investigate various heterogeneous direct z-scheme photocatalytic systems synthesised 

via facile hydrothermal methods, characterise these using a range of techniques and then test them in the AP 

reaction under visible light irradiation. The physical, optical, electronic, and photocatalytic properties of the 

different materials produced are examined and compared. 

 

Experimental 

Cu2O/BiVO4 is prepared in this study as a surface-decorated z-scheme system where BiVO4 is the oxidation 

photocatalyst (and the support), and Cu2O is the reduction photocatalyst (and decorated on the surface). This 

geometry was achieved using deposition-precipitation methods. BiVO4 serves as a substrate to provide surface 

sites that allow for nucleation and growth of Cu2O [4]. In this work, a hydrothermal method was used to synthesise 

monoclinic BiVO4 using Bi(NO3)3 and NH4VO3 [5]. Cu2O was then grown on the surface of the BiVO4 using 

Cu(CH3COO)2 and an ethylene glycol reduction. BiVO4, Cu2O and Cu2O/BiVO4 composites with molar ratios of 

1:7, 1:3, and 1:1 were prepared and characterised using XRD, XPS, FTIR, UV-Vis DRS, SEM/EDX, and CO2 

TPD experiments. 

 

Results and Discussion 

XRD (see figure 1 a)) gave confirmation of the phase of the materials and the sharp peaks indicated that they are 

highly crystalline. Furthermore, it is evident that Cu2O is present in the composite materials, and therefore the 

possibility for the formation of a heterojunction exists. These results also show that the incorporation of Cu2O onto 

the BiVO4 surface does not affect the crystallinity of either component.  

 

XPS (see figure 1 b)) confirmed the existence of Cu2O (and CuO – following Cu2O oxidation in the atmosphere) 

in the composite materials. As the percentage of copper present in the composite increases, we see an increase in 

the binding energy of Cu+ derived electrons. These values are 932.3, 932.4, and 932.7 eV for the Cu2O/BiVO4 1:7, 

1:3, and 1:1 samples, respectively. This trend is as expected for z-scheme systems and, therefore, may indicate 

band bending in the composite, providing evidence for the formation of a heterojunction. 

 

FTIR spectroscopy (see figure 1 c)) gave information about the surfaces of the materials and shows that each can 

adsorb both H2O and CO2, the AP reactants. Furthermore, several characteristic vibrations can be observed, for 

example a large broad band in all spectra of the BiVO4-containing materials between 700 – 900 cm-1 can be 

attributed to V-O bends and stretches [6], and, in the spectrum of the Cu2O sample, a band at 632 cm-1 resulting 

from a Cu-O bend [7]. 
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UV-Vis DRS spectra (see figure 1 d)) indicate that all the as-synthesized materials possess strong absorption in 

UV and visible-light regions, with absorbance across the visible region being proportional to the Cu2O loading.  

CO2 TPD experiments (see figure 1 e)) show that BiVO4 is not a good CO2 adsorbent, while Cu2O is. This should 

be beneficial as, according to the proposed reaction mechanism, CO2 reduction using Cu2O/BiVO4 composites 

should occur on the Cu2O semiconductor surface. Having said this, the CO2 adsorbed on Cu2O is relatively stable 

(as shown by its Tdes) and this may affect the rates of CO2 reduction steps. 
 

 
Figure 1. XRD (a), XPS (b), FTIR (c), and UV-Vis DRS (d) spectra, and CO2-TPD (e) from all the prepared materials.  

 

Conclusions 

By decorating a BiVO4 surface with Cu2O, both the extent of visible light absorption and the concentration of CO2 

that can be adsorbed increase. These characteristics are potentially beneficial to the material’s reactivity in 

promoting artificial photosynthesis and, hence, the composites should demonstrate enhanced reactivity in the AP 

reaction compared to BiVO4. The presentation will also cover the photoluminescent properties of these materials 

(where it would be expected that z-scheme materials will have retarded radiative decay processes), the SEM/EDX 

characterisations (which provide information on the morphology and composition of the particles) and the 

reactivity of the materials in the AP reaction under batch conditions. 
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Abstract text:  

 

Transition of energy sources from the fossil-fuel into renewable energy in the fields of energy and chemical 

engineering sectors has been urged by the global commitment to mitigate the abrupt climate change caused by 

global warming. However, due to the intermittency of the natural energy sources and low-efficiency for the long-

distance transportation of renewable energy, high-energy and cost effective energy carrier has been explored for 

decades. In this regard, formic acid is a highly promising hydrogen carrier, which produced from the water 

electrolysis by renewable electricity, by the virtue of the high gravimetric hydrogen capacity, equal to 53 g∙L-1 and 

4.4 wt%, and high volumetric energy density of 7.5 MJ∙L-1. [1-3] However, the step of H2 storage, i.e., CO2 

hydrogenation to FA, is lagging because conversion of gaseous CO2 and H2 to formic acid is thermodynamically 

unfavorable. Over the several years, remarkable reaction systems for hydrogenation of CO2 to FA have been 

proposed by the electrocatalytic, photocatalytic, and thermocatalytic ways. [4-6] Among them, thermocatalytic 

hydrogenation by using transition metal-based catalysis has been widely investigated method, by the virtue of high 

feasibility of scale-up production processes and viability of the reversible conversion of CO2 and H2 to FA, and 

vice versa using the existing industrial infrastructures.  

 

Here, we present a novel heterogeneous Ru single atoms catalysts supported on the N-doped titanium oxide 

supports for thermocatalytic hydrogenation of CO2 to formate. The heterogeneous Ru SAC catalysts have been 

comprehensively characterized through the experimental analysis such as XPS, NEXAFS, EXAFS, and so on. The 

description on the nature of the catalyst and catalytic performances on the hydrogenation will be considered on 

on-site presentation. In particular, the effect of the chemical structure of N dopant sites on the catalyst stability 

will be investigated in-depth based on the experimental results combined with DFT calculation.  

  

 

Figure. Schematic representation of the Ru SAC supported on N-doped TiO2 support and experimental results of 

catalyst recyclability assessments.  
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In order to mitigate deleterious anthropogenic effects of emitted carbon dioxide (CO2), various systems for CO2 

capture and storage (CSS) have been developed. Among a wide range of methods such as adsorption, absorption 

or cryogenic distillation, membrane-based separation processes have attracted a significant interest, due to their 

mild operating conditions, easy scale-up and low energy consumption [1].   

 

Apart from CO2 separation, utilization of CO2 and its conversion into value-added products can be considered as 

a promising way to reduce the CO2 level in the atmosphere [2]. Thus, combining the catalytic CO2 conversion 

together with the membrane-based separation process, appears as the most comprehensive strategy towards 

the independence from fossil raw materials and energy sources. 

 

There are several types of membrane modules available, namely plate- and frame- module, spiral wound module, 

tubular module and hollow fiber module. The most relevant advantage of the hollow fiber module is the possibility 

of having a very large surface area. Commonly, polymeric hollow fiber membranes are fabricated in the process 

called non-solvent induced separation (NIPS). NIPS is a well-established method, which allows for the 

development of fibers with the desired properties, tailored to the specific application. A wide spectrum of 

polymeric materials can be utilized for the formation of a membrane [3]. Coating of a membrane is one of the most 

prominent ways to enhance its gas separation performance. Moreover, it is beneficial not only in terms of the gas 

separation, but the coating may serve also as the immobilization medium for the catalyst [4].  

 

The overall goal of our research is the development of polymeric hollow fiber membranes, followed by their 

functionalization with catalytically active species for CO2 conversion. Subsequently, the modified membranes may 

be applied in the membrane-based reactors, where both separation and catalyzed CO2 conversion take place 

simultaneously. In such systems, the equilibrium restrictions can be overcome, resulting in the higher yield of the 

reaction. 

 

In our experiments we prepared hollow fiber membranes under various spinning conditions. For the polymer dope 

polyethersulfone (PES) was chosen due to its superior capability for CO2 separation. Hollow fiber membranes 

were coated with a solution of Pebax 1657, a block copolymer which is commonly known to improve the 

separation performance of the membrane. Moreover, the effect of the addition of various ionic liquids to the coating 

solutions was tested, since they are known to promote the gas separation performance of membranes [5].  

 

Ultimately, morphologies of the coated membranes were characterized by scanning electron microscopy (SEM). 

Gas separation properties were investigated by the single gas permeation tests. For the reference, the flat sheet 

membranes have been coated with the analogous coating solutions. 

 

 

 

 
Figure 1. SEM image of the spun PES hollow fiber, coated with Pebax. 
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Nowadays, glycerol carbonate (GC) or 2,4-hydroxymethyl-2-oxo-1,3-dioxolane has obtained much 

interest due to its several properties such as specific reactivity, biodegradability, lack of toxicity or flammability, 

solubility in water and low vapor pressure. GC has found a wide range of applications, especially as a building 

block for the production of chemicals and polymers, organic solvent, a liquid carrier electrolytes in lithium 

batteries and an additive in cosmetics.1-3 GC can be synthesized by several routes such as glycerol reacts with 

dimethyl carbonate4 and cycloaddition of CO2. In this work, we are interested in utilization of CO2 to glycidol to 

produce glycerol carbonate under mild and neat condition by using bio-based materials as a catalyst5. 

 

Chemicals and method: Sodium ascorbate was purchased from TCI. Sodium citrate and sodium 

erythorbate were purchased from Krungthepchemi Co., Ltd. Carbon dioxide (>99.995%) was purchased from 

Bangkok industrial gas (BIG). All reagents were stored under ambient conditions. NMR spectra were measured 

on an automated “Bruker” 600 MHz for 1H (125 MHz for 13C). Reactions under ambient pressure (CO2 balloon): 

the glycidol 1a (25 mmol) was charged in a 50 mL round bottom Schlenk and equipped with a magnetic stirrer, 

followed by the addition of the suitable amount of catalyst. A rubber balloon containing about 2 L CO2 was 

connected to the Schlenk flask and part of the CO2 was used to flush the flask in order to replace the air and stirred 

for 24 h. After this period, an aliquot of the reaction mixture was analyzed by 1H NMR spectroscopy in DMSO-d6 

or CDCl3 to determine glycidol conversion and 1b selectivity after the addition of a known amount of 1,3,5-

trimethylbenzene as a standard. Reactions performed in an autoclave: the same reaction mixture as described above 

was prepared in a 120 mL stainless steel autoclave equipped with magnetic stirrer, after which CO2 gas from a 

cylinder was added into the autoclave at the desired pressure. The mixture in the autoclave was stirred for 24 h at 

the temperature of choice. Hereafter, the excess of CO2 in the reactor was carefully vented and an aliquot of the 

reaction mixture was analyzed by 1H NMR spectroscopy in DMSO-d6 or CDCl3 to determine glycidol conversion 

and 1b selectivity after the addition of 1,3,5-trimethylbenzene as a standard5. 

 
Table 1. Screening of biobased homogeneous catalysts for the cycloaddition of CO2 to glycidol 1a under atmospheric pressure 

conditions.a 

 
 

Entry Catalyst Solubility Glycidol 
source 

1a Conversion 
(%)b 

1b Selectivity  
(%)b 

pKb of anion 

1 Na-ascorbate soluble commercial 100 64±5 9.8 

2 Na-erythorbate soluble commercial 100 79±1 9.96 

3 Na3-citrate partial commercial 100  90±3 7.6c 

4d DMSC soluble commercial 100 26±2  10.87e 

a Glycidol (25 mmol), catalyst (2 mol%), 60°C, 1 bar CO2 (balloon), 24 h. b Determined by 1H NMR using 1,3,5-

trimethylbenzene as a standard. c pKb1 of the citrate anion. d 1,5-dimethyl mono-sodium citrate (DMSC) was used. e Value 

based on the pKb3 of the citrate anion. 

 

 The catalytic performance of various bio-based salts as homogeneous catalysts. These catalysts were tested through 

the CO2 fixation reaction. We selected this kind of catalysts due to its inexpensiveness, nontoxicity and being renewable. The 
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selected bio-based homogeneous catalysts were screened for catalytic activity using the cycloaddition of CO2 to glycidol (1a) 

as a benchmark reaction (Table 1). The reaction was carried out under ambient conditions (60 °C, CO2 balloon). Among of 

these catalysts, sodium citrate exhibits the best catalytic conversion of glycidol (1a) with the highest selectivity to yield glycerol 

carbonate (2b) as a major product. From the catalytic performance result of sodium citrate. We choose sodium citrate to study 

the conversion of other epoxy alcohals (Table 2). The cycloaddition of other epoxy alcohols was studied under more demanding 

reaction conditions than 1a. 

 

Table 2. Optimization conditions of sodium citrate homogeneous catalysts for the cycloaddition of CO2 to differently 

substituted epoxy alcohol.a 

 
Entry Substrates Conversion 

(%) 

Selectivity b 

(%) 

Selectivity c 

(%) 

Selectivity d 

(%) 

1 4a >99.9 10 77 13 

2 5a 76 31 69 - 

3b 6a 77 70 30 - 

5c 7a 22 37 63 - 
a Substrates (25 mmol), catalyst (4 mol%), 60°C, 10 bar CO2, 24 h. b At 80°C. c At 30 bar, 72 h. 

 

Substrate 4a was used to study, the result shows sodium citrate can catalyze this reaction with fully conversion of 4a 

to produce two carbonate products 4b and 4c, and a triol 4d. In the case of substrates 5a and 6a were used to probe the catalytic 

perfomance of sodium citrate. The results exhibit good conversion 76 and 77%, respectively. The products mixture of two 

isomers of cyclic carbonate (6b and 6c) were observed. Finally, sodium citrate was used to test catalytic performance with the 

challenging sterical substrate 7a, which required harsher condtion with 30 bar CO2 and 72 h. Under this condtion, 22% 

conversion of 7a was observed. These results are in good agreement that biobased sodium citrate catalyst shows the 

performance for the conversion of other epoxy alcohol without any halide additives.  
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The porous nitrogen-doped carbons (N—C) have been intensively studied and exploited in various applications 

such as gas sorption and separation, energy storage, catalysis, etc (1). The common synthesis procedure for the 

N—C is based on the annealing treatment of carbon precursor at a high temperature (>500 °C) for a long period 

(from one to tens of hours). The energy consumption of 170–200 kWh is roughly estimated for the preparation of 

1 ton of N—C resulting in the emission of 127.5–150 kg of CO2 (2). The entire synthesis procedure of the N—C 

has a negative environmental impact. Therefore, employing alternative energy sources such as microwave 

irradiation can reduce energy usage and ensure a more environmentally sustainable and economically viable 

synthesis approach for the widely applicable materials such as N—C. This procedure requires the use of non-

transparent materials to electromagnetic waves that can convert microwave energy into heat and simultaneously 

enable the carbonization of the starting material (2). In this work, we compared the preparation of the N—C derived 

from polyaniline (PANI) using thermal and microwave heating and tested the properties of these materials as a 

CO2 sorbent. PANI was selected due to two reasons: (i) it has been demonstrated that N—C made of PANI showed 

good CO2 adsorption capacity (3) and (ii) PANI is a good microwave adsorption material with the loss tangent 

(tan δ= ε″/ ε′) value of 0.15, where ε″ and ε′ are dielectric constant and dielectric loss, respectively. 

 

The chemical oxidative polymerization at a low temperature (4 °C) was used for the synthesis of PANI using the 

modified synthesis procedure from the literature (4). Aniline (7.5 ml) was dissolved in the solution of hydrochloric 

acid (75 ml of 1M HCl) and stirred for 30 min. In the next step, the solution of ammonium persulfate (292.5 ml 

with a concentration of 0.28 mol/L) was added with a speed rate of 5 ml/min, and the reaction mixture was stirred 

(500 RPM) for 4 hours. The suspension of PANI aggregates was left for overnight precipitation. The final PANI 

material in the form of the pellets was formed using vacuum filtration and later dried at 80 °C and pressure of 200 

mbar for 24 hours. The PANI pellets with a mass of 10 g were produced in a batch containing 375 ml in total 

volume (see Figure 1a). The diameter, shape and thickness of the PANI pellet were influenced by the dimensions 

of the filtration funnel and the total volume of synthesized polymer solutions, respectively. This production method 

of PANI pellets is considered a simple and scalable procedure in comparison to the state-of-art approaches (3). 

In order to form N—C, the PANI pellets were carbonized using both thermal and microwave heating (samples 

further called N—C_PANI). In case of thermal heating, the PANI pellets were placed in the ceramic annealing 

crucibles with the lid and carbonized at a temperature range of 500-800 °C in the air environment. The heat rate 

of 10°C/min was used and the samples were kept at the target temperature for 1 min. After the heating was switched 

off, the samples were left in the oven till the temperature dropped under 150 °C. For the microwave heating, the 

carbonization of PANI pellets was performed in the microwave oven (SAMSUNG MS23F301TAS/EO), where 

different power (300, 450 and 800 W) and times (70, 140 and 210 s) of carbonization were investigated. The 

cooling time was 2 min after the microwave heating. 

The aim of this work was to determine the influence of the thermal and microwave carbonization on the 

morphology, chemical composition and absorption properties of the N—C_PANI samples.  The transformation in 

the morphology was noticed in the N—C_PANI in comparison with the PANI (Figure 1B) samples after both 

thermal (Figure 1C) and microwave (Figure 1D) carbonization. Also, the chemical changes were confirmed by 

Fourier-transform infrared spectroscopy (FTIR) where several new features were displayed in the FTIR spectra of 

N—C_PANI. These modifications were connected with the breaking of PANI bonds and their cross-linking that 

resulted in the formation of carbon networks doped with nitrogen, as was early reported in the work of Rozlívková 

et.al (5). The highest similarities in chemical composition were observed for the samples carbonized thermally at 

800 °C (N—C_PANI_800°C) and under microwave irradiation with the power of 450 W and time of 140 s (N—

C_PANI_450W_140s). Both samples showed three characteristic absorbance bands in the FTIR spectra (see 

Figure 2). The band around 3430 cm-1 is described as the resonance of –O–H band or –NH– stretching vibration 

of secondary amine groups. The bands occurring in the range of 1589-1608 cm-1 and 1250-1261 cm-1 are related 

to quinoid ring stretching and sp3 carbon that is complementary with sp2 G and D-bands in Raman spectra with 

the contribution of C=N and C–N groups, respectively (5). The samples of N—C_PANI_800°C and N—

C_PANI_450W_140s showed a similar CO2 capacity performance reaching the values of 3.8 and 4 mmol g-1 at 

the pressure of 1 bar and temperature of 0°C, respectively. 

 

This work demonstrated the possibility of the preparation of PANI pallets with a mass of hundreds of grams by 

the simple approach of vacuum filtration. The successful production of N—C from PANI was achieved using 

microwave carbonization as a simplified approach with a low energy utilization and exceptionally rapid processing 

times. The material prepared by microwave heating showed similar properties to the thermal one in terms of 

morphology, chemical composition and CO2 sorption capacity. Therefore, these results suggested the possibility 

for thermal carbonization substitution with more environmentally sustainable approach of the microwave heating. 
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Figure 1.  The photography of PANI monolith prepared by vacuum filtration (A). Scanning Electron Microscopy images of the 

PANI (B) and N—C_PANI after thermal carbonization at 800°C (C) and microwave carbonization at 450W for 140s (D). 

 
Figure 2.  Comparison of FTIR spectra for PANI and carbonized PANI during thermal heating at 800 °C for 1 min with the 

heating ramp of 10°C/min (N—C_PANI_800°C) and microwave heating at 450 W for 140 s (N—C_PANI_450W_140s). 
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Abstract 
The current goal of the chemical industries is to become less dependent on fossils as a source of carbon and rely 

more on renewable carbon resources. At the same time, it is important to reduce the greenhouse gas emissions by 

decarbonization. In this regard, the EU-funded Carbon4PUR project [1] aimed to utilize CO/CO2-containing 

industrial process gas (blast furnace gas) from the steel industry to produce valuable building blocks for the 

polyurethane (PUR) industry. The chemical process to utilize this mixed CO/CO2-containing gas stream is built 

up by a sequence of consecutive technologies starting with Covestro's industrially established CO2-technology that 

facilitates the catalytic conversion of CO2 with propylene oxide to produce polyether-carbonate polyols along with 

a CO2-depleted gas stream [2, 3]. In the second step, selective CO conversion takes place with this stream realizing 

a catalytic ring-expansion carbonylation of epoxides to lactones and cyclic anhydrides.3 These diacid derivatives 

in the presence of starter molecules are used as building blocks for polyether ester polyols, which are essential 

components for the formation of rigid construction foams. This work demonstrates the first proof of concept of the 

individual chemical conversion steps of the Carbon4PUR process from lab to technical scale with a particular 

focus on the final industrial applicability [1-3]. 

 

 
Scheme 1. Carbonylation of ethylene oxide (EO) with CO to ß-propiolactone (ßPL) and succinic anhydride (SA) in two steps 

using [Pc–Al][Co(CO)4] as a carbonylation catalyst. 

 

 

 
 

Scheme 2. tertAmine-catalyzed co-polymerization of SA and EO to yield a polyether ester polyol. Ring-opening reaction of 

SA with the OH functionalized starter molecule occurs already in the absence of a catalyst forming a Brønsted acid in step 1. 

Upon addition of EO, copolymerization of SA and EO takes place, both autocatalytic and amine-catalyzed in step 2. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Rigid PIR-foams on lab-scale utilizing Carbon4PUR polyol made from CO-derived SA  

produced by carbonylation and commercially obtained SA. 
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Herein we report: (a) The synthesis of epoxide double carbonylation catalysts and the chemical conversion of CO2 

by adapting Covestro's industrially established CO2-technology on mixed CO/CO2-containing gas streams. (b) 

Utilization of CO as feedstock for a carbonylation process to selectively convert epoxides to cyclic lactones and 

anhydrides as intermediates for the polymer industry. (c) Utilization of cyclic anhydrides for the production of 

sustainable polyester polyols for PUR applications like rigid construction foam or wood coatings (Figure 1). 
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Anthropogenic carbon dioxide (CO2) emissions threaten the preservation of our everyday life conditions as we 

know them. Conversion of CO2 into value-added products poses a powerful alternative towards a low-carbon 

economy. Progress has been made through the recent decades to obtain functional chemicals utilizing CO2. On the 

other hand, demand for nanocarbon materials (NCMs) in industries is highly accelerating due to their long-term 

stable life cycle, as well as large surface area, high electrical conductivity, low production cost, and superior 

chemical, thermal and mechanical stability. NCMs fabricated through CO2 conversion is a new promising 

technology offering products with physicochemical properties suitable for a wide range of applications [1]. Alkali 

and alkaline-earth reducers have been utilized towards this direction. Magnesiothermal technology, evaluating 

CO2 as a feedstock is emerging, mainly due to the low cost of Mg, its high availability and the lowest free energy 

of reduction reaction Mg exhibiting among the other alkaline earth metals [2-3]. Moreover, no extreme pressure 

needs to be applied, thus making the process facile and scalable.  

 

Low-dimensional carbon materials, as for example graphene, carbon nanofibers (CNFs) and carbon nanotubes 

(CNTs) derived from CO2 reduction is a promising and economically viable way towards a CO2 utilization. In this 

study, we investigate the impact of reduction duration on the yield and the physicochemical properties of 

nanocarbon products. Experiments were conducted in quartz tube furnace, heating Mg at 675 oC under constant 

CO2 flow. The resultant products’ physicochemical properties were characterized, both before and after by-product 

removal, by X-Ray diffraction (XRD) analysis, scanning electron microscopy (SEM) and Raman spectroscopy. 

Changing the exposure time of Mg to CO2 from 10 to 60 mins, NCMs with different shape and morphology were 

obtained during the reduction reaction. 
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Abstract: 

The present work is part of a circular economy LIFE project (acronym: CO2toCH4), aiming to develop and 

demonstrate an innovative hybrid energy storage unit, based on renewable energy sources (RES) and the Capture, 

Sequestration and re-Utilization of carbon dioxide (CCSU) from typical power plant flue/waste gases, burning 

fossil fuels (in this case: lignite). This prototype pilot unit will consist of four sub-units: (1) an electrolyser for the 

production of green hydrogen from water electrolysis, by using preferentially RES, (2) a specially designed process 

for the initial sequestration/storage and the subsequent supply of the flue gases, as directly received from the 

chimney, (3) a flue gas purification sub-unit for the effective separation of CO2 from the flue gases, leading to a 

CO2-rich gaseous stream, and (4) an ex-situ bio-methanation unit for the conversion of CO2 to methane, with the 

use of appropriate microorganisms and after its reaction with the H2 obtained from the electrolyser.  

 

The present work focuses mainly on the construction, installation and operation of the second integral sub-unit of 

the aforementioned prototype pilot unit, which aims at the initial storage and supply of the flue gases from the 

power plant of Public Power Corporation (PPC), located near the region of Agios Dimitrios (Kozani, N.-W. 

Greece). This sub-unit will be composed mainly from the following sub-parts: (i) a washing water column, for the 

initial cooling of flue gases and the partial removal of moisture and Suspended Solids (SS), (ii) an air cooling 

(refrigeration) unit, to remove the remaining moisture, (iii) a vacuum pump, for pumping the flue gases from the 

previous units, (iv) an air compressor, for the compression of the flue gases to up to 5 bars, and v) the final CO2 

storage tank. An appropriate electrical control and automation system will be also utilized in order to allow the 

remote monitoring and control of all equipment with reduced human intervention. With this novel flue gas storage 

and supply system, it is expected that at least 400 m3 of flue gases will be collected and stored per month for further 

utilization in the bio-methanation unit, corresponding to the low flow rate of 0.5-0.6 m3/h, as compared with the 

total flue gases flow rate in the chimney, which is approximately 1,200,000 m3/h. 
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Abstract 

Betanidin structural conformers contain zwitterionic and nonionic moieties. The isolated and cluster systems of 

dye dimer conformers are investigated using density functional theory (DFT). Conformers enable the evaluation 

of their unique characteristics, which may be advantageous in future dye-sensitised solar cells (DSSCs). We 

examined the properties of the isomerisation reaction that predominates in equilibrium vapour between 

conformers. The spectro-electrochemical, optoelectronic, and thermodynamic properties of betacyanin dimers 

using betanidin as the building block are determined using molecular simulation and modelling. This ongoing 

effort addresses three critical issues regarding betacyanin dimer materials and their use as dimer conformers in 

DSSCs. To begin, how do zwitterionic and nonionic betacyanin dimers differ structurally? Second, which of the 

materials is more zwitterionic or nonionic toward the betacyanin dimer? Third, which of the materials is a 

zwitterionic or nonionic betacyanin dimer, indicating the possibility of aligning energy levels? Diverse conformer 

dimer architectures enable the realisation of a broad range of desired properties and necessitate a greater 

understanding of zwitterionic and nonionic betacyanin dimer materials to establish design concepts applicable to 

DSSCs. Additionally, the design concepts derived from these simulation studies were used to build the DSSCs 

application. Our work provides a rational insight into the logical design of required conforming moieties compared 

to betacyanin monomer. 
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Abstract 

Introduction: Disposable food packaging is a single-use plastics that can include any disposable plastic item 

which could be designed and use only once. Waste is also increasing rapidly with the increasing mass consumption 

of products with a short life span. Researchers focused towards developing bioplastic, however, mostly used 

natural recourses are edible food such as corn, rice and potato which can create the problem of food security. 

 

Objective: This study aimed to prepare and evaluate bioplastic food packaging material from avocado seed starch 

and sugarcane bagasse cellulose. 

 

Methodology: Bioplastic food packaging material was prepared from avocado seed starch and sugarcane bagasse 

cellulose (0, 5, 10, 15w/w%) and glycerol as a plasticizer with various amount of 3, 4, 5mL through solution 

casting technique. Physico-mechanical, structural, thermal properties, and biodegradability characterization of 

prepared bioplastic was performed using the universal tensile testing machine, FTIR, UV - V is spectroscopy, and 

SEM. 

 

Results: Results have shown that an increasing amount of glycerol resulted in increases in water absorption, 

density, water vapor permeability, and elongation at break of prepared bioplastic. However, it causes decreases in 

%transmittance, the tensile strength of prepared bioplastic. Likewise, the addition of cellulose fiber (0 - 15%) 

increases %transmittance ranged (91.34 ± 0.12 - 6 3.03 ± 0.05   %), density (0.93 ± 0.04 - 1.27 ± 0 .02g/cm3), tensile 

strength (2.91 ± 6.18-4.21 ± 6.713MPa) of prepared bioplastic. On the other hand, it causes decreases in water 

absorption (14.4 ± 0 .25 - 9 .40 ± 0 .007%), water vapor permeability (9.306 x 1 0-12 ± 0 .3 - 3 .57 x 1 0-

12 ± 0 .15g·s−1·m−1·Pa−1) and elongation at break (34.46 ± 3 .37 - 2 7.63 ± 5 .67%) of prepared bioplastic. All 

prepared bioplastic films completely degraded within 15 days under open soil atmosphere.  

 

Conclusion: Studied results showed starch bioplastic reinforced with 15 % cellulose plasticized with 3 mL of 

glycerol had improved results than other combinations of glycerol and cellulose with avocado seed starch. Thus, 

biodegradable disposable food packaging materials have been successfully produced by employing avocado seed 

starch and sugarcane bagasse cellulose. 

 

Key Words: Avocado seed; Bioplastic; Cellulose; Food packaging; Glycerol. 
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Abstract text:  

Nowadays, the search for natural sources of novel and effective antifungal substances became necessary, which is 

caused by intensive application of synthetic fungicides. It has been proven that synthetic fungicides caused 

considerable concern, primarily due to the environmental pollution, toxicity and carcinogenic effect of synthetic 

compounds found in food after fungicide application. In the present study, twenty two higher basidiomycetes 

isolated from various ecological niches of Georgia and belonging to different taxonomic groups were screened for 

their activities against phytopathogenic fungi such as Aspergillus niger and Fusarium oxysporum. For cultivation 

of tested mushroom species and for expression of antifungal potential submerged (SF) fermentation of different 

plant raw materials were performed and various approaches and strategies have been exploited. During screening 

program, among all tested mushroom species Agaricomycete mushroom Schizophyllum commune demonstrate 

most promising antifungal activity growed on glucose contained sinthetic medium (50% and 36% respectively). 

The study of physiological factors that enhance antifungal activity was prowided. For this reasen different carbon 

sources (in concentration 4%) such as maltose, glucose, xylose and mannitol were tested. It should be noted that 

almost all tested carbon sources demontrate similar antifingal activities and waried from 45% to 50% against A. 

niger and from 54% to 57% against F. oxysporum. Different ignocellulosic wastes such as, mandarin juice 

productin waste (MJPW), wheat straw (WS), banana peels (BP) corn cobs (CC), ethanol production waste (EPR), 

and wheat bran (WB) were tested. It was shown, that 4% of appeared as a bes tubstrate and demonstrate increace 

of antifingal activity (57% and 45% respectively). Beside this optimal concentration of MJPW was determined. 

The presence of 6% MJPW in nutrient medium demonstrate 69% and 73% of antifungal activity. Moreower, 6% 

of peptone appeared as a best nitrogen source. The presence of yeast extract in concentration 6% were most 

apropriate source for antifungal properties of Sch. commune. The results obtained show that Sch. commune can be 

considered as a promising source of antifungal bioactive substances. The antifungal activity of mushrooms 

strongly depends on physiological factors of growth and succesfully can be regulated by selection of apropriate 

compounds of nutrient medium.  
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The heterogeneous photocatalysis process with semiconductors is one of the preferable purification methods. The 

possibility of applying natural and renewable solar energy to purify water, air, and surfaces from organic pollutants 

(including drugs) makes photocatalysis environmentally friendly and economical cost. Bismuth titanates with 

various structural types are stated to be perspective photocatalysts [1-2]. Several strategies are known to enhance 

the photocatalytic activity of the single material photocatalysts in visible light, e.g., the optimization of crystal 

structure, surface area, and morphology; the manipulation of native defects; doping to adjust the optoelectronic 

properties. In the present work, combined ab initio and experimental investigations of Al-, Sc-, Ga-, Y-, In-, La-

doped bismuth titanates with the pyrochlore and layered perovskite structures were performed. 

 

All calculations were performed by means of the density functional theory (DFT) using the PAW method as 

implemented in the VASP package. The GGA-PBE formalism was used to describe exchange-correlation effects 

during geometry optimization. We employed the screened Coulomb hybrid exchange-correlation functionals to 

accurately calculate the optoelectronic properties. The group-III elements doped pyrochlore photocatalysts were 

synthesizes by a coprecipitation method2. Characterization of the properties by a complex of physicochemical 

methods (XRD, SEM-EDX, TEM, DSC, dynamic light scattering method, low-temperature physical method 

nitrogen sorption, diffuse scattering spectroscopy) was carried out. We carefully detected phase formation 

temperature of the samples. The SEM analysis of each sample revealed only one phase, in which element ratios 

were close to the initial ones. The estimated crystallite size by Sherrer’s equation is 30–50 nm with noticeable 

agglomerates of about 100–500 nm according to SEM and with the formation of the particles (200-600 nm) in the 

aqueous medium. The isoelectric points of the nanopowders seem to be shifted to the strongly acidic region, 

resulting in the formation of negative surface particle charges at pH in distilled water. 

 

The excellent agreement between DFT calculated and experimental structural parameters of the doped bismuth 

titanates is found (Figure 1). Single-phase doped bismuth titanates are wide-gap semiconductors with the strong 

abilities to be active photocatalysts under Vis irradiation. The optical Eg values for direct/indirect transitions are 

in good agreement with DFT predicted values and are in the visible light. The calculated low effective masses of 

the charge carriers and suitable band edges positions confirm the ability of the doped bismuth titanates to act as 

Vis-photocatalysts. The photocatalytic activity is evaluated through the decomposition of the rhodamine B and 

paracetamol water solutions under Vis irradiation.  

 

  
 

Figure 1. Electronic structure (HSE03 level) and experimental absorption spectrum of the Bi1.5In0.5Ti2O7 pyrochlore. 
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Aziridines are highly reactive three-membered heterocycles. They are well known to organic chemists for their 

great potential as building blocks for the synthesis of carbocycles with significant biological activity, such as 

aminocyclopentitols and beta-lactams.[1]  

 

A short route for the synthesis of these structures is the photochemical transformation of pyridinium salts to 

bicyclic-aziridines. The photochemical rearrangement forms a cis-fused cyclopenteno-aziridine allylic cation 

which reacts stereospecifically with poor nucleophiles/solvent devising a stable bicyclic-aziridine containing a 

new C-Nu bond in trans-position (Scheme 1).[2] In 2016, We reported the ring opening of these aziridines structures 

by performing a SN2 reaction with nucleophiles such as azides, anilines, and thiols, forming new carbon-

heteroatom bonds (Scheme 1).[3]  

 

 
Scheme 5. Photochemical transformation of pyridinium salt and an example of ring opening. 

Considering the peculiar structure of the above described α-oxycyclopenten-aziridines in connection with our long-

standing interest in Pd-catalyzed allylations, we were intrigued by the thought of investigating the behaviour of 

such cyclic substrates against soft carbon-based pro-nucleophiles under Pd(0) catalysis. Within this framework, 

we recently developed a palladium-catalyzed ring opening of vinyl aziridines. This process proceeds takes place 

through 3-allylpalladium complex formation via aziridine cleavage, and γ-reactivity of carbon-based nucleophiles 

leading to new carbon-carbon bonds (Scheme 2).[4] In this line, will be described recent efforts on the 

enantioselective opening of the aziridine via Pd catalysis.   

 

 
Scheme 6. Palladium catalysis followed by nucleophilic attack. 
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The application of lignocellulosic biomass to produce biofuels via pyrolysis process has attracted considerable 

attention worldwide. Biomass materials exhibit different behaviours when subjected to thermal degradation 

processes due to their diverse nature and wide range of properties. Characterization step for the biomass is a critical 

step prior to pyrolysis process initiation. This step consist of techniques that are excellent tools for exploring 

biomass structure and its  chemical properties [1]. The characterization results can be utilized to optimize the 

performance of the chosen biomass based on required product distribution for the pyrolysis process [2]. The most 

prominent properties that determine quality of the biofuel are heating values, ash content, proximate analysis (ash, 

moisture, volatile and fixed carbon content), and ultimate analysis (C, H, N, S and O compositions).  

 

Giant Reed Characterization 

The current study focuses on physical and chemical characterization of Giant Reed which is readily available in 

South Africa and highly invasive. Adopted characterization techniques for studying physical structure of Giant 

Reed were Scanning Electron Microscopy (SEM) and Brunauer-Emmett-Teller (BET). X-ray diffraction (XRD) 

was used as a technique to investigate the crystal structure of Giant Reed.  In order to determine functional groups 

and elemental composition of Giant Reed, Fourier Transform Infrared Spectroscopy (FTIR) and Energy-

Dispersion X-ray Spectroscopy (EDS) were employed respectively. In order to determine optimum temperature 

of thermal degradation behaviour of Giant Reed, Thermogravimetric Analysis (TGA) was used. The knowledge 

of biomass properties allows the prediction of environmental impacts and technicality of pyrolysis process. Hence, 

thermal degradation behaviour is a result of the feedstock physical and chemical properties. This also provide 

valuable information with regards to understanding the reactions that occur during the pyrolysis process.  

 

 
Figure 1: Analyses for characterization of Giant Reed 

• Giant Reed mowed in spring for the current study has been harvested in Ladysmith, Kwa-Zulu Natal 

province, South Africa.  

• The culm of the Giant Reed was considered in the current study.  

• The culm was cut into short pieces and then be dried for 24 h at 105 °C to reduce the moisture below 10 

wt%.  

• The oven-dried Giant Reed was grinded followed by sieving to a particle size range of 0.5 – 2 mm. 
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Figure 1: FTIR spectra of natural Giant Reed  

 

The region between 3300 and 3000 cm−1 relate to hydroxyl stretches in several compounds, and amines and amides 

in amino acids. This band is broad as seen in figure 2 because of the high number and large density of hydrogen 

bonds, mainly hydroxyl radicals. 

 

 

Table 1: SEM elemental distribution for natural Giant Reed 

 

All results in weight%      

Spectrum C O Si K Total       

Spectrum 1 53,78 44,71 1,44 0,07 100 

Spectrum 2 59,4 40,01 0,5 0,08 100 

Spectrum 3 61,87 37,78 0,35 0 100 

Spectrum 4 53,15 45,42 1,33 0,09 100 

Spectrum 5 52,77 45,57 1,51 0,15 100       

Mean 56,2 42,7 1,03 0,08 100 

Std. deviation 4,16 3,58 0,55 0,05 
 

Max. 61,87 45,57 1,51 0,15 
 

Min. 52,77 37,78 0,35 0 
 

 
From table 1, it can be observed that the carbon element is main element present in natural Giant Reed with an 

average of 56.2wt%. The mean values of oxygen and silicon present in natural Giant Reed were 42.7 and 1.03wt%, 

respectively. 
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Abstract: 

CO2 capture using benign cost-effective solvents is an essential unit operation not only in the process industry for 

CO2 separation and recovery from industrial off-gas streams but also for direct capture from air to clean the 

environment. Several solvents are identified, by researchers, with high CO2 capture efficiency due to their 

favorable chemical and physical properties, interaction mechanism with CO2, and low regeneration energy cost. 

However, alkanolamines are the most frequently used solvent for CO2 captures, such as monoethanolamine 

(MEA), diethanolamine (DEA), and Methyldiethanolamine (MDEA). These solvents have several issues, such as 

low thermal stability, heat-stable salt formation, and being highly degradable. Therefore, a new class solvent needs 

to be developed to overcome these issues. Dual functionalized ionic liquids (FILs) have the potential to overcome 

these limitations. Hence, this work synthesized a new class of dual functionalized ionic liquids (DFILs) by the 

acid-base neutralization reaction using polyamine triethylenetetramine (TETA) as cation and cyclic amines as 

anions. The complete protonation of cation was confirmed by 1H NMR and ATR- FTIR spectroscopy analysis. 

Further, chemical properties such as thermal stability of DFILs were analyzed, and the results demonstrated that 

the strength of the ionic bond of DFILs was similar strength of raw chemicals. Therefore, the stability of DFILs is 

good enough for the application of CO2 capture. Additionally, viscosity and alkalinity of aqueous DFILs were 

evaluated, and results revealed that triazole-based DFILs showed comparatively high viscosity and lower 

alkalinity. Further CO2 loading experiment was confirmed that CO2 loading more than 1.5 (mol CO2/mol DFILs) 

for all DFILs and the loading decreased with increasing temperature.    The 13C NMR analysis of CO2-loaded 

aqueous DFILs suggests that a high amount of carbamate and bicarbonate is formed in the aqueous DFILs- CO2 

system. Overall, these DFILs showed good potential for effective CO2 capture.  
Key words: CO2 Capture, Viscosity, Interaction Mechanism, Ionic Liquids 
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The twelve principles of green chemistry as introduced by Anastas and Warner [1] can be summarized as follows: 

1. Limit the production of residues to avoid treatments; 2. Maximize the incorporation of all materials used into 

the final product; 3. Use and manufacture little or no toxic products; 4. Replace toxic solvents as well as the 

intermediaries of syntheses; 5. Limit the energy expenditure; 6. Use renewable resources; 7. Use catalytic 

processes; 8. Reduce the quantity of derivative products; 9. Conceive biodegradable substances; 10. Catalytic 

reagents are superior to stoichiometric reagents; 11. Analyze in real-time to prevent the accidents by developing a 

sourer fundamental chemistry; 12. Minimize the potential for chemical accidents, including releases, explosions, 

and fires. The principles of green chemistry make it possible to produce by minimizing waste, by reducing the use 

of toxic products and by using fast and effective reactions. 

 

-Pinene is a renewable raw material usually obtained from pine gum or as a waste from the Kraft process [2]. Its 

acid catalysed methoxylation yields a complex mixture of monoterpenic ethers, being -terpinyl methyl ether the 

main product. The -terpinyl methyl ether smells grapefruit-like and might be used as flavour and fragrance for 

perfume and cosmetic products, as additive for pharmaceuticals as well as in food industry. Figure 1 shows the 

methoxylation of alpha-pinene. 

 

k1 

k2 

O-CH3 

-Terpinyl methyl ether 

E 

O-CH3 

O-CH3 

O -CH3 
O-CH3 

O-CH3 

H 

-Pinene 

P 

 
 

Figure 1. Scheme of alpha-pinene methoxylation 

 

Strong homogeneous acid catalysts, e.g sulphuric acid, have been used, but the effluent disposal leads to 

environmental problems and economical inconveniences. These problems can be overcome using solid acid 

catalysts. Beta zeolite [3] heteropolyacids supported on silica [4] and mesoporous silicas functionalized with 

sulfonic acid groups [5] have been used for the -pinene alkoxylation.  

 

The aim of this work is to study the alpha-pinene methoxylation over Dowex resin. This work is an experiment 

carried out with students of Homogenous and heterogenous course (Master of Chemistry). Different reaction 
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parameters such as, amount of catalyst, concentration of alpha-pinene were studied and optimized. Also, a kinetic 

model was proposed. With this work the Green Chemistry Thematic is introduced in the classroom, through 

heterogeneous catalysis (principle 10) and the use of renewable raw material (principle 6), as a necessary tool for 

sustainable development.  

Figure 2 shows the results of alpha-pinene metoxylation in the presence of a Dowex resin. The solid lines represent 

the model fitted to the data points. 

 

 
Figure 2. Methoxylation of alpha-pinene in the presence of a Dowex resin. Concentration versus time. ( )-

pinene; ( ) -terpinyl methyl ether; ( ) H-lumps all the minor components. The solid lines represent the model 

fitted to the data points. Reaction conditions: initial concentration of -pinene = 0.061 mol.dm-3; 

Temperature=60ºC; catalyst loading =0.2 g. 
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Pursuing sustainability entails a large number of components. Some of them are related to everyday practices, i.e., 

to the behaviors of individual persons. The handling of substances and materials is one of the major aspects having 

great impact on sustainability. One of the most impressive example in recent time is the case of plastic and 

microplastic pollution. Preventing this pollution would not require the elimination of plastics (what would likely 

be unrealistic in the current economical stage), but it would require that all plastic objects, after they cease being 

useful, are disposed in a way that does not allow them to enter the environment. This, in turn, requires conveying 

the message to citizen in all communities, including the poorest ones. Reaching all individuals in the needed 

capillary way is not easy if left only to designated official bodies. Furthermore, human beings tend to adopt certain 

behavior patterns more willingly if they are convinced of their importance than if they are simply instructed to 

implement them. The proposition of alternative options is likely to be more convincing if it is based on transmission 

of knowledge, expressing the relevant knowledge in a way that is accessible to the group involved at a given 

moment. Students taking chemistry courses and getting acquainted with green chemistry are likely to be in an ideal 

position to find the most suitable ways to transmit knowledge about the appropriate uses and final disposal of 

substances and materials to their communities. 

 

The content of the presentation is based on the presenter’s direct experience at introducing green chemistry to third 

year chemistry students (with great attention to students’ responses), and on observations highlighting the needs 

for dissemination of information about the handling on substances and materials in a rural area in South Africa. 

Many of the green chemistry principles [1] can also be related to everyday practices, from waste prevention and 

reutilization of items whenever possible to energy saving and resources’ saving. These aspects are particularly 

suitable for students to identify and explore them actively, within interactive sessions or independently as 

homework. Independent search has proven to favor attention to details and good internalization of relevant ideas 

[2]. Underpinning chemistry concepts need to be adequately emphasized, including the routes leading to 

undesirable effects on human health and the environment. Particular attention is advisable for substances and 

materials of common use, such as household chemicals or plastics, and for chemicals used extensively in a given 

context (e.g., agrochemicals in rural areas). 

 

Students often show particular interest in the implications of the green chemistry principles for everyday life, up 

to the point that, on more than one occasion, they have spontaneously proposed outreach initiatives towards 

secondary schools or communities [3]. Years ago, a group of students at the University of Venda had taken the 

initiative of organizing a refuse recycling activity, managing it in an entrepreneurial way and successfully 

convincing communities to participate in it. Regrettably, it did not continue with subsequent students’ cohorts after 

the initial organizers graduated and moved elsewhere, what indicated that the entrepreneurial skills needed to 

organize a rather large-scale separate refuse collection may be difficult to maintain through successive cohorts of 

students in an institution, if handled mostly by students. On the other hand, it also highlighted the effectiveness 

with which students can communicate with communities on something about whose importance they are 

convinced. Initiatives aimed at the dissemination of information about crucial sustainability aspects are affordable 

for any groups of students and can play crucial roles. The information may include the appropriate handling of 

substances and materials, such as the precautions to be taken with potentially harmful substances (including, e.g., 

agrochemicals), the need to avoid using excess amounts, the need to avoid dispersing things in the environment, 

the importance of replacing open-air burning of vegetable materials with more sustainable practices, and others 

that may be relevant for specific contexts. Students are in a position to better identify the most suitable terms to 

propose behavior-patterns shifts in their communities. On the other hand, deep and complete understanding of the 

underlying chemistry concepts is a necessary pre-requisite for the design of explanations expressed in simple 

terms. The teacher’s guidance is essential in the process of acquisition of adequate conceptual understanding and 

can offer valuable inputs or serve as verification reference in the design of simplified (even highly simplified) and 

convincing messages. 

 

The effectiveness of the outlined approaches may be enhanced through exchanges of information among different 

departments in the same institutions (e.g., chemistry and agriculture), among institutions operating in analogous 

contexts (e.g., rural areas), and among tertiary and secondary educational institutions in the same area. The 

efficiency of the approaches can be progressively enhanced through recursion-type optimization of their details 

across subsequent editions of each initiative-type.   
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In the last decade, indoor air pollution in confined places like houses, crowded premises, and workplaces is 

considered worrying both to humans and exposed workers. According to global health organizations, the daily 

exposure to Volatile Organic Compounds (VOCs) and Particulate Matters (PMs) air pollutants can cause 

hazardous effects to the individual’s health. The aim of this study was the analysis of ambient air in various 

confined premises (e.g. institutes of personal care, and specifically in hair and nail salons in which various 

chemical products are used for different daily actions, as well and in other high congestion places such as shopping 

malls and schools). The indoor air analysis was performed by monitoring the emitted VOCs, as well as the PMs, 

inside the respective sampling environments. The sampling of VOCs entailed the use of passive, active, and 

dynamic headspace (DH) techniques on coating cartridges of Tenax TA sorbent tube, and the subsequent analysis 

using thermal desorption coupled with gas chromatography/mass spectrometry (TD-GC/MS). Simultaneously with 

the VOCs’ sampling, PMs of different aerodynamic diameters 1, 2.5, 4, and 10 μm (PM1, PM2.5, PM4, PM10), were 

measured. The obtained results showed that ubiquitous and infrequent VOCs are emitted in the low ppbv levels, 

including the BTEX, along with benzaldehyde, styrene, mesitylene, phenol, ethyl acetate, chlorinated compounds, 

siloxanes, etc. PMs measurements also revealed elevated values in all examined places, indicating the need for 

better ventilation and use of greener chemical products. 
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Nowadays, the low degradability of the widely used synthetic polymers in the natural environment, combined with 

the inadequate waste management, provokes their accumulation in the environment, notably in the marine 

environment, provoking severe environmental pollution. In fact, approximately 13 Mts of these plastics per year 

end up in oceans, where they are further fragmented to microplastics (MPs, plastic items with diameters ≤ 5mm) 

under the effect of several environmental stresses. These formed microplastics pose threat to aquatic and land-

living organisms, whereas the effects of their consumption via drinking water and the trophic chain, are still under 

investigation for human health. Despite the effect of the several physicochemical mechanisms in the natural habitat 

is characterized as the main path of plastics fragmentation, the research in the field of the weathering features of 

plastics and the mechanism of microplastics’ formation is still limited. In the light of the above, with the purpose 

to improve the evaluation of plastic degradation and the aforementioned research gaps, the present study aims to 

characterize and understand the physicochemical changes of poly(ethylene terephthalate) (PET) induced by UV 

exposure. In more detail, PET, which is widely used in plentiful applications covering from packaging to textile 

applications owing to its numerous merits, in the form of thin films was exposed to UV-B irradiation for specific 

intervals. The photodamage was initially examined by several methods throughout the examined intervals, such 

as Fourier-transform infrared spectroscopy (FTIR) which proved the formation of new oxidized products during 

UV exposure, while X-Ray diffraction (XRD) and differential scanning calorimetry (DSC) measurements boosted 

the obvious effect of UV irradiation in their crystalline and thermal properties. Scanning Electron Microscopy 

(SEM) exemplified also the important morphological alterations in the irradiated samples, while mechanical 

properties deterioration was proved as a significant indication that UV irradiation leads to a drop in plastics 

properties and their gradual fragility, potentially leading to microplastic formation. The mechanism of plastic 

deterioration properties of PET before and after UV exposure was also investigated by Py-GC/MS demonstrating 

the alterations of the ratio between the low molecular weight compounds and the relatively higher molecular 

weight hydrocarbons throughout UV exposure, proposing significant proposals and problematic areas for the 

quantification of PET microplastics in real environmental samples with the aid of a Py-GC/MS instrumentation. 
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Ammonia (NH3) is a significant gaseous pollutant present in the atmosphere. As a neutralizing agent of acidic 

species, NH3 forms particle-phase ammonium (NH4
+) salts and contributes thus to the formation of secondary 

atmospheric aerosols [1]. 

 

Knowledge of the sources, distribution, and chemistry of NH3/NH4
+ in the atmosphere is limited by the availability 

of reliable techniques that enable measurement in real time at low concentrations. Determination of atmospheric 

NH3 is also difficult due to dynamic equilibrium with particulate NH4
+, which may cause artifacts. 

 

A sensitive and fast method for simultaneous determination of NH3/NH4
+ in ambient air is presented [2]. NH3 is 

continuously sampled by a Cylindrical Wet Effluent Diffusion Denuder (CWEDD) into deionized water and on-

line analysed by continuous flow system with fluorescence detector (FLD) while NH4
+ is sampled by a 

Condensation Growth Unit – Aerosol Counterflow Two-Jets Unit (CGU-ACTJU) sampler into water and analysed 

with another FLD (Fig. 1). The very sensitive fluorescence detection of NH4
+ in solution is based on its reaction 

with ortho-phthaldialdehyde and sulphite to form isoindol-1-sulphonate. 

 

The results obtained by the developed method were compared with a reference method based on sampling of 

pollutants on filters and “dry” diffusion denuders (DDPs) coated by H3PO4. 

 

 
Figure 1.  Scheme of the apparatus: 1, CGU; 2, ACTJU; 3,5, FLDs with photomultiplier tubes (PMTs), light-emitting diode 

(LED), reagent solution (R), and buffer solution (B); 4, CWEDD; 6, cyclone inlet PM2; 5, 7, annular diffusion denuder; 8, 

16, 17, membrane pumps; 9, flow splitter; 10, 12, DDPs; 11, 13, NILU filter units; 14, 15, anion-exchange columns; 18, 

computer. 

 

The optimized method was used for the determination of NH3/NH4
+ in urban air in Brno in two campaigns: from 

8th to 16th February 2018 and from 17th to 25th September 2018 (Fig. 2). The calibration curve of NH4
+ in solution 

is linear in the concentration range 5 × 10–9 – 2 × 10–6 M. Limit of detection (LOD = 3 s/n) of NH3 is 3.52 ng m-3 

(5.05 ppt), resp. 1.04 ng m-3 for NH4
+. The developed method enables on-line measuring of distribution of 

NH3/NH4
+ in ambient air with time resolution of 1 s. 
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Figure 2.  Determination of NH3/NH4

+ in urban air in Brno. 

 

The described method can be used for monitoring of fast concentration changes and transformation of NH3/NH4
+ 

in ambient air. The main advantages include automated online analysis with fast data recording, elimination of 

sampling artifacts, especially evaporation and degradation of analytes on filters, and overall reduced costs. Because 

of the high sensitivity and short time resolution, the method might be applied to the study of new particle formation. 
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The current period is marked by an increase in the use of various pharmaceuticals in the treatment of diseases. 

However, in addition to the positive effect of pharmaceuticals, we must also think about the possible pollution of 

the environment. Therefore, monitoring the concentration of pharmaceuticals and their metabolites in the 

environment, especially in groundwater and wastewater, is an important task for analytical chemists. The 

principles of green chemistry [1,2] were extended to the field of analytical chemistry [3,4]. At the beginning of 

our century, so-called deep eutectic solvents were designed [5,6], which very quickly attracted researchers from 

various fields, especially in the field of materials research. This is due to the interesting properties of these solvents, 

in particular the tunability of their physical properties as well as that they can be considered more environmentally 

friendly compared to conventional solvents. The use of these solvents in analytical chemistry began only recently, 

around the middle of the last decade [7]. Another way to ensure the greenness of analytical procedures is to use 

so-called microextraction procedures. The combination of microextraction procedures and deep eutectic solvents 

can provide interesting solutions that meet the requirements of green analytical chemistry. We would like to present 

our vision of the current state of the use of green solvents and procedures in the analysis of environmental samples. 
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Green Analytical method for the assay of some selected drugs 

 

Safwan Fraihat  

The unviversity of Jordan, Jordan 

A green method for the determination of Gentamicin and neomycin antibiotics in drug formulations were 

developed. The method is based on selective oxidation of the drugs using iodate oxidizing agent in the presence 

of iodide ion, then the resultant iodine was determined spectrophotometrically as iodine-starch complex. All the 

variables affecting the reaction were studied and optimized. The developed method was applied in the 

determination of the drugs in some pharmaceutical formulations. 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

612 
 

Activity-Guided Isolation and Identification of Metabolites from Endophytic Fungus 

using HPLC-DAD, Mass Spectrometry and Multidimensional NMR Spectroscopy 

 
Nazifi S. Ibrahim1,2, Craig P. Butts2, Ahmed A. Yakasai1* 

1Department of Pure and Industrial Chemistry, Bayero University, P.M.B. 3011, Kano, Nigeria. 
2School of Chemistry, University of Bristol, BS8, 1TS, Bristol, United Kingdom. 

nsibrahim.chm@buk.edu.ng 

 

Abstract text:  

Endophytic fungi Cladosporium spp. isolated from healthy leaves of Psidium guajava was cultured in potato 

dextrose broth (PDB), tenellin production medium (TPM) and Rice medium (RM). The antioxidant activity of the 

crude ethyl acetate extracts was observed in DPPH and ABTS followed by further fractionation on C18 column 

(water acetonitrile gradient). Activity-guided purification and HPLC-DAD analysis of the active fractions revealed 

the presence of three pairs of alkaloids as the major constituents. The structure of the isolated metabolites was 

determined by various spectroscopic techniques, including NMR, UV, and MS. The results of the 1D and 2D 

(including 15N) NMR spectra as well as MS fragmentations, phenazine alkaloids were identified as; phenazine-1-

ol (1), phenazine-1-carboxylic acid (2) and phenazine-1-carboxamide (3). The 15N and HMBC experiments 

provided fast resolution of the aromatic proton assignments and the type of phenazine derivatives isolated. This 

study reveals the first-time isolation of these metabolites from Cladosporium spp., an endophytic fungus obtained 

from the leaves of an ethnomedicinal plant Psidium guajava. Gene tracking and modification will enable bulk 

isolation of these major constituent for further bioactive study. 

 

 
Figure 1: Phenazine derivatives isolated from Cladosporium spp. 

 

 
Figure 2: % Inhibition and IC50 of DPPH radical scavenging Assay of the Extracts   

 

Table 1: Antioxidant activity by ABTS methods of the extracts (1mg/mL) expressed as Trolox and gallic acid 

equivalent mg/mg. Values are the mean of three replicates ± standard deviation 
Extract Trolox Equivalents (mg TE/g) Gallic Acid Equivalents (mg GAE/g) 

PDB 0.4969 ± 0.003 0.5452 ± 0.0006  

TPM 0.0934 ± 0.021 0.1857 ± 0.016 

RM 0.0246 ± 0.0003 0.0274 ± 0.004 
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Biochar is a carbon-based material obtained from the pyrolysis of biomass in a low amount of oxygen. The material 

has a porous surface, and high functionalization, allowing a high capacity for sorption and interaction with other 

species [1, 2]. Biochar can be produced from different types of biomasses, mainly industrial and agricultural waste, 

making it a sustainable and low-cost material [3]. In this work, the biochar was obtained from castor bean waste 

from castor oil and biodiesel manufacturing industries. To improve the sorbent capacity of the biochar, the material 

was subjected to chemical activation treatment using nitric acid in a reflux system. Biochar samples were used as 

modifiers for the construction of simple, low-cost carbon paste electrodes (50 wt% graphite powder, 25 wt% 

mineral oil and 25 wt% activated biochar), as summarized in Figure 1. 

 

 
Figure 1. Production, activation, characterization and application of castor bean biochar for the development of biosensors. 

 

The analytical performance of the sensors was evaluated using the redissolution technique, by the spontaneous 

preconcentration of Fe(III) ions on the carbon paste electrode modified with biochar and subsequent 

electrochemical synthesis of iron hexacyanoferrate (Prussian Blue, PB) in presence of potassium ferricyanide. 

Then, glucose oxidase enzyme (GOx) was immobilized on the electrode by using the EDC/NHS pair for glucose 

determination. In this configuration, the enzyme chemically interacts with glucose in solution, oxidizing it to 

gluconic acid and hydrogen peroxide, which is monitored by the reaction with Prussian white (PW) (Figure 2). 

Activated biochar stood out for presenting an increase in surface area, porosity, number of defects and insertion 

of oxygenated functional groups, as shown in the results of Table 1.  

 

 
Figure 2. Anchoring of iron for the synthesis of Prussian blue used for the catalyze and electro-oxidation of glucose.  

 

 
Table 1. Characterization results obtained with castor bean biomass, pristine (untreated) and activated biochar [4]. 

Material Procedure 
Surface area  

(m2 g-1) 
ID/IG 

Functional groups 

(mmol g-1) 

Pristine biochar 

Pyrolysis  

(400 ºC, 5 ºC min-1, 

60 min) 

4.80±0.28 1.05 4.98±0.29 

Activated biochar 

Chemical activation  

(50 vol% HNO3, 

60 ºC, 3 h) 

6.15±0.40 1.30 7.87±0.16 
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The proposed sensor was applied for the enzymatic detection of glucose. The analytical performance of the 

biosensor was evaluated by amperometric measurements in the presence of glucose, presenting a linear region 

between 50 and 5000 µmol L-1, and a limit of detection of 0.938 µmol L-1. The analytical performance of the 

proposed device was comparable to other biosensors containing PB and GOx for the enzymatic detection of 

glucose. The biosensor also showed good enzyme-substrate affinity by the Michaelis-Menten apparent kinetic 

constant (
app

MK  = 4.16 mmol L−1), which is essential for subsequent reactions for glucose determination. 

 

The method showed good repeatability (RSD = 2.51%), reproducibility (RSD = 6.21%) and stability, and was 

effectively applied for glucose determination in real samples of human saliva and blood serum at levels commonly 

reported in the literature for these biological samples (0.326 and 2.20 mmol L−1, respectively). Good recovery 

values (90.7−105%) were also obtained for the determination of glucose in spiked samples. Thus, it is possible to 

evidence the application of activated biochar as an electrode modifier, obtained from residual biomass from 

industrial processes, which presents biocompatibility for the biomolecules anchoring aiming the development of 

environmentally friendly biosensors. 
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A most important endeavor in modern materials research is the current shift toward green environmental and 

sustainable materials. Natural resources are one of the attractive building blocks for making environmentally 

friendly materials. In most cases, however, the performance of nature‐derived materials is inferior to the carefully 

designed synthetic materials. The performance issue is pronounced for conductive polymers. Conductive polymers 

are a special class of materials having potential for a wide range of applications (such as solar cells and 

bioelectronics). Like many common polymers, conductive polymers are derived from petrochemicals and are not 

biodegradable, hence creating tons of waste over time. To overcome this issue, here, we adopted a synthetic 

strategy to make a proton conductive, biodegradable, free-standing transparent elastomeric polymer out of bovine 

serum albumin (BSA). This polymerization process is spontaneous, relies on the reshuffling of disulfide 

crosslinking present in the protein structure, and is an energy‐efficient one-pot synthesis. The protein used in this 

process is one of the most affordable proteins, resulting in the ability to create large‐scale inexpensive materials, 

having an estimated price tag of $0.01 per cm2. Inherent biodegradability and biocompatibility of the elastomer 

make it potent for different applications. Here we focus on two applications; the first one is a solid‐state electrode 

for sensing electrophysiological signals utilizing its conductive property. The second one is not related to the 

conductivity; instead, we take advantage of the BSA protein and its natural ability to bind various organic 

chromophores to explore the polymer as a platform for molecular doping. Following molecular doping, we focus 

on studying excitonic energy transfer across five chromophores. Lastly, we demonstrate the molecular doping 

capability of the polymer to create a coating for the light-emitting diode (LED) to replace toxic conventional 

inorganic phosphor/quantum dot-based materials for white light generation. 

 

Figure: An image of a 15 × 15 cm BSA polymer. 
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With the appearance of the COVID 19 pandemic, the limitation of access to fast analysis devices for monitoring 

viral disease became evident in many countries, especially in economically developing countries. This led to a 

dash to search for new monitoring devices, mainly for the SARS-CoV-2 virus, in terms of accuracy, simplicity, 

and low cost [1]. However, after the measurement these devices can become unworkable for a second application, 

thus being discarded after use, which also conducts to an environmental problem. Taking this into account, the 

development of new, more sustainable analytical platforms becomes another challenge. 

 

From an electrochemical point of view, most monitoring devices are based on screen-printed electrodes (SPEs) 

and mainly on the development of alternative conductive inks with low environmental impact [2]. However, this 

work focuses its efforts on the development of a low-cost, biodegradable substrate for the disposition of the 

conductive ink and the insulator. More precisely, this work aims to evaluate the construction of a biodegradable 

and impermeable substrate for the manufacture of SPEs.  

 

For this proposal, commercial photographic paper without any surface chemical treatment (matte finish) was used, 

and beeswax (BW) dispersed in hexane was applied on the paper surface. The device configuration (Figure 1A) 

consists of the arrangement of three electrodes (conductive ink) and an electrical insulator-based electrode area 

delimiter, both deposited by using an automatized screen-printer and commercial inks [3].  

 

 
Figure 1. (A) Scheme of Screen-printed electrodes building with waterproof paper, electrode structures (conductive inks), and 

the insulator ink; (B) 22 exploratory factorial design (without central point) used for the composite waterproof paper substrate 

optimization. Evaluated factors: Beeswax %w/v and number of layers. 

 

In this step of the work, the influence of the amount of BW on the properties of the SPEs was evaluated, varying 

the percentage of BW in the dispersion and the number of layers applied (by brushing). This evaluation was 

performed using a multivariate analysis strategy (Figure 1B), in which the response was evaluated in terms of 

hydrophobicity by the water contact angle, using a lab-made goniometer [4], heterogeneous electron transfer rate 

constant (K0), and effective surface area, both by cyclic voltammetry analysis, using a Metrohm Eco Chemie 

PGSTAT30 Potentiostat/Galvanostat. A direct dependence was observed between the amount of BW applied on 

the paper in the responses (Table 1). However, a small amount of BW, about 40 µg per electrode as observed in 

test 3, was able to considerably increase the hydrophobicity of the paper (higher water contact angle), which allows 

electrochemical measurements in an aqueous medium. Hence, the proposed electrode has shown similar properties 
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in comparison to the results obtained with SPEs building using a commercial polymer matrix, commonly used. 

This fact allows the proposed waterproof paper to be used as a cheaper and environmentally friendly alternative 

to commonly used substrates. In a second step, this electrode will be applied as an electrochemical sensor for the 

determination of SARS-CoV-2 in human biological samples.  

 
Table 1. Electrochemical and water contact angle performance comparison between the electrodes with different substrate 

platforms obtained from multivariate analysis. Complete data can be found in the references. 

Substrate Beeswax wt% 
Number of 

layers 
K0 (cm s−1) 

Surface area 

(cm2) 
Water contact angle (◦) 

Paper - - 0.0091±0.0001 0.0620±0.0003 96.80±0.70 

Test 1 0.1 (−) 1 (−) 0.0110±0.0005 0.0636±0.0006  105.42±0.65 

Test 2 1.0 (+) 1 (−) 0.0115±0.0003 0.0640±0.0008 122.76±5.49 

Test 3 0.1 (−) 10 (+) 0.0118±0.0001 0.0646±0.0011 126.57±7.63 

Test 4 1.0 (+) 10 (+) 0.0122±0.0001 0.0650±0.0006 126.36±4.26 
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Converting waste to energy is now gaining additional importance for solving economic and environmental 

problems. Globally, the disposal of polluted tyres is becoming a major environmental issue; the main causes of 

this problem are population growth, an increase in the number of vehicles and rapid industrialization. 

 

Approximately 1.5 billion used tyres are discarded every year. They will eventually end up in the waste stream, 

leading to serious potential waste and environmental problems. The 75–80% of used tyres survive in the 

environment as waste. The service life of a used tyre is 80–100 years in landfills because of the thermostatic 

polymer structure, which does not melt and is not distributed into its chemical constituents. Waste tyres are bulky 

and landfill causes fire and toxicity due to the accumulation of harmful gases or the habitat of disease vectors, flies 

and rodents. As a result, waste and tyre disposal is viewed as a serious environmental pollution problem. In tyres, 

rubber has a high calorific value, making it an ideal raw material for fuel protection. Recovery of energy and 

materials is considered an efficient way to use waste. 

 

Pyrolysis is a thermochemical recycling method in which organic polymers are converted to liquid oil at high 

temperatures (400–600°C) in the absence of oxygen (O2). Pyrolysis dissolves waste and also produces useful by-

products. In this case, gas, liquid and solid phases are formed. 

 

The solid product of pyrolysis, known as biochar, consists mostly of carbon but also contains ash originating from 

biomass. Biochar, which represents 12–15 wt% of the products of pyrolysis, can be used as boiler fuel but more 

intriguing applications include soil amendment, carbon sequestration agent, and activated carbon. The pyrolysis 

oil from waste tyres has characteristics similar to those of diesel fuel. Non-condensable gases from pyrolysis, 

yielding 13–25 wt%, are a flammable mixture of carbon monoxide, hydrogen, carbon dioxide, and light 

hydrocarbons suitable for generating process heat. Pyrolytic gases have a high calorific value, about 30–40 MJ 

Nm-3. The energy obtained during the combustion of pyrolytic gas is sufficient for the pyrolysis process, and it 

can be used for other purposes. In addition, pyrolytic gas contains ash particles, volatile alkali metals and tar.  

 

Tar is a complex mixture of acids, aldehydes, ketones, alcohols, phenols, and aromatic hydrocarbons. Its 

composition depends upon the conditions of gasification. Tar is an undesirable by-product of pyrolysis due to a 

number of problems, like its condensation and formation of tar aerosols. 

 

Traditional methods for tar sampling are based on cold solvent-trapping coupled with solvent absorption in 

impingers. Collected solvents are analysed by different methods. A normal cold-trapping method samples and 

quantifies biomass tar in the concentration range from 1 mg m-3 to 300 g m-3 (on naphthalene basis). This method 

involves a long sampling time (about 1 h as a function of tar concentration), possible sample losses, and analytes 

segregation resulting from aerosol formation. 

 

In the present work, SPA method for determining the concentration of tar compounds was chosen. The SPA 

method was developed by The Royal Institute of Technology in Sweden [1] to measure tar compounds ranging in 

molecular weight from benzene to coronene. According to this method, tar is sampled by collecting it on a column 

with a small amount of amino-phase sorbent. For each sample, 100 mL of gas is withdrawn from a sampling line 

using a syringe or a pump. The sampling line is kept between 250–300°C to minimize tar condensation. The 

original SPA method does not allow for determining such volatile organic compounds as benzene, toluene, and 

xylenes, some of which, because of their high concentration in tar, will not collect on the amino-phase sorbent. In 

the previous paper [2–4], an improved system of sampling was suggested and described, whereby one more 

adsorbent cartridge loaded with another sorbent is added. The best results were obtained while using activated 

coconut charcoal as the second sorbent. In this study, a modified sampling device consisting of 500 mg of amino-

phase sorbent and 100 mg of activated coconut charcoal was chosen as optimal for sampling tar (including its 

volatile organic compounds) in non-condensable gas produced in tyres pyrolysis. 

 

For research in a real-life context was chosen technology, that is based on the principle of a quick heating of fine-

grained oil shale by the solid heat carrier (hot ash) in the rotary drum reactor followed by its thermal 

decomposition. The pyrolysis experiments were performed in a fixed-bed reactor situated in eastern Latvia 

(Daugavpils). The plant is based on the globally recognized horizontal rotating drum technology with a capacity 

of 9 t of shale per day. The stainless-steel reactor has an inner diameter of 2.24 m with an 8 m tall. The main 

characteristics of the reactor are as follows: operating mode of the unit – cyclical; speed of rotation, ω s-1 – 0.15; 
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oil shale feed, Gf (kg s-1, dry basis) – 5.26; heat carrier feed, Ga (kg s-1) – 10.46; working temperatures of pyrolysis 

– 350–480°С (depending on type of raw material); fuel oil performance, % for tyre/PP/ABS/PS/PE – 

44/92/60/80/85; dry carbon residue capacity, % for tyre/PP/ABS/PS – 30/3/25/10; steel cord performance, % for 

tyre – 12; own fuel consumption for heating in pyrolysis mode and production of own gas, L t-1 of raw materials. 

This unit allow obtaining a high-calorific liquid fuel with a calorific value of 38–40 MJ kg-1 and gaseous fuel with 

a calorific value of 41–42 MJ kg-1. 

 

A tar sampling device consisting of two consecutively joined columns with adsorbents was made particularly for 

the present research. The first column was a 3 mL single fritted reservoir with 500 mg of loosely packed 

aminopropyl–bonded silica adsorbent (the exchange capacity was about 0.6 meq g-1, the particle size was 50 µm, 

the average pore size was 60 Å). The second column was a 1 mL single fritted reservoir with 100 mg of activated 

coconut charcoal (the surface area was 1070 m2 g-1, the particle size was 20/40 mesh, 420–840 µm) packed loosely. 

 

Tar was sampled at the pyrolytic gas temperature of 250°С. It was drawn through the adsorbent cartridges at the 

flow rate of 100 mL min-1 for various periods of time, namely 1, 2, and 3 minutes, resulting in 100, 200, and 300 

mL of the pyrolytic gas being drawn through the adsorbents respectively. 

 

Then both sorbents were analysed separately. All heavy compounds of the tar are completely adsorbed on amino-

phase adsorbent, and light compounds of the tar, such as benzene and toluene, are partially adsorbed on this amino-

phase adsorbent, and partially on activated coconut charcoal. The total amounts of each compound were calculated, 

as well as the tar on both sorbents. The results were converted to normal cubic meters of pyrolytic gas. The 

dependence of the concentration of the total tar and some of its compounds on both sorbents on the volume of the 

pyrolytic gas passed through them has been investigated. It was concluded that the volume of pyrolytic gas had 

little or no effect on the total amount of tar found on both adsorbents. For example, when 100 mL of pyrolytic gas 

was passed through the adsorbents, the total tar concentration was 7348±228 mg m-3; when 200 mL was collected, 

the concentration was 7412±302 mg m-3; and at 300 mL the concentration was 7395±269 mg m-3 (Table 1). 

 
Table 1.  Compound speciation with respect to volume of sampled pyrolytic gas 

Compounds Mass Percentage 

100 mL 200 mL 300 mL 

Benzene 54.87 54.03 53.26 

Toluene 13.11 12.99 12.81 

Indene 1.10 1.08 1.06 

Naphthalene 1.86 1.82 1.81 

Acenaphthylene 0.02 0.02 0.02 

Fluorene 0.01 0.01 0.01 

Phenanthrene 0.02 0.02 0.02 

 

The number of compounds collected on the amino-phase adsorbent also depends on the volume of pyrolytic gas 

drawn through both of them. In other words, when 100 mL of pyrolytic gas was drawn through the adsorbents, 

only 28 compounds were detected and identified on the amino-phase one, 200 mL of pyrolytic gas yielded 37 

compounds, and 300 mL of pyrolytic gas gave 42 compounds. A growth of the number of compounds detected 

and identified on amino-phase sorbent results from the increase of the pyrolytic gas volume drawn through the 

adsorbents from 100 to 200 mL. A further increase of the volume of the sampled pyrolytic gas also leads to a 

growth in the number of compounds detected and identified, albeit not a sharp one. It is worth mentioning that 

those 9 compounds that were additionally detected and identified when the volume of pyrolytic gas rose from 100 

to 200 mL make up only 0.45% of the tar mass found on both adsorbents, and the 5 compounds additionally 

revealed when the volume of pyrolytic gas rose from 200 to 300 mL make only 0.23% of the tar mass. 
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We present a simple, rapid and environmentally friendly method for the determination of mercury. The method is 

based on the formation of a specific ion association complex between Hg(II) and the polymethine dye Astra 

Phloxine in the presence of iodide ions. The analytical wavelength was chosen in the region of an intense narrow 

band with maximum at 600 nm that bathochromically shifted related to the band of the aggregated dye. The 

calibration graph was linear over the concentration range of 0.04–0.4 mg/L Hg. An automated flow-based system 

coupled with spectral pipette for detection was used to reducing of reagents consumption. In addition, we examined 

the possibility of cloud point extraction (CPE) procedure for the preconcentration of traces of mercury before its 

spectrophotometric determination. CPE procedure and automated flow based system are complies with the Green 

Analytical Chemistry principles. 
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When comparing the human species with other mammals, differences are observed in the forms and performance 

of biological “equipment”. It is well-known that the “son of man” is one of the mammals that for the longest time 

depends on its fellow creatures to acquire the minimum conditions for survival. It takes, for example, about a year 

to develop the ability to walk alone, whereas in the case of felines, this time is a few days. 

 

However, in the fight for survival, the human being could count on na intellectual “equipment” that determined 

differences in relation to other animals. Water, food, clothing, shelter and energy were and are minimum 

requirements for individual and group biological survival, under the conditions imposed by the environment. 

 

In the last two hundred years, the enormous expansion of chemical and physical knowledge has given materials 

na irremediable social and economic value. Associated with medicine and poison, well-being and doping, energy 

that heats and feeds, pollution, contamination and the purity of air, food, environments, fuel production, energy 

that heats and feeds, chemistry marked the historical evolution of the world and men. 

 

The role of chemistry in health preservation, in applications in hygiene, cleaning, water treatment, environment 

preservation, food production and preservation, among other examples, as well as in medicine, in solutions to 

ensure longer life and quality of life for people. 

 

Another point to be highlighted is the role of chemistry in environmental preservation, its importance in the 

treatment and preservation of water and soil, in the control of air quality, among others. 

 

The first signs of familiarity with chemical processes in Brazil occurred with indigenous peoples. They extracted 

the dye from the plant’s annatto. 

 

Chemistry is present in fundamental phenomena for the functioning of the human body, such as breathing and 

digestion. Furthermore, it is essential to generate technological innovation and economic development. 
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In the last decades, submerged cultivation of mushrooms has attracted great interest due to rapid and safe 

biomass production. Bioreactors contribute maximum to this because of the control of cultivation conditions that 

provide. Mycelium fungi have shown high content of proteins in their biomass, and with the concentration of 

essential amino acids to dominate, they are considered reliable vegan protein sources. Different conditions could 

affect protein production by mushroom mycelia such as carbon or nitrogen sources and micronutrients[1]. The 

effect of salt stress on protein production by submerged cultivation of fungi is something that is not been 

extensively studied until now[2].  

In this study, Pleurotus ostreatus strain has been cultivated in different NaCl concentrations (from 0 to 

10g/l) in Erlenmeyer flask with a glucose-based medium for biomass and protein production. Samples were 

withdrawn from the cultures at specific time intervals and measurements of biomass production, sugars 

consumption, and protein production were executed.  

From the main results we can conclude that a concentration of 4g/l NaCl favors most the biomass and 

protein production of Pleurotus ostreatus, 15.5 ± 0.3 g/l and 2.7 ± 0.4 g/l respectively, while the addition of NaCl 

seems to positively affect the cultivation compared to control cultivation, 0g/l NaCl (Fig.1&2). Protein content 

seems to be favored by large concentrations of NaCl, with the maximum value being 19.3 ± 1.1 % on the 6 th day 

of cultivation (Fig.8). From the sugar consumption, we can conclude that in high NaCl concentrations (>6g/l NaCl) 

fungus seems to be socked and delay glucose consumption (Fig. 6,7&8) 

 

 
 

 

 

Figure 2. Bar plots of maximum protein production in different 

NaCl concentrations 

Figure 1. Bar plots of maximum biomass production in  

different NaCl concentrations  

 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

626 
 

 
 

 

 

 

 
 

 

 

 
 

 

 

Figure 3. Biomass production, sugars consumption and protein 

content of Pleurotus ostreatus cultivation with 0g/l NaCL  
Figure 4. Biomass production, sugars consumption and protein 

content of Pleurotus ostreatus cultivation with 2g/l NaCL  

Figure 5. Biomass production, sugars consumption and protein 

content of Pleurotus ostreatus cultivation with 4g/l NaCL  
Figure 6. Biomass production, sugars consumption and protein 

content of Pleurotus ostreatus cultivation with 6g/l NaCL  

Figure 7. Biomass production, sugars consumption and protein 

content of Pleurotus ostreatus cultivation with 8g/l NaCL  

Figure 8. Biomass production, sugars consumption and protein 

content of Pleurotus ostreatus cultivation with 10g/l NaCL  
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Abstract text:  

In the literature there are lots of research in the área of the carbonate reservoirs. It is estimated that around the 50-

60 % of the world’s petroleum is going to be found in the carbonate reservoirs. Calcite (calcium carbonate) and 

dolomite (calcium magnesium carbonate) which are formed during burial at several kilometers’ depth are 

determined during the exploration of the potential new sources of oil reservoirs [1] [2] [3]. 

 

In the current work a new instrument is suggested for the determination of the carbonate content during the 

petroleum reservoirs investigation. The FOGL-MAL, Mud Logging Analyser from BD Inventions is an accurate, 

fast and low-cost potable and laboratory instrument that conforms with the EN ISO 10693:2013, ASTM D4373-

02(2007), and ASTM D1756-02(2007) for the calculation of the carbonated in soil samples in the form of the 

carbon dioxide. 

 

1.000g of the dried drilling sample is carefully treated with 6N HCl in an enclosed reaction bottle. From the 

reaction between the specimen and the Hydrochloric acid a pressure is built from the CO2 formation as can be seen 

in the equations below. 

 

CaCO3(s) + 2HCl(l) → CaCl2(l) + CO2(g) + H2O(l) 

 

CaMg(CO3)2(s) + 4HCl(l) → CaCl2(l) + MgCl2(l) + 2CO2(g) + 2H2O(l) 

 

The reaction of the calcite with the hydrochloric acid is rapid and a pressure rise is detected in the first second after 

the mixing. Then a slower between the dolomite and the hydrochloric acid can take several minutes until the total 

CO2 amount is recorded. Figure 1 shows the stages of the pressure rise during the calcite and dolomite reaction. 

 

The percentage of CaCO3 and CaMg(CO3)2  in the soil sample can be calculated from the combination of the 

pressure readings and the above balance equations of the carbonates. 

 

 
Figure 1. Total content of the Carbonates 
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Unique properties of organo-fluorine compounds continue to establish them as an invaluable group of chemicals 

in industry, petro chemistry, pharmaceuticals and medicine (18F PET tracers) [1]. This is supported by the fact that, 

in 2018 only, more than 31 % of all FDA approved drugs contained fluorine atom(s). This staggering percentage 

further exemplifies the ever-growing need for new, more efficient, renewable and green approaches in organo-

fluorine chemistry [2]. Nucleophilic fluorination presents a straight forward path towards organo-fluorine 

compunds. However, application of metal fluorides and early organosoluble fluorides (tetrabutylammonium 

fluoride, …) presents problems with their solubility and stability [3]. Herein we report the use of two newly 

developed [4] nitrogen heterocycle-based fluorination reagents with [H2F3]− anion as an active fluorination specie 

(Figure 1, 1 and 2).  

 

 

 
Figure 45. Fluorination with 1 and 2 and their recycle potential. 

 

  

Reagent 1 is highly specific for nucleophilic fluorination of benzyl bromides to benzyl fluorides 3 with quantitative 

yields over wide range of substituents as well as for fluorination of °1 and °2 bromides and mesylates with good 

to excellent yields. 1 is a useful reagent for fluorination of silicon chlorides (R3SiCl), acid and sulphonyl chlorides 

as well as SNAr of aromatic −NO2.   Reagent 2 is more specific for fluorination of alcohols and can convert benzyl 

alcohols to benzyl fluorides 4 with good yields. 1 reacts through a simple SN2 mechanism where good leaving 

groups like Br− or OMs− are replaced with a fluorine atom. The mechanism of 2 is, however, more complex and 

involves an imidazolium intermediate where oxygen is then transferred to the organic backbone to form 

imidazolone 2’.    

 

Both reagents can be recovered after fluorination with precipitation of bromide salts 1’ in the case of 1 and 

imidazolone 2’ in the case of 2 with petroleum ether and can be converted back to their respected fluorides with 

aqueous or anhydrous hydrofluoric acid with up to 80 % yield without any loss of activity.    
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Although conventional emulsions are extensively used and disseminated in several industrial segments, emulsions 

stabilized by surface-active colloidal particles, defined as "Pickering emulsions", provide an alternative for 

producing more stable systems and even transfer their intrinsic properties to the new products [1]. The physical 

barrier produced by the particles at the oil-water interface allows outstanding stability compared to typical 

emulsions, maintaining the properties over time Additionally, following a trend for natural-based products, there 

is an increase in the demand for novel functional Pickering particles produced with natural materials [2]. Within 

this context, solid dispersion can be a promising and novel technique to produce Pickering particles. The 

methodology promotes molecular interactions between a hydrophobic compound, such as curcumin, and a 

hydrophilic polymeric matrix, improving the wettability of the final particles. In this sense, wettability can be also 

modulated depending on the SD composition and used polymer.  

 

This work proposes curcumin-based solid dispersion particles to be used as Pickering emulsion stabilizers by using 

K-carrageenan as the natural polymer. The particles preparation comprised an adapted procedure as follows [3]: 

an aqueous solution (100 mL of citric acid/sodium citrate aqueous buffer solution (pH 4.5 and 3.58)  composed of 

0.4g K-carrageenan and Tween 80 (15 and 24.19wt%, polymer-basis) was spilled into ethanol (50 mL) including 

curcumin (65% purity, 15 and 8.88wt%, polymer-basis). The mixture was sonicated (70% of potency) during 10 

min (30 s on/10 s off) and spray-dried in an inert atmosphere. Two formulations were produced, named KC1 and 

KC2, respectively. For emulsion production, particles were dispersed in distilled water and the oil was slowly 

added under constant stirring. Then, the mixture was emulsified using an Ultra-Turrax homogenizer at 13,500 rpm 

for 7 min. Three emulsions were developed using the particles KC1 (water contact angle of 34.97 ± 1.21) and KC2 

(water contact angle of 23.78 ± 1.72). The samples were coded as X φ Y (Z), following the precepts where "X" 

refers the used particle formulation, "φ Y" the oil fraction and "Z" corresponds to the particle's concentration.  

 

Figure 1 contains the images corresponding to the characterization of the produced Pickering emulsions, namely 

creaming index, optical and confocal microscopy. 
 

 
Figure 1. (i) Creaming index of the three emulsions in times 0 (t0) and 28 (t28) days; (ii) Optical microscopy of the emulsion 

KC1 φ 0.4 (4.7%) in 0 and 28 days; (iii) Confocal microscopy images natural fluorescence of curcumin involved in the KC1 

particles of KC1 φ 0.4 (4.7%) sample (A) and the fluorescence of the oil phase stained with Nile red of the sample KC1 φ 0.4 

(4.7%) (B). *The confocal images were acquired at t0, i.e., right after emulsion preparation. 

 

Figure 1 (i) represents the three emulsions and the visual stability over 28 days. For the samples KC1 φ 0.4 (4.7%) 

(A) and KC2 φ 0.4 (4.7%) (B), no serum phase was observed, and the CI was 0. The behavior was slightly different 

for the KC1 φ 0.6 (4.0%) (C), where it is noticeable a small oil accumulation at the top of the emulsion. The results 

obtained through optical microscopy indicated a smaller droplet size for the formulations containing a lower oil 
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fraction, as well higher amount of particles, maintaining these systems' stability over the evaluated time. These 

results are according to the literature, where authors reported that this fact is associated with the largest area to be 

stabilized when a higher oil fraction is presented, making difficult the coverage the entire interfacial area when the 

concentration of the particles is low [4]. Additionally, confocal microscopy was carried out to verify the successful 

role of the particles as Pickering stabilizers. The analysis allowed to observe the tight attachment of the particles 

containing curcumin to the dispersed phase, corroborating the effectiveness of these emulsion stabilizers. 
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Abstract 

The combination of biomolecules with graphene-based materials has been reported as a promising method to 

fabricate novel graphene–biomolecule hybrid nanomaterials with unique functions in different fields of study, 

from biology and medicine to nanotechnology and materials science [1]. However, the application of graphene in 

bio-related sectors requires hydrophilic and biocompatible graphene structures. The exfoliation of graphite to 

pristine graphene using biological agents, such as bovine serum albumin (BSA) was reported for the first time in 

2015 [2]. The adsorbed protein was suggested to inhibit restacking of the graphene sheets and contribute to the 

material stability. In this sense, we prepared a few-layered biographene (BG) in an aqueous phase via 

ultrasonication, to exfoliate the graphite flakes, and intercalation of BSA between the flakes, to promote stability 

of the prepared material. The proposed technique provides BG with functional groups that make the material 

suitable support for enzyme immobilization. Different hydrolytic and oxidoreductive enzymes were successfully 

immobilized on the bG surface showing the potential of the system for diverse biocatalytic applications.  

 

One step further, the prepared BG was deposited on the surface of 3D-printed polylactic acid (PLA) structures for 

the development of a new hybrid material. PLA is a biocompatible and biodegradable polyester made from 

feedstock, while its large range of mechanical and physical properties allows its engineering to suit different 

applications. Furthermore, 3D printing offers the capability to design complex microstructured devices, with high 

reproducibility in a convenient and cost-effective way. PLA-graphene hybrid materials have been reported as 

promising candidates for biosensor design, combining the biocompatibility of PLA with the excellent conductivity 

of graphene. In this work, we present a PLA-biographene material for the immobilization of different enzymes, 

suitable in biocatalytic processes. The prepared material was characterized by a combination of spectroscopic and 

microscopic techniques and enzyme immobilization was verified with different biochemical techniques. 

 

Methods 

For the synthesis of bio-graphene (BG) 100 mg of graphite were added to 20 mL of ultra-pure water (final graphite 

concentration 5 mg mL-1). The sample was ultra-sonicated for one hour, BSA (final concentration 4 mg mL-1) was 

then added and the solution was allowed to stir for one hour. The sample was centrifugated at 2500 rpm and the 

supernatant, containing the BG, was selected and collected. 

 

Glucose Oxidase from Aspergillus niger was covalently immobilized on both BG and PLA-B-G by using 

glutaraldehyde as the cross-linker. 

 

Results 

BG was synthesized by following the procedure that is presented in Figure 1. The synthesis involves the exfoliation 

of graphite in water, in the presence of BSA, producing a water-stable graphene-derivative. This bio-based 

nanomaterial was further combined with PLA to fabricate a matrix for the immobilization of GOx. 

 

 

Figure 46. Production of BG via a green exfoliation method. 

 

In the next step, GOx was covalently immobilized in PLA-BG material. The immobilized nanobiocatalyst was 

tested for its catalytic activity. The immobilized enzyme was found to be effectively used for the oxidation of 

glucose, indicating that this immobilization matrix could be used for the design of novel glucose biosensors. 
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ABSTRACT: Dimethyl isosorbide (DMI) is a well-known bio-based solvent that can be used as green alternative 

for conventional dipolar media (dimethyl sulfoxide, dimethylformamide). [1] The synthetic procedures to DMI 

reported in the literature are based on the methylation of isosorbide in presence of basic or acid catalysts and 

employing different alkylating agents. [2] Among them, dimethyl carbonate (DMC) - a well-known green reagent 

and solvent - is considered one of the most promising for its good biodegradability and low toxicity. [3]  

In this work, we report a comprehensive investigation on methylation of isosorbide via DMC chemistry promoted 

by basic (nitrogen organocatalysts) or acidic (ion exchange resins) catalysts. In both cases, reaction conditions 

were optimized and then efficiently applied for the methylation of isosorbide epimers, isoidide and isomannide, 

and for some preliminary scale-up tests (up to 10 grams of isosorbide). For the first time, all seven methyl and 

methoxycarbonyl intermediates observed in the etherification of isosorbide were isolated and fully characterized. 

[4] This has provided an insight on the concurrent reaction pathways leading to DMI and on the role played by 

catalysts in the methylation of isosorbide. As a result, a reaction mechanism for the conversion of isosorbide into 

DMI via DMC chemistry has been proposed both in acid and basic conditions. 

 

 

 

 

 

 

 

 

Figure 1. Acid and base catalyzed synthesis of dimethyl isosorbide via dimethyl carbonate chemistry. 
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Abstract text:  

Fuel oil generates pollutants including NOx, SOx, and CO. In particular, sulfur compounds in fuel is tightly 

regulated to prevent environmental pollution such as air pollution and acid rain. Hydrodesulfurization (HDS) is 

the most common method for removal of sulfur compounds. It operates under high temperature and high pressure 

and therefore requests high costs and significant energy consumption. In addition, it has limited removal efficiency 

for several atomic sulfur compounds including benzothiophene (BT), dibenzothiophene (DBT), and their 

derivatives. For these reasons, alternative or complementary methods to HDS are essential. In recent years, a 

number of alternative approaches including biodesulfurization (BDS), extractive desulfurization (EDS), and 

adsorptive desulfurization (ADS) have been suggested. Oxidative extractive desulfurization (OEDS) is a 

promising alternative approach due to its mild operating conditions and high desulfurization capabilities compared 

to the others. Performance of OEDS is greatly affected by the type of solvents used. Ionic liquids (ILs) were used, 

but they have several issues such as high cost, low biodegradability, and toxicity. Deep eutectic solvents (DESs) 

were also used, and their acidity was suggested as an important parameter in OEDS. In this study, effects of DES 

acidity on OEDS using H2O2 as a green oxidizing agent were investigated. To this, a series of DESs were designed 

and synthesized by changing the type of hydrogen bond donors (HBDs) or acids and their molar ratio to hydrogen 

bond acceptor (HBA). Acidity of DESs was measured using the Hammett method and pH meter, and the 

desulfurization efficiency was evaluated using gas chromatography-mass spectrometry (GC-MS). The results 

indicate that acidity and viscosity of DES are important factors in OEDS. Currently, the most efficient OEDS 

conditions are under optimization with consideration of cost, solubility, and desulfurization efficiency using 

central composite design-based response surface methodology. 
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Quaternization of pyridine with alkyl halides or related compounds is an example of the Menshutkin reaction, the 

most common route to create quaternary salts. The most organic solvents used in conventional synthesis of 

pyridinium quaternary salts are volatile, hazardous, toxic like anhydrous benzene [1], acetonitrile and acetone [2-

3]. Also, a lots of these solvents are considered a hazardous waste when are discarded. Reducing toxicity is one of 

the most challenging aspects of designing chemical syntheses. Deep eutectic solvents (DESs) have emerged 

recently as new and green solvents in organic synthesis. 

 

After we successfully quaternized pyridine derivatives in DESs in our previous study Bušić et al. [4], we continue 

to perform syntheses of pyridoxal oxime quaternary salts in eutectic solvents. In this study it was performed 

quaternization reaction of pyridoxal oxime and substituted phenacyl bromides in 16 choline chloride-based DESs 

by three synthetic approaches: conventional, microwave and ultrasound (Scheme). The purpose of this work was 

to investigate which eutectic solvent is most effective for the quaternization reaction. 

 

 
 

Scheme. Quaternization reaction of pyridoxal oxime and substituted phenacyl bromides 

 

After the performed syntheses, the results show that the conventional method, with a long reaction time, generally 

gave low product yields in eutectic solvents. In the conventional method, the most effective eutectic solvents were: 

choline chloride: thiourea, choline chloride: oxalic acid, and choline chloride: levulinic acid. The highest yields of 

reactions in DESs were obtained using microwave irradiation where the most effective eutectic solvents were: 

choline chloride: oxalic and choline chloride: levulinic. Choline chloride: malic acid, choline chloride: malonic 

and choline chloride: trans-cinnamic acid gave approximately equal yields. In the ultrasound method the most 

effective eutectic solvents for the quaternization of pyridoxal oxime with substituted phenacyl bromides were 

choline chloride: oxalic, choline chloride: levulinic and choline chloride: trans-cinnamic acid and reactions were 

carried out with yields higher than those in the conventional method. 

 

The obtained results for quaternization reaction of pyridoxal oxime show that the methods under the influence of 

microwave and ultrasound irradiation were the most effective for quaternization in eutectic solvents. 
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In this study, the facile transformation of a series of benzimidoyl-cyanides to the corresponding alkyl-N-pyridin-

2-ylbenzimidates was performed under Green Conditions. The main aim is to develop an one-pot synthetic 

methodology in the field of sustainable chemistry, in the absence of metals and in the presence only of a base in 

alcoholic media. From the mechanistic point of view alcoholic media plays a dual role, the solvent, and the 

nucleophile reagents. Under the evaluation conditions, Cs2CO3 and DBU were selected as the appropriate bases 

and methanol, ethanol and propanol as the best alcoholic media, at room temperature. Further studies show that 

amines or thiols can react successfully leading to the corresponding N- and S-imidates without the requirement of 

a catalyst or metal, as presented until since now in the literature. [1],[2]. The future goal is to generalize this 

methodology, by finding the structural boundaries, and the synthesis of compounds with several nucleophilic 

groups with possible biological activation. 
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5-Hydroxymethylfurfural (HMF) is a bio-based platform chemical that can be used as building block to produce 

complex and useful compounds with diverse applicability, in particular, bio-based polymers, materials and fuels 

[1], [2]. Even though HMF synthesis holds promise for a greener future, with the current state of technology the 

high production cost limits its competitiveness at an industrial scale[1]. In this project our main goal is to develop 

an optimized procedure for the synthesis of HMF that will allow us to perform scale-up reactions with competitive 

yields with a green mindset. The synthesis of HMF from the dehydration of D-fructose, already investigated by 

our research group[2], was performed with a heterogeneous acid catalyst using various conditions in different 

settings: autoclave, sonificator and microwave oven. The best results were obtained employing a stainless-steel 

autoclave which allowed a large scale HMF production using up to forty grams of D-fructose as starting material.  

The final product was recovered from the crude mixture and purified by a custom-made crystallization procedure. 

Finally, green metrics were used to evaluate the greenness of the reaction in comparison with previously reported 

works[3]. 
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Amides are well known to be one of the most important class of organic compounds due to their wide spread use 

in natural, synthetic and biological chemistry [1-3]. Amides form the elemental backbone of biologically active 

molecules and plays crucial role as intermediates in the synthesis of peptides and proteins [4]. In addition, amides 

are also used in the synthesis of heterocyclic compounds, pharmaceuticals, natural products, agrochemicals, 

lubricants, pigments, anti-block reagents, polymers, etc. [5, 6]. The conventional methods of amide synthesis 

involves reaction of carboxylic acid derivatives, such as aldehydes, ketones, anhydrides, acid chlorides and esters 

with amine derivatives [7, 8]. Other commonly utilized procedures for the synthesis of amides include Beckmann 

rearrangement, Staudinger reaction, Aube-Schmidt rearrangement, hydration of nitriles, C-H oxidative amidation 

and transamidation [2, 9, 10]. However, these methods involve the use of hazardous reactants, stoichiometric 

reagents, harsh reaction conditions, low atom economy and poor reaction efficiency due to formation of equimolar 

side products. Hence, the development of sustainable, environment friendly, economic protocols for the formation 

of amide bond is utmost desired.  

 

For the synthesis of amides, alcohols and aldehydes are considered to be desirable reactants due to their ease of 

availability, low-cost and non-toxic nature. In addition the expected byproducts for the reaction of alcohols and 

aldehydes with amine derivatives is only water and hydrogen [9]. However, the direct synthesis of amides from 

alcohols and aldehydes is a very challenging process because the hemiaminal intermediate formed during the 

process readily undergoes dehydration rather than dehydrogenation [11]. Hence, a highly effective and selective 

catalyst is required to catalyze the reaction through dehydrogenation process in order to avoid the formation of 

nitriles as the side products of the reaction. In the drive toward sustainable and green chemistry, the use of toxic 

solvents and high energy consumption should be minimized [12]. The use of harmful solvents can cause 

detrimental impact on human health and increases waste generation in a chemical process [13]. This can be taken 

care by using environmentally benign reaction medium and optimum conditions of temperature and pressure. The 

use environmentally benign solvents can reduce environmental-factor and subsequently increase the atom 

economy of a reaction. The synthesis of amides from aldehydes generally makes use of toxic solvents and requires 

high temperature and pressure conditions which is not a sustainable process for a large scale industrial process.  

 

In this work, a green, sustainable, ecofriendly and highly selective protocol for synthesis of primary amides from 

aldehydes using a highly efficient heterogonous, metal-free phosphorylated graphitic carbon nitride (P-GCN) 

catalyst is demonstrated. The P-GCN catalyst was synthesized via Arbuzov reaction and was thoroughly 

characterized using several techniques like PXRD, FTIR, TGA, SEM, TEM, XPS, BET and TPD. The reactions 

were conducted under ambient conditions of temperature and pressure in environmentally benign solvents. The 

detailed optimization of reaction conditions was carried out in order to achieve high product yield with high 

catalytic efficacy. The reactions performed at optimized reaction conditions resulted in high yields and high 

turnover numbers (TON). The P-GCN catalyst exhibited excellent recyclability and the developed protocol can be 

used for a wide range of substrates demonstrating its wide applicability. In addition, an atom economy of 98% and 

E-factor of 0.05 was calculated for the developed protocol which is highly desirable in terms of green and 

sustainable chemistry. The current protocol provide a sustainable approach for the synthesis of amides in a clean 

atom-economical manner which can pave the way for the development of green organic processes using metal-

free catalysts. 

 

Table 1. Optimization of reaction conditions for amidation of benzaldehyde using P-GCN catalyst [14]. 

 
Entry Catalyst Nitrogen source Temp. 

 (oC) 
Solvent Time 

(min) 
Conversion (%) Yield (%) 

1 P-GCN (10 mg) NH4OAc RT EtOH 60 40 36 

2 P-GCN (10 mg) 30 % NH3 RT EtOH 60 63 60 

3 P-GCN (10 mg) (NH4)2CO3 RT EtOH 60 60 56 

4 P-GCN (10 mg) NH4HCO2 RT EtOH 60 52 48 

5 P-GCN (10 mg) (NH4)H2PO4 RT EtOH 60 48 45 

6 P-GCN (10 mg) NH4Cl RT EtOH 60 34 30 
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7 P-GCN (20 mg) 30 % NH3 RT EtOH 60 73 70 

8 P-GCN (30 mg) 30 % NH3 RT EtOH 60 87 83 

9 P-GCN (40 mg) 30 % NH3 RT EtOH 60 90 85 

10 P-GCN (30 mg) 30 % NH3 50 oC EtOH 60 92 88 

11 P-GCN (30 mg) 30 % NH3 50 oC EtOH 90 99 95 

12 P-GCN (30 mg) 30 % NH3 50 oC H2O 90 69 65 

13 P-GCN (30 mg) 30 % NH3 50 oC IPA 90 65 62 

14 P-GCN (30 mg) 30 % NH3 50 oC t-BuOH 90 63 58 

15 P-GCN (30 mg) 30 % NH3 50 oC DMC 90 40 36 

16 P-GCN (30 mg) 30 % NH3 50 oC DMSO 90 45 42 

17 P-GCN (30 mg) 30 % NH3 50 oC ACN 90 48 45 

18 P-GCN (30 mg) 30 % NH3 50 oC DCM 90 52 48 

19 GCN (30 mg) 30 % NH3 50 oC EtOH 90 35 32 

20 No Catalyst 30 % NH3 50 oC EtOH 360 0 No reaction 

aReaction conditions: solvent (5 mL), benzaldehyde (1 mmol), nitrogen source (3 mmol), RT= 25 oC, bisolated yields. 

 

In summary, a highly selective, efficient, green protocol is developed for the amidation of aldehydes using P-GCN 

nanosheets as the catalyst. The P-GCN catalyst was synthesized by successive phosphorylation of GCN nanosheets 

which results in the generation of Brønsted acidic sites on the GCN nanosheets which plays crucial role in the 

amidation reaction. The as-synthesized catalyst exhibited high catalytic performance at optimal conditions of time 

and temperature in environmentally benign solvents. The developed protocol resulted in high product yields and 

TON values demonstrating its wide potential for large scale synthesis. In addition, the P-GCN catalysts shows 

excellent recyclability and reusability. Hence, the developed protocol for the amidation reactions using metal-free 

P-GCN catalyst can effectively replace the expensive metal based catalysts available in the market which can pave 

a way towards sustainable and greener future. 
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Green chemistry is a rapidly developing research field due to the growing enviromental awareness and the urge to 

reduce the use and release of hazardous chemicals in the environment [1]. Green tools are introduced to chemical 

synthetic procedures which include the use of alternative energy sources (e.g. ultrasound and microwave 

irradiation) and greener reaction media, such as deep eutectic solvents [2]. Deep eutectic solvents (DES) are liquid 

eutectic mixtures of at least two components, a hydrogen bond donor (HBD), and a hydrogen bond acceptor 

(HBA), in appropriate molar ratios, which are capable of forming intermolecular interactions. DES have emerged 

as a promising alternative to conventional organic solvents, finding application in various scientific fields such as 

extraction and catalysis [3]. The Suzuki–Miyaura coupling is the most commonly used carbon–carbon bond 

forming reaction in the pharmaceutical industry. It is the reaction between an aryl boronic acid with an aryl halide 

in the presence of a palladium catalyst (sometimes partnered with a ligand that stabilises the species and facilitates 

reaction) and aqueous base in a suitable solvent, such as toluene and dioxane [4].  

 

Coumarins constitute a large class of naturally or synthetically occurring heterocyclic compounds, which belong 

to the benzopyrone family and possess a wide array of biological activities including antioxidant, anti-

inflammatory, neuroprotective and anticancer [5]. In an effort to develop small “chemical libraries” of coumarin 

derivatives bearing various substituents on the benzopyrone scaffold, we set out to synthesize aryl-substituted 

coumarins via the Suzuki-Miyaura coupling reaction. The 6-bromo-coumarin scaffold was selected as a substrate, 

along with a palladium catalyst and an inorganic base. In order to develop a green approach to the desired products, 

natural deep eutectic solvents (NADES) were applied as solvents combined with a high energy technique 

(ultrasound). The optimization of the reaction conditions was achieved using a model reaction between the 

synthetically prepared 3-(4-acetyloxy-phenyl)- 6-bromo-4-methyl-coumarin and phenyl boronic acid. Three 

different NADES and several inorganic bases were used and conventional as well as ultrasound heating were 

employed. We were gratified to find that the reaction proceeded smoothly in 20min under ultrasound irradiation 

producing the desired product in satisfactory yields and that it is applicable to a aryl-boronic acids bearing various 

substituents. Interestingly, when a coumarin bearing an acetyloxy moiety was used, a concomitant removal of the 

acetyl group was succeeded under the reaction conditions. Thus, the carbon–carbon bond formation and the 

deacetylation of the coumarin analogues were achieved in one step.  

 
 

The developed green methodology produced the desired coumarin analogues in satisfactory yields and purity 

whereas the recyclability and reusability of the NADES were succeeded for 4 times without compromising the 

yield and efficiency of the reaction.  
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Hydrogels are 3D hydrophilic polymeric networks that do not dissolve but can swell, in water. In the last few 

years, there is increasing interest in these materials thanks to their solid and liquid-like properties, high 

biocompatibility, easy preparation, and versatile applications.  

 

Chitosan is a unique cationic polysaccharide, with well-known antioxidant, lipid-lowering and antimicrobial 

activities. The cationic nature of chitosan leads, under acidic conditions, to the development of various forms, such 

as nano/micro-particles, emulsions, fibers, hydrogels, films and membranes [1].  

 

The formation of chitosan hydrogels is usually a two-step process involving polymer dissolution and physical or 

chemical cross-linking [2]. The formation of physical (or reversible) hydrogels is based on the development of 

hydrogen and/or Van der Waals bonds as well as electrostatic interactions between the cationic polymer and the 

cross-linker.  
 

Deep Eutectic Solvents (DES) are mixtures of two or more components, a hydrogen bond acceptor and a hydrogen 

bond donor, with a low-temperature eutectic point. When the components of the DES are naturally occurring 

compounds, the solvents are characterised as Natural Deep Eutectic Solvents (NADES). Due to their high 

biodegradability potential, NaDES have emerged in research towards greener processes development, and a wide 

variety of applications have been reported (extraction solvents, catalysts and solvents for organic synthesis, 

plasticizers in the production of films etc) [1-5]. 

 

In the present work, a greener approach towards the formation of chitosan hydrogels is presented. The ability of 

Choline Chloride/Lactic Acid (1:2) NADES to act as a dissolution agent for chitosan and simultaneously as a 

gelator for the formation of a hydrogel was investigated. The components of the NADES were selected on the 

basis of their safety regarding pharmaceutic and food applications as well as on the basis that, when dissolved in 

water, the NADES results to an acidic solution (pH 1.62), which is an indispensable requirement for chitosan 

dissolution. 

 

Swelling ratio and water retention ratio were measured in the obtained hydrogel in a hydrochloric acid solution at 

pH=1.2. The water retention ratio remained over 90%, after keeping the swollen sample in the HCl solution for 2 

hours, showing the maximum value at 5 minutes. Furthermore, the chitosan-based hydrogel achieved a water 

swelling ratio of 136% after 5 minutes.  

 

In an effort to investigate the ability of a plant extract, obtained using NADES as the extraction and storage 

medium, we performed an extraction of olive leaves using two different NADES, namely Choline Chloride/Lactic 

Acid (1:2) and Glucose/Lactic acid (1:5). The as-obtained extracts, rich in phenolic antioxidants, were successfully 

applied to the developed process to form hydrogels. 

 

The prepared hydrogels were evaluated for their bioactivity, regarding their antioxidant activity (evaluation of 

their ability to scavenge the stable free radical DPPH and their ability to inhibit lipid peroxidation induced by the 

thermal free radical initiator AAPH). In addition, antimicrobial activity was assessed on gram negative Escherichia 

coli ATCC 259 and Salmonella Typhimirium ATCC 14028 as well as on gram positive Listeria monocytogenes 

ATCC 35152 and Staphylococcus aureus ATCC 6538.  
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Rosa canina L. (dog rose or wild rose) is a native shrub of Europe and the Mediterranean region. The 9shell 

(hypanthium) of its “pseudofruit” (rosehip) consists of a rich source of bioactive phytochemicals such as phenols, 

flavonoids, tannins, carotenoids, sugars, organic acids (including vitamin C), amino acids and essential oils. Dried 

rosehips have been traditionally used for the preparation of herbal teas but also to treat cough and cold influenza 

symptoms [1-3]. Due to the antioxidant and anti-inflammatory activity of rosehip extracts, they are commonly 

used in the food and cosmetic industries.  

 

For the extraction process, traditional methods are implemented (such as Soxhlet, percolation, maceration etc.) 

using common organic and, in many cases, volatile solvents. The main disadvantages and limitations of these 

methods are the relatively long extraction times (ranging from hours to days), the high temperatures and the use 

of large amounts of costly and often hazardous organic solvents needed. The use of green solvents in plant 

extraction processes has recently emerged as a sustainable solution. Natural Deep Eutectic Solvents (NADES) are 

considered as promising solvents for extraction [4-7] due to the formation of strong hydrogen bonds between their 

components and the targeted extraction compounds which are responsible for the increased extraction yields, the 

stabilization of the obtained extracts and the protection of the extracted compounds, thus extending their shelf-life 

[6]. To the best of our knowledge, rosehip extraction using NADES has not yet been studied. 

 

Using an authorized special collection permit of the Institute of Plant Breeding and Phytogenetic Resources 

(IPBGR) of the Hellenic Agricultural Organization Demeter (Permit 82336/879 of 18/5/2019 & 26895/1527 of 

21/4/2021 issued yearly by the Greek Ministry of Environment and Energy), several botanical expeditions were 

organized in Northern Greece to collect wild-growing  ex-situ propagation materials with vigorous growth and 

strong fruiting potential in the wild habitats; these wild materials were taxonomically identified, genetically 

authenticated, asexually propagated and ex-situ cultivated at the premises of the BBGK-IPBGR [8].  

 

In the present study, 5 NADES were task-specifically designed and prepared using the heating and stirring method 

for the extraction of bioactive compounds from the shells (hypanthia) of the ex-situ cultivated rosehips of the 

BBGK-IPBGR. The NADES components were selected in terms of biocompatibility as the aim was the extracts 

to be used “as obtained” without further purification or isolation steps in end-products (Figure 1). All the NADES 

were structurally characterized using NMR and FT-IR spectroscopy. Moreover, two of the most important 

parameters for the extraction process were determined, namely the pH and the polarity of the NADES and the 

NADES-water systems. 
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Figure 1.  Methodology for rosehip shells (hypanthia) extraction using task-specifically designed NADES sourced from 

Greek native dogroses in ex-situ conservation. 

 

The shells (hypanthia) of rosehips from Greek native dogroses in ex-situ conservation were firstly grinded and 

suspended in selected volumes of each NADES or NADES-water system and were extracted at 40℃. Regarding 

the extraction parameters, various extraction times (30-360 min), rosehip-to-solvent (5-167 mg/g) and water-to-

NADES (0-75%) ratios were studied for each solvent. After extraction, the samples were centrifuged and the 

supernatants were collected and stored in the dark at 4℃. The total phenolic and total flavonoid content of the 

obtained extracts were evaluated using the Folin–Ciocalteu and the AlCl3 complexation colorimetric method, 

respectively. The antioxidant activity of the extracts was determined by evaluating their radical scavenging ability 

using the stable DPPH radical [6]. The experimental results were compared to those derived from the conventional 

extraction of rosehip shells (hypanthia) using water and ethanol/water system as extraction media. 

 

The as-obtained NADES extracts showed similar or, in most of the cases, increased total phenolic and flavonoid 

contents as well as DPPH radical scavenging ability compared to the corresponding extracts derived from the 

conventional extraction media. Therefore, the proposed methodology can be considered as a promising and 

competitive alternative to the conventional extraction of rosehips’ shells (hypanthia). 
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Cancer is one of the main causes of death worldwide, accounting for nearly 10 million deaths in 2020 [1]. Currently 

one of the key objectives in medicinal chemistry is the drug discovery and drug development following the Green 

Chemistry guidelines [2,3]. In this context, our group has dedicated the last years to the development of compounds 

with antitumoral activity via efficient and more environmentally friendly methodologies. A synthetic tool explored 

by our group are multicomponent reactions (MCR) where the product is formed from three or more reagents in a 

single reaction step with high atomic efficiency [4]. MCRs are a green strategy in which a collection of molecules 

with a great diversity are generated with a minimum of synthetic effort, time and by-products formation. In this 

sense, we have previously described green processes for the synthesis of bioactive compounds via Passerini and 

Ugi MCR and their antiproliferative activity [5,6]. Nearly all compounds displayed potent antiproliferative 

activities against a panel of six human solid tumor cell lines. Particularly the compound 8a, a furoxan derivative 

obtained by Ugi MCR (Figure 1, Route A), exhibited the strongest activity on the SW1573 lung cell line (GI50 = 

21 nM) with a selectivity index of 470. Preliminary mechanistic studies suggested a relationship between nitric 

oxide release and antiproliferative activity [6]. 

 

 
 

Figure 1. Explored routes for the synthesis of 8a. Route A, previously reported. Route B, new greener route. 

  

 

In the present work, we report the synthesis of the lead compound 8a via a greener synthetic pathway (Figure 1, 

Route B). The new reaction route for obtaining compound 8a, in addition to being more eco-friendly, also allowed 

to obtain it with twice the overall yield. With the optimized conditions, we varied the different components of the 

reaction to generate new derivatives and expand the chemical space studied. To this end, we not only employed 

Ugi MCR but also Groebke–Blackburn–Bienaymé (GBB) multicomponent reaction (Figure 2). We studied both 

MCRs under efficient, safe, and ecofriendly conditions, using green solvents (EtOH and Me-THF) and a 

conventionally heated sealed-vessel reactor (Monowave 50) to accelerate reactions.  This technology mimics many 

features common to modern single-mode microwave reactors with reduced complexity and at a lower cost.  Herein, 
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we describe the synthesis of a small collection of 12 nitric oxide-releasing molecules, using the furoxan system as 

a pharmacophore. Biological evaluation as antiproliferative agents in bladder and prostate cancer cells indicated 

that almost all compounds displayed antiproliferative activity against both cancer cell lines.  

 

 
 

Figure 2.  Ugi and GBB multicomponent reactions 
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Today people suffer from many diseases of the central nervous system such as epilepsy and depression, which 

constitute a significant health, social and economic problem. In most cases, pharmacological treatment gives 

positive results, but still there are many of drug-resistant people for whom the only hope is new antiepileptic drugs. 

Succinimides are well recognized heterocyclic compounds in drug discovery due to the presence of hydrogen-

bond acceptor or donor fragments, as well as the easy possibility of substituting the ring positions  

1 and 3. Such systems are key structural molecular bases for compounds that have various effects on the central 

nervous system. There are many examples of modifying the pyrrolidine-2,5-dione ring in the literature, because it 

is an integral part of the structure of compounds with antidepressant [1], antibacterial [2], antimutagenic [3] or 

anticancer properties [4].  

 

The main goal of presented research was to develop procedures for the synthesis of new functionalized succinimide 

derivatives. The compounds obtained can interact with neurotransmitters and receptors, which play an essential 

role in proper functioning of the central nervous system. N-nonsubstituted and N-substituted maleimides were 

selected as key starting materials for the preparation of succinimide derivatives which were prepared by the aza-

Michael reaction with primary and secondary amines in the presence of Et3N. During the research, two variants of 

synthesis were tested, the classical method in organic solvents and with the use of mechanochemistry. Reactions 

under solvent-free conditions in a ball mill led to products with good yields. 

 

 
 

Scheme 1.  Mechanochemical synthesis of N-nonsubstituted and N-substituted succinimides.  
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Quinazolinediones have been shown pharmacologically interesting properties, for example, anti-hypertensive [1], 

anticonvulsant [2], a promising agent for the treatment of asthma [3], a potential immune-suppressive and anti-

inflammatory agent [4]. Due to their interesting properties, a number of quinazolinedione syntheses have been 

therefore developed in recent years. 

 

Alternatively, a reaction of 2-(benzylamino) benzoic acids 1 and alpha-chloroaldoxime O-methanesulfonates 2 

could provide quinazolinedione derivatives 3 in the presence of 4-dimethylaminopyridine (DMAP) as a catalyst 

under mild and friendly environmetal conditions. The spectroscopy techniques such as 1H, 13C NMR and high 

resolution mass spectrometry were used to characterize quinazolinedione products. This method offers the 

advantages of low costs, green solvent and metal-free process. The alpha-chloroaldoxime O-methanesulfonates 

having both electron donating and withdrawing substituents were applicable to the reaction resulting in 40-90% 

yields of products (Figure 1). Key chemical transformations were nucleophilic substitution, Tiemann 

rearrangement and cyclic urea formation.  

 

 
 

             
 

Figure 1.  DMAP-catalyzed the synthesis of quinazolinediones. 

 

 

Keywords: organocatalysis, Tiemann rearrangement, urea formation, amide formation 
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In crop production, the need for novel environmentally friendly fertilizers is due not only to the fact that when 

they are introduced, plant productivity increases, but their impact on the soil is accompanied by the reproduction 

of soil fertility, an increase in its main features (humus, nutrients, effective microorganisms). Ways to increase the 

efficiency of fertilizers include their modification with plant growth regulators. The problem of fertilizer modifiers, 

which not only stimulate the growth and development of plants, but enhance their protective functions to natural 

and technogenic stressful situations (adaptogens for plants), is multifaceted and its solution requires the efforts of 

many specialists. The chemical aspect of this problem involves the synthetic design of novel molecules with the 

above properties. 

 

Several reasons served as the basis for realization the Research: in particular, the activity of the imidazole-

containing bispidins synthesized by us [1]; biological potential of fluorimidazole derivatives [2]; the practical 

value of both biologically active substances and highly selective ligands in complexes with copper (II) and nickel 

(II) ions, structures containing fragments of imidazole and phosphonate [3].  

 

In this work, in order to obtain green plant growth regulators - fertilizer modifiers, we carried out a synthetic design 

of new imidazole derivatives combined with phosphonate and fluorine fragments under the conditions of a three-

component "one-pot" Kabachnik-Fields reaction. 

 

 
 

The interaction of 1-(3-aminopropyl)imidazole with di(methyl- or ethyl-)phosphite and the carbonyl component – 

o-, m- or p-(fluoro- or trifluoromethyl-)benzaldehyde is carried out by boiling in benzene using a Dean-Stark 

nozzle to remove from the reaction zone of the obtained water as azeotrope with benzene. The yield of target α-

aminophosphonates as viscous oils is 19-91%. In the IR spectra, the bands at 1047-1238 cm-1 are attributed to the 

absorption of P=O. In spectra 13C NMR the signal of the tertiary carbon atom (CHP) is observed in the region of 

58.2-71.7 ppm. The signals of carbon atoms of the imidazole ring are observed in the region of 119.8-137.6 ppm. 

 

To study the bioactivity, complexes of aminophosphonates with -cyclodextrin (1:1) were obtained. 

 

As expected, among the synthesized aminophosphonates, samples were identified that stimulate seed germination, 

growth and development of 3 Kazakhstan wheat varieties under normal and drought conditions. But, unexpectedly, 

it turned out that cyclodextrin complexes cause local pain relief on models of infiltration and conduction anesthesia 

at the level of used local anesthetics - lidocaine and trimecaine in terms of anesthesia index and duration of action. 

Acute toxicity (LD50 = 1125 mg/kg) was 3-5 times less than the used anesthetics. 

 

Thus, the expediency of combining fragments of imidazole and phosphonate in one molecule, which has a 

pronounced biological effect with low toxicity, has been experimentally confirmed. 

Acknowledgements 

Funding for this Research was financially supported by the Grant AP 08856051 from Committee of Science of the 

Ministry of Education and Science of the Republic of Kazakhstan.  

 

References 

1. E.V. Neborak, A.B. Kaldybayeva, L. Bey, A.Y. Malmakova, A.S. Tveritinova, A. Hilal, V.K. Yu,  M.V. 

Ploskonos, M.V. Komarova, E. Agostinelli, D.D. Zhdanov. Molecules, 27, 3872 (2022).  

2. G.N. Lipunova, E.V. Nosova, V.N. Charushin. Chem. Heterocycl. Compd., 49, 1691–1714 (2014).   

3. E. Rani, M. Rani. J. Appl. Chem., 7, 12, 23-33 (2014).  

mailto:altin_28.94@mail.ru


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

651 
 

Solubility of Moringa oleifera L. seed in SFE-CO2:  a response surface methodology 

analysis 

 

Júlia C. Kessler1,2,3, Isabel M. Martins1,2, Yaidelin A. Manrique1,2, Alírio E. Rodrigues1,2,  Maria 

Filomena Barreiro3, Madalena M. Dias1,2* 
1 LSRE-LCM - Laboratory of Separation and Reaction Engineering - Laboratory of Catalysis and Materials 

Faculdade de Engenharia, Universidade do Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal 
2 ALiCE - Associate Laboratory in Chemical Engineering Faculdade de Engenharia, Universidade do Porto, Rua Dr. 

Roberto Frias, 4200-465 Porto, Portugal 
3 Centro de Investigação de Montanha (CIMO), Instituto Politécnico de Bragança, Campus de Santa Apolónia, 5300-253 

Bragança, Portugal 

*dias@fe.up.pt 

 

The angiosperm Moringa oleifera L. (Mo) tree, also denominated tree of life, has been listed as one of the richest 

plant bioactive sources [1]. Mo seeds' high saturated and monounsaturated fatty acid content (e.g., C22:0, C16:0, 

C18:0, C20:0, C18:1) improves the thermal stability of its oil and confers antioxidant activity [2]. Furthermore, the 

anti-inflammatory and antimicrobial biofunctions of fatty acids, in synergy with sterols, saponins, phenolic acids, 

tocopherols, tannins, phytates, and alkaloid molecules, have been reported [1, 3]. This desirable composition and 

respective bioactivity encompass a natural alternative to enhance fine chemistry formulations, which, in turn, 

requires attention regarding the used extraction methods. 

 

Solvent-free extracts are a trademark of carbon dioxide supercritical extraction (SFE-CO2) [4]. This technology is 

identified as non-toxic, non-inflammable, and readily available. In addition, SFE-CO2 has GRAS characteristics, 

and the recovered products are obtained at higher selectivity and natural content composition than conventional 

techniques. However, this improvement in quality is often accompanied by lower extraction yields [5]. To 

maximise the extracted content, a response surface methodology (RSM) was applied. 

 

The experimental procedures were conducted with Mo seeds, supplied by Moringa del Sur (Malaga, Spain, 

moringadelsur.com), using a bench-scale SFE-CO2 equipment developed by Manrique [6]. The samples were 

previously dried at room temperature, ground, and carefully sieved (D-42781, Retsch, Germany) to achieve a 

particle size between 0.50 mm and 0.70 mm. The process was performed in continuous mode using CO2 food grade 

(CAS 124-38-9, 99.9%, Air Liquid) at a flow rate of 4 mL/min for 120 min; 10 g of sample were used in each 

extraction. The applied design of the experiments (22 + 2 central points, 2 blocks) and respective results are shown 

in Table 1. 

 

The highest extraction yields were obtained for pressures above 195 bar and temperatures below 55 ºC, varying 

from η=1.81% (10) to 3.38% (7). A proportional increase was observed in the respective solubility values, 

achieving 786 μgext/gCO2, mainly due to the significant contribution of pressure revealed by the ANOVA test (𝛼 =
0.05, data not shown). Moreover, the temperature (𝑝 ≤ 0.05) influences the balance between the CO2 density and 

the solute vapour pressure [5, 7]. However, according to the results, no crossover behaviour was observed, which 

suggests a solubility dominance in the solvation power of the SFE-CO2 towards the Mo seeds. Literature results 

support the conclusions on the pressure range applied in this work [5, 7, 8]. 
 

Table 1. SFE-CO2 yield (%) screening of Moringa oleifera L. seeds. 

N Block 
Pressure, P 

(bar) 

Temperature, T 

(ºC) 

ρCO2
* 

(kg/m³) 

Yield, η 

(%) 

Yield, ηRSM 

(%) 

Solubility 

(μgext/gCO2) 

1 1 140 45 720 0.18 0.71 41 

2 1 140 65 506 0.12 0.59 29 

3 1 250 45 857 3.19 3.63 742 

4 1 250 65 762 2.10 2.48 491 

5 (PC1) 1 195 55 747 1.94 2.15 452 

6 2 117 55 480 0.10 0.12 24 

7 2 273 55 831 3.38 3.53 786 

8 2 195 41 830 2.29 2.33 452 

9 2 195 69 656 1.31 1.44 308 

10 (PC2) 2 195 55 747 1.81 2.15 422 

Proof - 120 45 658 0.06 0.04 14 

*NIST Online database. 

 

From the SFE-CO2 optimisation study, Figure 1a represents the RSM analysis (𝑅2 = 0.99046), corroborating the 

significant influence of pressure and temperature on the extracts’ solubility. 
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𝜂𝑅𝑆𝑀(%) = −11.80 + 6.84 × 10−2 ∙ 𝑃 − 5.32 × 10−5 ∙ 𝑃2 + 2.09 × 10−1 ∙ 𝑇 − 1.35 × 10−3 ∙ 𝑇2 − 4.71 × 10−4 ∙ 𝑃 ∙ 𝑇 + 1.34 × 10−1 (1) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  (a) RSM: SFE-CO2 yield (%) of Moringa oleifera L. seeds; (b) Comparison of yield extractions: green and 

conventional methodologies. Averages with different letters indicate a significant difference with 𝛼 = 0.05. 

 

An additional experiment was performed in duplicate using a co-solvent (CO2:ethanol (EtOH); 4:1), while 

maintaining the determined optimized processing conditions. The results were statistically compared to Soxhlet 

extracts by the Tukey test with 𝛼 = 0.05 (Statistica StatSoft, version 14, USA). This conventional methodology 

was carried out with 5 g of sample for 240 min, using 150 mL of EtOH (CAS 64-17-5, absolute) and hexane 

(CAS 110-54-3, 95%) as extraction solvents, respectively, both obtained from Sigma Aldrich (Madrid, Spain). 

 

An improvement of the CO2 solubility was obtained using 20% of the co-solvent at 273 bar and 55 ºC, resulting 

in η=21.20% (Figure 1b). EtOH has a triple effect on the SFE-CO2 extraction: (i) generally, it enhances the CO2 

density, (ii) increases the extraction of polar compounds, and (iii) improves the mass transfer coefficient in the 

solid phase [7]. Finally, a significant difference (𝛼 = 0.05) was obtained for Soxhlet experiments, with 

37.60 ± 1.15% and 36.98 ± 0.51% of extraction yields using EtOH and hexane as solvents, respectively, similarly 

to the 37.50% hexane oil reported by Nguyen et al. [9]. 

 

A lower extraction yield was expected from the SFE methodology due to the selectivity promoted by the CO2 

solvent, especially under low pressures. Usually, chemical composition variations are observed in the extracts 

obtained by SFE and conventional Soxhlet, indicating increased oil stability, and it has been reported that SFE-

CO2 seed products have sterol and tocopherol at higher contents than the Soxhlet extracts [4]. On the other hand, 

studies have shown that no significant differences were found in the fatty acids’ composition [4, 5, 9]. 

 

In spite of extensive reported literature data, studies on Mo seed’s bioactive composition, extraction methodologies 

and applications remain underexploited. Although SFE-CO2 has been established as a safe and green alternative 

method, there is still a need to develop a database to seek target compounds optimization. Therefore, the 

improvement in the extraction yield promoted by the EtOH co-solvent may be a key strategy to enhance the 

richness of unsaturated fatty acids, such as behenic oil [9, 10]. 
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Synthetic photochemistry is an alternative green and sustainable approach, offering the possibility for the 

discovery of novel reactivities. Although applications of solar irradiation for organic synthesis have been 

demonstrated from the beginning of the 20th century, only in the 21st century visible light-mediated organic 

synthesis has attracted special attention [1,2]. Many photochemical reactions are unique, because provide access 

to products which are not accessible by conventional methods. On the other hand, aerobic oxidations are 

recognized as highly attractive oxidative processes for various applications in organic chemistry, due to their low 

cost and environmental friendliness [3,4]. 

 

The oxidation of aldehydes to the corresponding carboxylic acids is a fundamental and popular oxidative organic 

transformation, which has attracted high academic interest [5]. However, the aerobic oxidation of aldehydes into 

the corresponding carboxylic acids is also an industrial process and millions of tons of aliphatic carboxylic acids, 

(for example, 2-ethylhexanoic acid), are produced per year by such an approach [6]. 

 

It is known that aldehydes are prone to oxidation, however synthetic methods for their oxidation to carboxylic 

acids under green and mild conditions are still scarce. The aerobic oxidation of aldehydes is usually carried out in 

the presence of metal catalysts [7,8]. In 2019, a metal-free-catalyzed oxidation of aldehydes was reported. N-

hydroxyphthalimide was used as the catalyst for the aerobic oxidation of aldehydes either in acetonitrile or water 

and the mechanism of this oxidation was thoroughly investigated [9,10]. 

 

The aim of our work was to merge aerobic oxidation with light irradiation and to develop an efficient sunlight or 

UVA-light promoted oxidation of aldehydes to carboxylic acids under aerobic conditions, without the use of any 

photocatalyst. 

 

Benzaldehyde and dodecanal were studied as model substrates for the optimization of the reaction conditions. 

Exploring various light sources (sunlight, common house lamps, LED lamps of different wavelengths) and various 

solvents, we concluded that the optimum conditions were: LED 370 nm or sunlight as the irradiation source and a 

mixture of acetone and water as the reaction medium. Under these conditions, aliphatic aldehydes are converted 

into acids within 3 hours, while aromatic aldehydes require longer reaction time.  

 

The mechanism of the reaction was studied by direct infusion-high resolution mass spectrometry (DI-HRMS). 

These studies indicate the formation of Griegee intermediates and a mechanism involving a solvent-assisted 

oxidative transformation. 

 

.   

 
 

Figure 1.  Light-mediated aerobic oxidation of aldehydes to carboxylic acids. 

 

In conclusion, we have developed a green, sustainable and operationally simple, under very mild conditions, 

method for the conversion of aldehydes to carboxylic acids. The transformation is light-promoted by either sunlight 

or LED 370 nm irradiation, without the use of a catalyst, utilizing atmospheric oxygen as the sole oxidant. The 

most effective solvent medium was proved to be a mixture of acetone and water. Various aliphatic or aromatic 

aldehydes were successfully employed and the corresponding carboxylic acids were obtained in high to excellent 

yields.  
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Abstract  

Flavonoids are a family of low molecular weight natural products, found plentifully in the plant kingdom.  Their 

diversity goes along with their physiological roles in the specific species of their origin.  Flavonoids are now 

considered as an indispensable component in a variety of nutraceutical, pharmaceutical, medicinal, and cosmetic 

applications [1].  To date, there exist are no sufficient data about the mechanisms through which such molecules 

affect human metabolism.  However, it is well-known that the antioxidant properties of flavonoids are unique in 

their nature and application(s) for each plant (parts and products), thereby affecting human nutrition, dietetic habits 

and cellular protection at the molecular level.  To that end, the possibility was explored that appropriate 

derivatization of a select group of such molecules could be modified in vitro so as to exhibit new or enhanced 

properties associated with their antioxidant-therapeutic potential [2].  In relevance to such an effort, the basic core 

structure of flavonoids is shown in Figure 1. 

 
 

Figure 1: Structure of flavonoids 

 

In this work, a select group of such flavonoids was chosen for experimentation, essentially targeting improvement 

of their antioxidant potential through derivatization.  The chosen flavonoids were the following: quercetin, 

naringin, chrysin, and naringenin [3].  The specific polyphenolic compounds underwent chemical modifications 

of their substituents, peripheral to the A and C rings, thereby inducing new functional modalities capable of 

exerting influence over their function in bacterial physiology.  The derived products, mainly involving ether and 

oxime moieties, were subsequently employed in microbiological studies, seeking to evaluate their antimicrobial 

properties and the extent of their antioxidant potential.   

 

Materials and methods used in this research  

All chemicals were purchased from the following sources and were used without further purification.  Naringin 

99% was supplied from TCI.  Naringenin 98% was purchased from Alfa Aesar.  Methanol, Ethanol, 

dimethylsulfoxide and diamines were purchased from Sigma Aldrich.  All manipulations were carried out under 

aerobic conditions.  All analytical methods for the physicochemical characterization of the new derivatives were 

used according to well-known protocols.  FT-IR spectra were recorded on a ThermoFinnigan FT-Infra Red 

spectrometer, using KBr pellets.  A ThermoFinnigan Flash EA 1112 CHNS elemental analyser was used for the 

simultaneous determination of carbon, hydrogen, and nitrogen (%) at 1800°C.  Solution1H-, and 13C-NMR as well 

as 2D NMR experiments were carried out on a Varian 600 MHz spectrometer.  The sample concentration was ~10 

mM in methanol and DMSO.  Electrospray ionization mass spectrometry (ESI-MS) infusion experiments were 

carried out on a ThermoFisher Scientific model LTQ Orbitrap Discovery MS (Bremen, Germany), in methanol 

and introduced into the ESI source of the MS at a flow rate of 5μL/min, using an integrated syringe pump in a 

positive ionization mode.  Source operating conditions included a 3.7 kV spray voltage and a 320oC heated 

capillary temperature.  

 

Synthesis 

Briefly, hydroxylamine hydrochloride and sodium oxalate were mixed and dissolved in methanol.  To that, an 

amount of flavonoid was added and the reaction mixture was refluxed for 24 h.  The solid yellow powder was 

isolated by filtration in dried in open air.  Recrystallization of the powder was done in methanol using 4-

hydroxybenzoic acid.  The reaction of the naringenin oxime was shown in Figure 2.   



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

657 
 

 
Figure 1: Organic synthesis of Naringenin oxime derivative 

The comparative spectra of FT-IR between Naringenin and Naringenin oxime are shown in Figure 3, depicting 

the synthesis of a new derivative. 
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Figure 3: FT-IR comparative spectra 

All nine derivatives of naringin and naringenin flavonoids are characterized in the solid-state and in solution, 

through elemental analysis, FT-IR, UV-Visible, 1H-,13C-, 2D (homonuclear and heteronuclear) NMR, and ESI-

MS.  Their 3D structure was delineated through X-ray crystallography.  The results of the study set the stage for 

the development of new hybrid flavonoids and derivatives thereof, so as to enhance the antimicrobial arsenal of 

options, when bacterial insurgents find their way into a) nutritional resources, traditionally used in human diet or 

products destined for human consumption, and b) humans, thereby affecting their health. 
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The Deep Eutectic Solvents (DES) is a most recent class of green solvents, having been introduced in 2003 by 

Abbott et al. [1]. However, researchers only initiated serious fundamental investigations on this family of green 

solvents since 2010. In the past decade, although researchers have unveiled much on their basic and fundamental 

knowledge, still a long path remains to be taken for the appropriate understanding of these interesting green 

solvents. Most DESs, similar to ionic liquids, have high melting points, and thus, high critical temperatures. In 

fact, the critical temperatures often cannot be reached as the DES decomposes before reaching such high 

temperatures. Therefore, measuring the critical properties by experimental procedures is impossible for most 

DESs. At the same time, information on the critical properties is essential for many thermodynamic models, such 

as equations of state. One of the solutions to this problem is the use of thermodynamic models for the estimation 

of critical properties. Group Contribution (GC) models are among the efficient models which have been used quite 

successfully for ionic liquids [2,3]. For DESs, researchers carried out the same procedure. Howevr, in almost all 

of the published studies requiring the critical properties of DESs, the well-known GC model of modified Lydersen-

Joback-Reid [2,3], as proposed by Valderrama et al. for ionic liquids was used. This model was combined with 

the Lee-Kesler mixing rules as proposed by Knapp et al [4]. However, no studies have checked and validated the 

above method for DESs. In this study, for the first time in literature, a comprehensive study is carried out by 

comparing different GC models, including the above-mentioned popular model for a large number of DESs (113 

DESs). The critical properties including critical temperature, critical pressure, critical volume, and also acentric 

factors of the investigated DESs are calculated, and by using an indirect method and relating the critical properties 

to the experimental property of surface tension, the reliability of each group contribution model is investigated. 

The results showed that the calculated critical temperature and critical volume by almost all of the investigated 

GC models are in the same order, with low deviations with respect to one another, however, they produce very 

different values and orders for critical pressure and acentric factor. The results of this study open a new door to 

thermodynamic researchers of green chemistry to use the most suitable GC model for DESs in thermodynamic 

modeling, especially by equations of state.   
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Aromatic carboxylic acids, especially benzoic acid and its derivatives, find extensive use both in academia and 

industry. Traditionally, carboxylic acids are synthesized by the oxidation of alcohols/aldehydes, and also by the 

oxidative cracking of unsaturated compounds such as olefins and alkynes. Although a variety of catalytic methods 

based on transition metals and main group based metal-free catalysts have been developed for oxidation reactions 

of alcohols, most of these methods suffer from drawbacks, such as the requirement of precious metals, expensive 

ligands, high temperature, volatile and environmentally unfriendly organic solvents, as well as expensive and toxic 

additives. Recently, both in industry and academia, there are many reactions being reported of organic synthesis 

where traditional organic solvents are being replaced by water as a green, inexpensive and safe solvent [1]. 

However, the development of suitable methods that can help to efficiently isolate the desired compound from the 

reaction mixture is also an essential part of green chemistry. We have reported the oxidation of benzyl alcohols to 

benzoic acids using I2 as well as NaCl as catalysts in the aqueous medium [2-3]. It is well known that industrially, 

benzaldehydes and benzyl alcohols are prepared from benzyl chlorides and bromides by heating them with 

stoichiometric excess of aqueous solutions of oxides, hydroxides, or carbonates of the alkali or alkaline earth 

metals [4]. Therefore, direct oxidation of benzyl halides to benzoic acids by a one-pot method using 

environmentally friendly reagents, catalysts and solvents will be of immense benefit from the synthetic 

perspective. Benzyl halide conversion to benzyl alcohol generates halide ions as the side product, which normally 

are of no utility. Herein, utilizing this halide ion as an in-situ generated catalyst, we for the first time report a 

tandem reaction converting benzyl halides to benzoic acids [5]. 

 

General procedure for oxidation of benzyl halide: A 10 ml single necked round bottom flask was charged with a 

magnetic bead, benzyl halide, NaOH, TBHP, and water . This reaction mixture was kept stirring at 70 °C for 18-

24 h on a magnetic stirrer. Afterwards, the reaction mixture was made alkaline by aq. NaOH and was extracted 

with EtOAc. The aqueous layer was neutralized by aq. HCl and extracted with EtOAc. The organic layer was dried 

over anhydrous Na2SO4, and after evaporation of the solvent, analytically pure carboxylic acids were obtained. 

 

 

 

 

 

 

 

 

 

We have developed an efficient and external catalyst-free one-pot oxidation method for the conversion of benzyl 

halides to  the corresponding benzoic acids using only alkaline water and an oxidant, TBHP. The halide ions 

generated during the conversion of benzyl halides to benzyl alcohols have been found to act as in situ catalysts for 

this oxidation reaction.  The use of water as an inexpensive and green solvent, and a green oxidant TBHP makes 

this protocol economical, environmentally benign and potentially suitable for commercial and academic 

applications. By controlling the amount of base required, the yields of the carboxylic acids from benzyl chlorides, 

bromides and iodides have been maximized and scaled up to gram scale reactions. A series of carboxylic acids 

were prepared from benzyl halides in high yields under mild reaction conditions. The present method does not 

require any inert atmosphere protection or purification of products by chromatographic techniques, which makes 

this an operationally simple and green process. As an industrial application, the synthesis of a key monomer used 

for the synthesis of polyethylene terephthalate (PET), i. e., terephthalic acid (PTA), has also been accomplished in 

good yields. 
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The development of metal-based heterogeneous catalysts for organic transformation reaction has limited practical 

application because they exhibit pyrophoricity, require harsh conditions, and generally have low activity. 

Supported metal nanoparticles have been proposed as a solution to these problems. However, pyrophoricity affects 

these heterogeneous catalysts, necessitating pretreatment before each catalytic cycle to generate an active metallic 

state in the catalysts. Combining metal with a non-metal element is promising approach for developing a new class 

of catalysts.  In this context, metal phosphide nanoalloy catalysts, have attracted attention toward organic 

transformation reactions. This “P-alloying’’ is the key strategy to developing highly active and stable metal 

phosphide that can replace conventional sponge metal catalysts for valuable synthesis. The incorporation of 

inorganic phosphorous into metal nanoparticles has not been studied much more in the field of organic 

transformation reactions. The addition of P-atom in the metals has several merits in organic transformations 

reactions such as these metal phosphides are present in the metallic state in the air (stabilizing effect), second is 

the introduction of P-atom in a metal can modulate the electronic structure of metals species (ligand effect). 

Density functional theory (DFT) studies reveal that P-atom increases the d-electron density of metals near the 

Fermi level, facilitating hydrogenation reactions and facilitates the precise creation of well-defined catalytic active 

sites in metal phosphide catalysts for the selective organic transformation reactions [1,2]. In our work, we 

synthesized nickel phosphide nanoparticles supported on graphitic carbon nitride (Ni2P/GCN), which serves as a 

highly active, reusable, and high stable heterogeneous catalyst for the reductive amination of carbonyl compounds 

by using formic acid as reductant.  

 

Synthesis method: The Ni2P nanoparticles have been synthesized according to previously reported method [3,4]. 

In brief, NiCl2.6H2O (1 mM) and NaH2PO2.H2O (5 mM) are added to a beaker with 10 mL deionized (DI) water. 

The mixture was stirred for 1 h then heated at 100 oC for the evaporation of DI water and left overnight. Then the 

compound was annealed under Ar atmosphere for 1 h at 200 oC (heating rate 5o min-1). After cooling, the product 

was washed with ethanol and DI water and then dried at 70 oC overnight to form Ni2P. To form a composite of 

Ni2P with GCN, 10 mg of Ni2P was added to 10 mL of methanol and sonicated for 2 h then 90 mg GCN was added 

to the solution of Ni2P and stirred for 2 h, then again sonicated for 2 h. Finally, drying of the solvent was done 

using a vacuum rota-evaporator and the obtained product was dried at 70 oC to obtain Ni2P/GCN composite. The 

synthesized catalyst has been characterized by using various techniques such as PXRD, XPS, SEM, TEM, TGA, 

and TPD. 

 

Characterization of nickel phosphide 

The PXRD patterns of Ni2P and Ni2P/GCN composite are shown in Fig 1. PXRD confirm the formation of 

hexagonal structure of Ni2P and Ni2P/GCN composite. The PXRD pattern of Ni2P shows a diffraction peak at 

40.8o, 44.7o, 47.5o, 54.4o,54.8o corresponds to (111), (201), (210), (300), (211) crystalline phase. The XRD pattern 

of Ni2P/GCN shows a additional diffraction peaks of GCN at 13.17°, 27.62°corresponds to (100) and (002) 

crystallite phase, which originate because of interplanar structural packing of the motif and carbon nitride 

interlayer stacking reflections [3,4].  

 

Figure 1. PXRD plots of GCN, Ni2P, and Ni2P/GCN. 

The chemical state of Ni and P in the Ni2P were examined by XPS technique. Fig 2b,c, shows the XPS spectra of 

Ni 2p and P 2p regions for Ni2P. Fig. 2b shows two peaks around 853 eV and 870.2 eV, which are similar to 

metallic Ni 2p3/2 (852.8 eV) and Ni 2p1/2 (870.0 eV) binding energy peaks. The P 2p spectra revealed two peaks, 

showing the presence of phosphorus atoms with distinct electronic states (Fig. 2c). The first peak, at 129.5 eV, 

was close to P0 (130.0 eV), while second peak at 133.2 eV was assigned to unreduced phosphate species PO4 -3 

resulting from the surface oxidation of Ni2P nanoparticles [2]. 
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Figure 2. (a) Survey XPS spectrum 

 of Ni2P, (b, c) deconvoluted XPS spectra of Ni-2p and P-2p of Ni2P. 

Catalytic activity studies 

The catalytic activity of the as-synthesized heterogeneous catalyst, Ni2P/GCN composite, was investigated for the 

reductive amination of the carbonyl compounds by using formic acid as reductant. Herein, we developed a simple 

protocol under ambient catalytic reaction conditions for the transfer hydrogenation of carbonyl compounds with a 

catalytic amount Ni2P/GCN at optimal reaction time using formic acid as a hydrogen source. The catalytic 

hydrogen transfer reaction was performed using benzaldehyde and benzyl amine as model substrates under the 

optimized reaction conditions, viz., benzaldehyde (1 mmol), benzyl amine (1 mmol), CH3CN (2 mL), formic acid 

(2 mmol) and Ni2P/GCN catalyst (30 mg) at 85 °C. 

 

Further studies on substrate scope, mechanism and stability of the catalyst are underway. Nevertheless, the 

currently obtained results serves clearly demonostrates the feasibility of using Ni2P/GCN as an economical and 

efficient heterogenous catalyst for reductive amination reactions. 
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Abstract text: 

Polymeric membranes have been regarded as a promising technology for gas separation over the last decades 

mainly due to their easy fabrication, low and capital and operation cost and small footprint [1]. The most used 

technique for polymeric membranes fabrication is based on the phase inversion process and the most common 

used solvent is n-methyl-2-pyrrolidone (NMP) due to its high boiling point (202-204°C) and strong dissolving 

power. But its toxic and hazardous nature [2] requires special treatment during labor use and before its disposal as 

waste. Upon the green chemistry guidelines and directives, the reduction or complete elimination of hazardous 

substances would be mostly favored. Subsequently, in this work, NMP was completely substituted by γ-

butyrolactone (GBL), a non-toxic and environmentally friendly solvent with similar characteristics with NMP, 

both in dope solution and bore liquid. The successful polymeric (co-polyimide, P84) hollow fiber (HF) and flat 

sheet (FS) membranes fabrication was based on Hansen solubility parameters and cloud point data from the ternary 

polyimide/solvent/non-solvent diagrams evaluation abetted by complete viscosity study. In this context, in order 

to have a spinnable dope, the sufficient viscosity of the dope solution is one of the most key parameters [3]. The 

appropriate viscosity is determined from the molecular concentration and weight of the polymer leading to polymer 

extrusion and spinning possibility without HFs disruption and discontinuity [4]. Hence, the viscosities of P84/GBL 

solutions of various concentrations (15-28 wt.%) were measured employing a cone-shaped spindle of a viscometer 

at three controlled temperatures (30, 40 and 50°C) by a heating circulator and at various shear rates. The critical 

polymer concentration was determined as the point from where the polymer’s viscosity starts to increase 

exponentially regarding to polymer concentration and the optimum polymer concentration (dope solution) refers 

to this point or marginally above it. The critical concentration is defined as the intercept of the two extrapolated 

(tangent) lines of the corresponding linear parts of the viscosity curve [5]. 

 

As can be seen from Figure 1a, a significant increase is observed at a critical concentration of about 25 wt.% and 

this value (or little above) was chosen for the formulation of the spinning dope with GBL solvent. It could be 

mentioned that at the critical concentration, significant chain entanglement occurs in the spinning dope and the 

respective fibers show thin skin layers and minimum surface porosity. Indeed, if the concentration of polymer 

coils is increased beyond this critical value, the coils can no longer remain discrete and become prone to 

entanglement, as the polymer chains become closely packed enough to form entanglements, which might alter 

polymer’s form from fluid-like to more solid-like. Finally, Figure 1b presents the relationship curve between the 

viscosity and temperature depicting that the viscosity of polymer solution exhibited strong temperature sensitivity. 

 

  
Figure 1. (a) Effect of polymer (P84) concentration on dope viscosity at 30, 40 and 50°C; (b) Temperature-viscosity curve of 

polymer solution. 

 

The developed HFs were prepared by the dry-wet phase inversion process, which is based on the spinodal 

decomposition principle, in a spinning set-up, which has been described in previous work [6], whereas dense FS 

membranes were prepared by the casting method. The derived membranes were characterized by SEM and their 

mechanical properties were evaluated. The high dope viscosity due to the tighter conformation of the polymer 

molecule based on the weak nature of GBL solvent and slow diffusion coefficients hampered the rapid water 
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intrusion into the nascent membrane structure and thus eradicated the tendency of local surface instability for the 

macrovoid formation resulting in a sponge-like P84 structure (Figure 2). 

 

 
Figure 2. Images of HF membrane: cross section illustrating its morphology and dimension (a); wall (b) and 

higher magnification displaying its sponge-like structure (c); separation layer thickness (d). 

 

For the first time, preliminary CO2/CH4 separation measurements under continuous flow were performed in order 

to evaluate their efficiency in real binary CO2/CH4 (10/90 vol.%) mixture separation under elevated pressure 

conditions. Furthermore, pressurization-depressurization cycle was applied in order to conceive the stability and 

the possible reversibility of the membranes’ structure change by the pressure application. The developed green HF 

and FS membranes exhibited comparable results to membranes prepared using highly toxic solvents making them 

promising candidates for CO2/CH4 separation. Specifically, a separation factor of 27.3 and 75.4 of HF and FS 

membranes, respectively, were achieved. Overall, this work might render primary guidelines for the fabrication of 

membranes for gas separations in the context of green chemistry and sustainability employing ecofriendly and less 

hazardous solvents. 
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Herein we report an innovative flow process for a C–H palladium-catalyzed alkenylation reaction. By carefully 

analyzing the literature previously exposed, it is evident that despite the flow chemistry has already been adapted 

to various needs such as the use of heterogeneous catalysts and the use of gas, to date, the coupling of these two 

technologies remains totally unexplored. The purpose of this work is therefore the implementation of a 

technological apparatus that can allow the use of gas in flow in the presence of a heterogeneous catalyst for a 

palladium-catalyzed alkenylation of acetanilides [1] with a view to sustainable development for C–H activation 

reactions. The aim is to replace the common organic oxidants exploited for this process through the use of 

molecular oxygen as a sacrificial oxidant. 

 
Scheme 7. tube-in-tube flow reactor representative scheme 

At the same time, the use of heterogeneous catalysts in flow guarantees the possibility of efficiently reusing the 

catalytic system, increasing its efficiency and duration over time. The heterogeneous catalysis applied in flow 

chemistry results also in a greater stability of the catalytic system and at the same time the prospect of significantly 

reducing metal leaching in the reaction mixture. Similarly, the use of molecular gas in flow brings various benefits 

as it is used to ensure the efficiency of the catalyst by reducing or eliminating the addition of additives (oxidants) 

and therefore intrinsically reducing the production of waste [2], [3] 
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We report herein a waste minimization protocol for the β-azidation of α,β-unsaturated carbonyl compounds 

catalyzed by our novel heterogeneous organocatalytic system fluoride based, POLITAG-M-F. Organic azides are 

known as a well-established class of chemical compounds and valuable synthons in organic chemistry. [1-3] 

Furthermore, aliphatic azides are common structural units found in a variety of biologically active pharmaceuticals 

ingredients (API) besides being a useful building blocks for the synthesis of a variety of nitrogen-based scaffolds. 

[4] β-azidation of α,β-unsaturated carbonyl compounds represents a key tool for the introduction of the azido 

group. By analizing the literature ß-azido carbonyl compounds are obtained using unfavorable conditions for the 

safety of the process. [5, 6] There is an urgent need in the development of innovative and environmentally friendly 

chemical methods to produce libraries of complex aliphatic azides of special importance. For these reasons many 

efforts have been done by our research group for the development of alternative environmentally synthetic 

strategies for β-azidation processes.[7] The puprouse of this work is the development of a new environmentally 

friendly protocol for the synthesis of ß-azido carbonyl by combining the use of a new heterogeneous source of 

fluoride ion developed by our research group (POLITAG-M-F) and the use of a recoverable reaction medium such 

as the azeotrope CH3CN:H2O drastically decreasing the E-Factor value of the protocol compared to the other 

protocols available in literature. The study has been also directed toward the definition of a continuous-flow 

protocol aiming at minimizing the environmental footprint of the β-azidation process and increasing the catalytic 

efficiency of the POLITAG-M-F. Finally, the study has been completed with a comprehensive evaluation of the 

environmental performance of the developed protocols by considering the principal mass green metrics: E-factor, 

process mass intensity (PMI), atom economy (AE), reaction mass efficiency (RME).  

 

             

        
 
Figure 1. ß-azidation of α,β-unsatured carbonyl compounds in batch and flow conditions using POLITAG-M-F  
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Ionic liquids have many interesting properties, as they share the properties of molten salts as well as organic 

liquids, such as low volatility, thermal stability, electrical conductivity, non-flammability and much more. Ionic 

liquids are known to be good solvents for many polar and nonpolar solutes. Combined with their special properties, 

ionic liquids are good replacements for the conventional toxic and volatile organic solvents. Each ionic liquid has 

different properties than others. In order to alter, tune and enhance the properties of ionic liquids, sometimes it is 

necessary to mix different ionic liquids to achieve the desired properties arises. However, using mixtures of ionic 

liquids in chemical processes requires reliable estimations of the mixtures physical properties such as refractive 

index and density [1-2].  

 

The ionic liquids used in this work are 1-butyl-3-methylimidazolium thiocyanate ([BMIM][SCN]), 1-butyl-3-

methylimidazolium tetrafluoroborate ([BMIM][BF4]), 1-hexyl-3-methylimidazolium tetrafluoroborate 

([HMIM][BF4]), and 1-hexyl-3-methylimidazolium hexafluorophosphate ([HMIM][PF6]). These ionic liquids 

were supplied by Io-li-tec, and used as received. However, new measurements for the density and refractive index 

were taken for the pure ionic liquids to be used as reference.  

 

In the present work densities and refractive indices of four different binary mixtures of ionic liquids with common 

cations and/or anions have been measured at various compositions and room conditions. The accuracy of different 

empirical mixing rules for calculation of the mixtures refractive indices was also studied. It was found that the 

overall absolute average percentage deviation from ideal solution in calculation of molar volume of the examined 

binary mixtures is 0.78%. Furthermore, all of the examined mixing rules for calculation of refractive indices of 

the mixtures were found to be accurate. However, the most accurate empirical formula was found to be Heller's 

relation with an average percentage error of 0.24%. Finally, some Machine Learning algorithms were also used 

for our modelling and calculations, which showed very promising results for the prediction of the properties of 

ionic liquids and their mixtures.  
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Agelastatin alkaloids have attracted scientific interest since the isolation of (-)-agelastatin A (AglA) from the 

sponge Agelas dendromorpha by Pietra et al. in 1993.[1] AglA shows remarkable cytotoxicity against a variety of 

tumor cells[2] and strong inhibition of osteopontin-mediated neoplastic transformation and metastasis.[3] 

Additionally, it displays high brine shrimp toxicity and insecticidal properties.[4] Since large quantities of AglA 

are problematic to obtain via natural sources, its total synthesis is highly desirable. Asymmetric synthesis is very 

challenging and reported procedures typically require laborious steps and protecting groups to construct the four 

contiguous stereocenters of the cyclopentane C-ring.[5] We have developed a new strategy (Scheme 1) that 

involves an early-stage photochemical transformation of pyridinium salts to bicyclic vinyl aziridines that originate, 

in one step, the AglA's C-ring core with the desired functionality and relative configuration. This process allowed 

the total synthesis of (-)-agelastatin A in only 12 steps with 4% overall yield, with the use of a single protective 

group. 

 

 
Scheme 8: Retrosynthetic analysis of agelastatin A. 
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Water is the solvent of choice by nature for most of its chemical and biological reactions. It is the cleanest, safest, 

most economical, non-toxic, and most environmentally benign solvent available in nature [1-2]. However, 

chemists often prefer to use organic solvents for better solubility and stability of the reagents, intermediates, and 

catalysts to gain maximum conversion in a reaction. The use and prolonged exposure to organic solvents can cause 

adverse effects on human beings as well as the environment, mainly when they are used in large quantities [3].  

Therefore, greener, atom economical, and environmentally benign synthetic methodologies that use non-toxic, 

low-cost, and sustainable reaction media such as water are highly desirable [4, 5]. In general, reactions involving 

organometallic substrates and reagents are almost always performed in organic solvents. It is assumed that metal-

carbon bonds are likely to hydrolyze in an aqueous medium. Interestingly, due to this mental block, many reactions 

involving organometallic substrates have rarely been attempted in water. 

 

During the last two decades, the ‘in-water’ and ‘on-water’ reactions came into prominence and both methods are 

becoming popular among synthetic chemists. In both these methodologies, the solubilities of all the substrates 

involved in an aqueous medium are not necessary. Recently, using the concept of ‘in water’ reactions, Ackermann 

et al. developed a method for mono C-H bond functionalization of ferrocene using t-butyl thioketone as a 

monodentate directing group and TPGS-750M/H2O (DL-α-Tocopherol methoxy polyethylene glycol succinate 

solution) as a designer surfactant [6]. However, ‘on-water’ reactions for the C-H bond functionalization of 

ferrocene or similar organometallic substrates have not been reported so far.  

 

The directing group assisted C-H bond activation, and functionalization of ferrocene derivatives, especially of 

alkyl, aryl, and other functional groups, have been reported mainly using palladium as the catalyst [7, 8]. These 

reactions were carried out using organic solvents such as tert-amyl alcohol, toluene, N-methyl pyrrolidone or 

dichloromethane as the reaction medium. Inspired by Ackermann’s report, to develop a robust and greener 

methodology for C-H bond functionalization of ferrocene derivatives, we decided to relook at C-H activation of 

the cyclopentadienyl ring of ferrocene using bidentate directing groups under ‘in-water’ and ‘on-water’ reaction 

conditions. 

 

The C-H bond functionalization under the ‘on-water’ condition was carried out using ferrocene having an 8-

aminoquinoline (8-AQ) directing group (1) with 4-iodoanisole (e) as an arylating agent. The substrates, ferrocene 

8-aminoquinoline carboxamide, was synthesized by the reaction of acid chloride of ferrocene carboxylic acid with 

8-aminoquinoline and ferrocene-picolinamide was synthesized starting from aminomethyl ferrocene and its 

reaction with picolinoyl chloride by following reported procedure. For the reaction, a 5.0 ml screw-capped vial 

charged with a magnetic bead and 0.25 mmol of ferrocene with 8-aminoquinoline or picolinamide directing group 

was used and  5 mol% of Pd(OAc)2 and 0.5 mmol of K2CO3 were added. Afterwards, 0.75 mmol of aryl iodide 

and 0.5-1.0 ml of deionized water were added to the reaction mixture. The reaction vial was closed tightly, and it 

was heated at 80-100 C. The reaction mixture was worked up using ethyl acetate (2 times) and water. The organic 

layer was collected and dried over anhydrous Na2SO4, and afterwards, the solvent was evaporated. The crude 

product was purified by silica gel column chromatography using hexane and ethyl acetate as the eluent (80:20).  

 

Various iodobenzene derivatives with electron-donating and electron-withdrawing groups at the ortho, meta, and 

para positions on the aryl ring were screened under the ‘on-water’ reaction conditions, and 55-98% isolated yield 

of the respective target products were obtained.  

 

 
 

Figure 1.   ‘On water’ C–H functionalization on ferrocene 8-aminoquinoline carboxamides and picolinamides 
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In this work, we have reported an ‘on-water’ methodology for the selective synthesis of bis C-H bond 

functionalized ferrocene derivatives under relatively mild reaction conditions. 8-aminoquinoline and picolinamide 

were used as selective, inexpensive, and easily removable bidentate directing groups on ferrocene and the reactions 

were performed exclusively in water. The reaction of ferrocene 8-aminoquinoline carboxamide with various 

aryl/alkyl iodides using 5 mol% of Pd(OAc)2 and water as the solvent resulted in 61-93% isolated yield of the 

cyclopentadienyl bis-arylated products. Similarly, using ferrocene-picolinamide as the substrate with aryl iodides, 

55-98% yield of the cyclopentadienyl substituted ferrocene derivatives were obtained. The heterogeneity and 

stability of substrates, catalysts, and products under ‘on-water’ reaction conditions enabled us to explore the 

suitability of the solvent, i.e., water and the catalyst’s reusability. Control experiments confirmed the in situ 

formation of palladacycles during the reaction. 
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Deep eutectic solvents (DES) have raised much attention due to a variety of attractive features. DESs are prepared 

by mixing a hydrogen bond acceptor and a hydrogen bond donor with simultaneous heating and stirring until a 

liquid is formed at room temperature. A growing number of studies describe DESs as environmentally acceptable 

or better alternatives to established reaction solvents in biotransformations.[1] Very recently, these solvents have 

been the center of attention for researchers in biotechnology, biomedicine and various scientific applications. 

These environmentally benign solvents have a close analogy with ionic liquids (ILs); however, they offer certain 

unique merits over traditional ILs. DESs display remarkable properties such as easy preparation, tunable 

composition, biodegradability, recyclability, inherently low toxicity, sustainability and biocompatibility; these 

special features validate DESs as new potential solvents/co-solvents for biomolecules.[2,3] We expand on this 

concept to introduce the idea of forming eutectic reaction media as a biocompatible co-solvent for protein 

folding/unfolding studies.  

 

Herein, we report the sythesis and characterization of two DESs namely choline chloride-urea (DES-1) and choline 

chloride-glycerol (DES-2). Along with this a comprehensive biophysical analysis by emplying various techniques 

such as  circular dichroism (CD), UV−visible, steady state, and thermal fluorescence spectroscopy of α-

chymotrypsin (CT) in presence of varying concentrations of DES-1 and DES-2 was carried out. This study 

describes the utility of DES as a stabilizing co-solvent for CT, with enhanced thermal stability along with 

preservation of its enzymatic activity. Interestingly, DES-1 sucessfully counteracts the deleterious effect of urea 

on CT along with protecting the secondary structure of protein.  

 

Overall, both the DESs can be described as potential biocompatible, sustainable, and promising cosolvents for CT 

with enhanced structural and thermal stability along with preservation of its activity. Thus, present study 

establishes DES as a relevant alternative to conventional orgainc/in-organic chemicals with lower environmental 

footprint. 

 

 

Figure: Protein stabilization of DESs towards protein 

This study brings forward a novel application of DESs, i.e., as cosolvents for protein stability. Altogether, the 

results validate that the aqueous solutions of DESs preserve the stability and activity of enzyme CT. By introducing 

DESs cosolvents, the thermal stability of CT was enhanced which reflects the suitability of ChCl-urea and ChCl-

gly as preserving media for CT against high temperature. 
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Introduction 
Raw leather is chemically treated, in a process called tanning, providing permanent antiseptic properties with high, 

long-term resistance to bacteria & fungi. The dry leather then undergoes the finishing process, where special 

coatings are applied to its surface rendering it resistant to abrasion. We aim to develop an alternative method. 

Hybrid nanocomposites, composed of silica and hyperbranched poly(ethylene imine) (PEI) are employed as 

coatings - active ingredient carriers in the medical leather processing technology. The desired properties include 

antimicrobial, anti-allergic protection, abrasion resistance, and water vapor permeability. The preparation method 

is environmentally friendly, based on two biomimetic reactions. Silica gelation and spontaneous silver nanoparticle 

formation that protects from microorganisms [1] are both mediated by the dendritic polymer.  

 

Synthesis of silver nanoparticle/silica-PEI coatings on leather substrates 
To 50 ml of 1mM solutions of hyperbranched poly(ethylene imines) PEI (Mw 2000, 5000, 25000, 750000) 

corresponding to about 40 mM in primary and secondary amino groups 12,5 ml of AgNO3 (0,1M) were added. 

After 1h a change in color of the mixtures, from colorless to light yellow, was observed indicating the beginning 

of the silver nanoparticle formation. The solutions were allowed to react for 6 days and their color turned into deep 

orange-brown. The formation of silver nanoparticles was confirmed by visible spectroscopy from the peak at 420 

nm which is characteristic of the surface plasmon vibrations of metallic silver nanoparticles. A 100 ml 1M 

orthosilicic acid solution was prepared from hydrolysis of tetraethoxysilane by 5mM HNO3 under stirring for 15 

min. 50 ml silver-hyperbranched polyethylene imine solutions were added and the pH was adjusted to 7.5 with 

trizma base. The resulting solution was in turn slowly drop-wise added onto the surface of the leather substrate. 

The formation of a solid layer due to gelation was observed in about 1 hour. Then the coated leather was dried 

overnight in an oven at 60oC to transform hydrogel into a xerogel. The coating procedure may be repeated as many 

times as needed.  

 

Characterization 
The formation of precursor hydrogels was monitored by dynamic light scattering (DLS) and ζ-potential. Xerogels’ 

interactions with the active ingredients and release properties were characterized by spectroscopy (FTIR, visible). 

Their chemical composition was assessed by thermogravimetry (TG) and Energy-dispersive X-ray spectroscopy 

while the uniformity of the coatings was established by optical and scanning electron microscopy (SEM) toxicity 

was evaluated using the Caenorhabditis elegans model. The antibacterial activity was tested towards Escherichia 

coli, Pseudomonas aeruginosa, and Staphylococcus aureus. The antifungal potential was assessed against Candida 

parapsilosis while antiviral action was checked against Covid-19. 
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Figure 1 A. Size of agglomerates formed during the gelation in different Mw PEI solutions-Ag Nanoparticles-

Si(OH)4 as a function of time. B. SEM micrograph indicating the penetration of the xerogel coating into the leather 

pores 

 

  
 

Figure 2 Monitoring of active ingredient (gentamicin) incorporation. A. UV-visible spectroscopy of gentamicin + 

PEI complexes at increasing gentamicin concentrations using ultra-pure water (black lines) or 0,1mM PEI as 

reference (red lines). B. 1st derivative of the silica/PEI xerogel thermogravimetric profile before and after 2 

gentamicin wetting steps. 

 

 

 

 

 

Figure 3 A. IR spectra of untreated (black) and xerogel coated leather (red) depicting the characteristic silica 

bands. B. Antibacterial activity determination via disk-diffusion. Escherichia coli ATCC 25922 cultures (1 x 106 

CFU/ml) in LB-Agar (0.8% w/v) incubated with leather samples coated with Silica Xerogels-PEI-Ag 

Nanoparticles (0.5 x 0.5 cm; left) and ampicillin (50 mg/ml; right) as a control. Red circles depict halo formation 

diameters.   

 

Conclusions 
Silica-dendritic PEI composites with silver nanoparticles bearing additional active ingredients (for instance 

antibiotics) provided antibacterial, antibiofilm, antiviral, and antifungal activity. Apart from the disclosed coating 

method xerogels may form aqueous dispersions and be introduced to leathers by spraying. Titania (TiO2) and Zinc 

Oxide (ZnO) may also be employed as the suspension base (substrate) to induce or enhance antiallergic properties. 

Gelation of the PEI-SiO2 composites may be performed in their pores. The resulting materials may be sprayed on 

the leather as above.  All these combinations are very useful for the production of leathers employed in medical 

applications such as examination beds, leather medical shoes, ICU beds, surgical beds, leather anti-decubitus 

pillows, leather wheelchair lining, and leather hospital chairs.  
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Abstract  

Organic solar cells have great potential for providing inexpensive and more flexible energy options [1]. Recently, 

metal oxide nanoparticles have attracted great attention as the electron transporting layer (ETL) for Organic solar 

cells due to their superior electrical properties and excellent chemical stability. Several reports have shown the 

usage of doped metal oxide nanoparticles such as ZnO [2,3] and  TiOx [4]  layers as efficient electron 

transport layers in organic solar cells. 

 

We chose to work with doped mixed metal oxide nanoparticles particularly barium titanate doped with cerium. 

The metal oxide prepared by sol-gel process using titanium isopropoxide (Ti[OCH(CH3)2]4, 98%, Aldrich), barium 

acetate (Ba(CH3COO)2, 99%, Aldrich) and cerium acetate (Ce(CH3CO2)3, 99.9%, Aldrich) as starting materials.   

X-ray diffraction spectroscopy (XRD) used to identify the type of material as well as its phase and crystalline 

properties. Both scanning electron microscope (SEM) and Transmission electron microscope (TEM) give us 

important information about the material surface. Diffuse Reflectance Spectroscopy (DRS) shows that barium 

acetate doped with cerium have suitable band gab to work as ETL in organic solar cell. Different spectroscopic 

tools like PL give more information about impurity levels and defect detection and consequently possible 

applications. 

 

Our data give insight on the efficiency of organic solar cells by using doped barium acetate nanoparticles as 

electron transporting layer between the active layer and the electrode. 
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Environmentally friendly synthesis of nanoparticles has been attracting a lot of interest during the past few decades 

all over the world. Elimination of high temperatures and/or high pressures during fabrication of various active 

materials leads to direct energy saving [1]. Moreover, the application of non-toxic, abundant components allows 

to reduce energy consumption indirectly through a simpler waste treatment or more efficient processing of raw 

materials with less CO2. SILAR (successive ionic layer adsorption and reaction), as a technique belonging to the 

eco-friendly synthesis, does not require any energy-intensive tools, such as vacuum, high temperatures and etc. 

SILAR is also less time-consuming, less expensive and applicable of large area coatings. This technique usually 

employs aqueous solutions, and is particularly suitable for the formation of metal sulfides [2]. As a group of 

semiconductors, metal sulfides demonstrate electrical and optical properties that are valuable in many devices, 

such as current controllers, switching devices or photoconducting cells. Among all metal sulfides, tin sulfide (SnS) 

receives most attention due to its high optical adsorption coefficient, p-type conductivity and optimal band gap 

[3]. In addition to this well-known application, SnS exhibits good electrochemical performance due to its layered 

structure which is favourable for the intercalation of ions. Therefore, SnS is increasingly being considered as an 

alternative electrode material for electrochemical supercapacitors [4] (ECs). ECs devices fill the gap between 

conventional electrostatic capacitors and batteries by combining high power density with high energy density as 

well as shorter charging time (~0.6 s), longer cycle life (~106) and shelf life [5]. Based on the energy storing 

mechanism, electrochemical supercapacitors are grouped into electric double layer capacitors (EDLCs) and 

pseudocapacitors. EDLCs, which are usually represented by carbon materials, collect and store energy through an 

electrostatic charge development between the electrode/electrolyte interfaces [5]. Meanwhile, pseudocapacitors, 

in which electrochemical Faradaic reactions decide their performance, cover a significantly wider group of active 

materials, including SnS. 

 

In this work, we have synthesized ascorbate stabilized tin sulfide on the fluorine doped tin oxide (FTO) glass slides 

by an eco-friendly and low-waste SILAR process. The principle of the process is to immerse the substrate into two 

separately placed precursor solutions, then wash with distilled water to dispose loosely ions. This is a gentle 

reaction route when tin(II) and sulfide ions in aqueous solutions react at a low temperature (40 °C) . There are no 

organic solvents, only aqueous solutions were used. In order to improve the solubility of tin(II) chloride in distilled 

water, environmentally-safe L-ascorbic acid as a reducing and capping agent is used [6]. This reagent is 

biodegradable, safe and a soft reducing agent. The composition, optical and electrochemical properties of tin 

sulfides were explored by changing the number (20 or 30) of SILAR cycles and the amount of L-ascorbic acid 

(0.8 or 1.0 g). 

 

Figure 1 shows the X-Ray diffraction patterns of prepared and annealed samples obtained using 20 or 30 SILAR 

cycles. Obtained results agree with the typically reported tin sulfide with orthorhombic crystal structure – 

herzenbergite (JCPDS card number 39-0354). This mineral has his own peaks at 2θ=26.38; 37.63; 51.40; 54.43; 

65.53°. The most intensive peak at 2θ=37.63° is assigned for herzenbergite, too. It could be seen that when the 

quantity of L-ascorbic acid increases, the intensity of SnS peaks also increases. Peaks at 2θ=33.56 and 61.50° mark 

the presence of SnO2 (JCPDS card number 46-1088). This compound is on the top of the substrate and the 

background of FTO reflection is not hidden. Results of our previous study showed the presence of a secondary 

phase Sn2S3 (JCPDS card number 72-31) at 2θ=30.8° [6]. This time, a negligible noise-like peak for the unannealed 

samples could also be seen. This peak disappears after annealing of samples in the inert (N2) atmosphere at 250°C. 

It can be noted, that after annealing, the XRD patterns are almost the same, proving that the peaks of the main 

phase of tin sulfide were unchanged. Also, patterns of the annealed samples are more crystalline and the peaks of 

herzenbergite are higher. 
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Figure 1. X-Ray diffraction patterns of prepared and annealed* samples obtained using 20 (left) or 30 (right) 

SILAR cycles. Amount of used L-ascorbic acid in g: 1 – 0.8; 2 – 1.0. 

 

Results of X-Ray diffraction were used to calculate the size of crystallites through the Scherrer’s equation. This 

proves that particles are of nanometer size between 9-15 nm for prepared samples and 30-38 nm for annealed 

samples.  

 

Furthermore, Raman analysis strongly agrees with obtained XRD results. This measurement detected characteristic 

peaks and allowed the identification of herzenbergite. However, Raman investigations revealed local variations in 

the spectra that are assigned to a secondary phase Sn2S3 for samples, before annealing.  

Bandgap values also confirm the existence of tin sulfide. Calculated results are very close to the theory of 

herzenbergite. The band gap values of prepared tin sulfides films were 1.1-1.4 eV. After annealing these values 

decreased and were 1.0-1.2 eV. 

 

Considering the incorporation of the formed coatings into energy storing systems, the initial electrochemical 

testing was performed. This included cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) cycling. 

The shapes of both CV and GCD scans signify about the capacitive behaviour of coatings throughout the Faradaic 

redox reactions occurring on the surface as well as in the bulk. A comparison of the energetic parameters of the 

films, especially specific capacitance, calculated from GCD results highlighted the advantage of 30 SILAR cycles 

over 20 cycles. 

 

In this current work, we described a facile, eco-friendly technique to synthesize L-ascorbate acid stabilized tin 

sulfide nanoparticles. This material is fairly cheap, environmentally clean and has interesting properties. Tin 

sulfide was characterized using phasic, optical and electrochemical methods. The XRD analysis showed the major 

diffraction peaks of herzenbergite with orthorhombic crystal structure and the Raman analysis verifies this. The 

films annealed at 250 °C exhibited a pure SnS phase, without secondary phases. Obtained results exhibited that 

the SnS thin films after annealing demonstrate a possibility for usage in electrochemical capacitors. 
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Carbon quantum dots (CQDs) as 0D carbon nanomaterials with extraordinary physicochemical properties have a 

broad range of applications [1]. Some of the most intriguing are in the form of a thin film for electronic devices 

and membrane nanofiltration. Solid-state CQDs applications usually involve conjugation and nanocomposite 

preparation with polymeric matrix in the form of a CQDs thin film deposited on the polymer surface, incorporated 

into the polymer, or as a sandwich between polymer matrices. In recent years, different CQDs have found universal 

applications as a membrane system for nanofiltration, water desalination, and osmotic power production among 

others [2,3]. The CQDs features, as well as their ease of processing, add value to their potential use in biomedicine 

as well, particularly as antibacterial and antibiofouling coatings. Here we present the surface chemistry effect on 

morphological and electronic features of N-CQD and FeN-CQD thin films deposited on Mica discs and silicon 

(Si) wafers applying spin-coating and drop-casting deposition methods. 

 

For N-CQD and FeN-CQD sample preparation, the microwave-assisted method was applied. The reaction 

conditions were set at a microwave power of 100 W for a one-minute reaction [4]. The N-CQD and FeN-CQD 

were made from glucose water solution as a carbon source and in the presence of a nitrogen and iron precursor. 

Samples of N-CQD and FeN-CQD at the concentration of 0.5 mg ml-1 were deposited on Mica discs applying the 

spin-coating method at 3 500 rpm spreading 20, 40 or 60 µl of sample to deposit 1 to 3 layers of N-CQD and FeN-

CQD samples on a surface of 1 cm2. Because of the tremendous centrifugal force upon spin, the sample deposition 

on the Si-wafer surface was performed using the drop-casting approach as it was more suitable. 
 

 

 
Figure 1.  Schematic illustration of the thin film formation on Mica-discs applying the: (A) drop-casting and (B) spin-coating 

deposition method 

Examining the morphological properties, we concluded that regardless of the type or amount of deposited materials 

on Mica discs by the spin-coating technique, the preparation of homogeneous thin films was achieved. By 

increasing the volume of deposited material more dense and homogeneous thin films were produced. Due to the 

more hydrophobic properties of the Si substrate, the drop-casting approach was more appropriate for thin film 

deposition on the Si wafer surface, revealing the material aggregation at greater concentrations of deposited CQDs, 

impacting the resulting thin film RMS (Figure 1). The x‒CQD thin film morphology was significantly influenced 

by film thickness, which can be adjusted by the concentration of the depositing solution. Both thin film samples 

demonstrated good conductivity, continuously rising with the applied current (Figure 2). 

 

mailto:*%20prekodravac@vin.bg.ac.rs
mailto:budimir@vin.bg.ac.rs


9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

682 
 

 
Figure 2.  Sheet resistance and conductivity of 60 µl x-CQDs deposited thin films on Si substrate: (A) N-CQD/Si and (B) 

FeN-CQD/Si thin films. 
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Abstract 

 

The steadily increasing CO2 concentration in the atmosphere has resulted in notorious environmental changes in 

association with global warming, a rise in sea level, species extinction and endangered human health and normal 

life. To date, numerous processes have been developed for efficient conversion of CO2 to valuable chemicals at 

ambient conditions [1]. The cycloaddition of CO2 and epoxides to yield cyclic carbonates under solvent-free 

conditions is an eco-friendly way to utilize CO2 in environmental. For cycloaddition of CO2 and epoxides, the 

basic requirement is that a catalyst should possess acid-base dual nature, so that both the reactants can be activated 

together. Therefore, the development of a metal-free heterogeneous catalyst with acid-base dual functionality 

could be a better choice for fixation CO2 to cyclic carbonates.  

In this regard, the graphitic carbon nitride could be an effective material for fixation of CO2 to cyclic carbonates 

at atmospheric pressure. Further, surface functionalization and doping of graphitic carbon nitride (GCN) can 

enhance the activity of these materials. The developed catalyst possesses acid-base dual functionality as active 

sites, which activates both epoxides as well as CO2 simultaneously to carry out the cycloaddition reaction. The 

catalytic activity of functionalized GCN, with the sulphonic group, phosphoric group, nitro group, and amino 

group could be compared for CO2 fixation to cyclic carbonates.  Similarly, the activity could be compared for 

doped GCN. The different dopants utilized are B, P and S. Specifically, the catalysts have been synthesized using 

a previously reported calcination method [2], wherein 5 g of the precursor was added in an alumina crucible and 

heated at 500 oC for 4 h in a muffle furnace with a ramp rate of 5 oC min-1. The resultant yellow product (bulk 

GCN) was ground to a fine powder using pestle mortar. The bulk GCN powder was then thermally exfoliated at 

550 oC with a ramp rate of 5 oC min-1 for 2 h. Scheme 1 shows the graphical representation of synthesis procedure 

for GCN. Further, the procedure was slightly modified for the synthesis of functionalized and doped GCN 

accordingly. The synthesis of catalysts have been characterized using XRD, FTIR, Raman, SEM, TEM, etc. Acidic 

as well as basic sites have been calculated by using temperature-programmed desorption (TPD) measurements.  

 

Scheme 1. Schematic showing the synthesis of GCN nanosheets. 

The procedure for catalytic activity is as follows, 20 mmol epoxide, 100 mg catalyst was mixed in 25 mL round 

bottom flask (RBF). The RBF was equipped with an adapter through which CO2 gas was introduced into the 

reaction mixture. The reaction mixture was heated at 100 oC with continuous stirring (500 rpm) in an oil bath for  

specific time intervals. Scheme 2 shows the generic reaction for CO2 fixation to cyclic carbonates using epoxides 

as a reactant. The acid-base duality induced by different functionalized and doped GCN enables the co-activation 

of CO2 and epoxide.  
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Scheme 2. Generic reaction showing CO2 fixation to cyclic carbonates. 

 

Scheme 3. Schematic representation of the proposed mechanism for for a representative catalyst (B-doped GCN 

along with KI as cocatalyst) for cycloaddition of CO2 into cyclic epoxides.  

A mechanism based on acid-base duality has been proposed as shown in Scheme 3, where CO2 is activated on the 

basic sites and epoxide is on the acidic sites through a hydrogen bonding. The co-activated CO2 and epoxide react 

with each other to yield the cyclic carbonates [3]. This work paves way for the rational design and development 

of suitable catalysts for CO2 conversion in a sustainable and environment-friendly way. 
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Nowadays, the pollution generated by toxic chemicals, including heavy metal ions, represents a great concern for 

the environment, ecosystem and human health. Despite the considerable efforts made by multiple international 

organizations, many such harmful substances are continuously reaching the environment through different 

channels such as water and soil [1]. Thus, the development of fast and portable sensing devices for the on-site 

detection of chemical compounds from real samples, represents a constant challenge of striking necessity. Iron 

(Fe), for example, is an indispensable micronutrient that participates in many physiological and pathological 

processes. However, in high concentrations, it can be extremely harmful to not only for humans but also for aquatic 

and terrestrial life [2].  

 

Therefore, we fabricated here a cheap, fast and ready-to-use paper-based sensing platform using novel 

photoluminescent histidine stabilized gold nanoclusters (His-AuNCs) for the selective and sensitive naked-eye 

detection of Fe ions from water, under UV light, via photoluminescence (PL) quenching effect. First, we 

successfully synthesized photoluminescent His-AuNCs using a novel microwave assisted-approach. The intrinsic 

PL signal exhibited by His-AuNCs at 471 nm (λex= 380 nm) was found to be stable under continuous irradiation 

and over time. The specificity tests performed in solution with His-AuNCs revealed a high selectivity towards Fe 

ions. Additionally, we found a great dependence between Fe2+ concentration and the AuNCs’ PL quenching, 

obtaining a linear dynamic range from 0.022 to 4.400 mM with a great correlation coefficient. The limit of 

detection (LOD) was found to be 0.2 μM, a value much lower than the limit of Fe admitted by the World Health 

Organization in drinking water (35 μM). Afterwards, the His-AuNCs were incorporated into Whatmann filter 

paper substrate in order to achieve an easier-to-use, more efficient and accessible portable sensing platform for 

low-volume water simples. The obtained His-AuNCs-incorporated Whatman filter paper-based portable sensor 

was successfully employed for the fast naked-eye detection of Fe levels from water, under UV light excitation, 

based on the visual detection of PL quenching. The plot of the average blue intensity value of the His-AuNCs-

paper spots versus [Fe2+] in the 0-123 μM range is presented in Figure 1.  

 

 
 

Figure 1. (A) Photographic image of His-AuNCs-paper-based sensor. The images were acquired under UV light excitation, 

15 minutes after a solution containing different concentrations of Fe2+ (0-123 μM) was added over the His-AuNCs-paper 

spots which were previously dried for 24h. (B) Plot of the average blue intensity value of His-AuNCs-paper spot versus 

[Fe2+] in the 0-123 μM range. (C) Linear dynamic range from 9 to 97 µM. 
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The LOD of the newly-proposed sensor was found to be 3.2 µM. Finally, the sensing platform was validated for 

the detection of Fe2+ from spiked (35 μM) real water samples with recoveries ranging between 95.2% and 110.3%, 

proving the great accuracy of our portable sensor. Up to our knowledge, this is the first AuNCs-paper-based 

sensing platform able to quantify dangerous levels of Fe2+ from real water-samples, representing thus a promising 

candidate as a lab-on-a-chip device for environmental sensing applications. Moreover, in view of future 

applicability, we believe that the photographic images of the portable sensor could be taken by anyone using a 

smartphone camera and a pocket UV lamp and send to environmental water-monitoring organizations for periodic 

evaluation of water sources simplifying time-consuming and sophisticated procedures.  
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Inspired by nature, one of the most promising and challenging approaches is to synthesize nanocomposites, which 

consist of a combination of soft organic and hard ceramic materials.(1–3) Iron oxide such as magnetite is very 

suitable for the synthesis of nanocomposite, because magnetite nanoparticles are extensively studied regarding 

their size and shape-controlled synthesis(4), and also nature makes use of iron oxide as an ultra-hard material in 

chiton radular teeth.(5) Usually, it was only possible to achieve good mechanical strength with high aspect ratio 

layered structures of minerals. Approaches with the use of monodispersed nanoparticle supercrystals results in 

weak mechanical properties in these composites. 

 

We present the successful manufacturing of a nanocomposite consisting of natural fatty acid - oleic acid - coated 

spherical iron oxide nanocrystals (NC) with exceptional isotropic mechanical properties (Figure 1.).(6) We 

developed a concept to link iron oxide nanoparticles in a well-ordered superstructure by oleic acid molecules 

during a thermal process. The exceptional mechanical properties - bending modulus of 114GPa, hardness of up to 

4GPa and strength of up to 630MPa - are dominated by the covalent backbone of the linked organic molecules. 

 

To our knowledge these are the highest combined values of elastic modulus, strength and nanohardness ever 

reported for a synthetic bioinspired organic/inorganic nanocomposite. Due to the similarity of the 

nanocomposite to natural hard tissues, medical and environmental applications are conceivable. 

 
 

 
Figure 1. Mechanical characterization of the nanocomposite. Comparison of our results, shown as mean ± s.d. (3≤n≤5), with 

literature values from nanoparticle supercrystals(7), synthetic polymer/ceramic nanocomposites(8–10), enamel(11), 

nacre(12), and chiton teeth(13). It can be seen that the mechanical properties of our supercrystals surpass by far all other 

synthetic supercrystals. 
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We also present a synthesis 

method for multifunctional 

nanocomposites with magneto-

responsive properties.(14) In 

particular, responsive polymeric 

nanocomposites that are able to 

adapt to different surrounding 

environments are playing an 

increasingly important role. 

These materials, per definition, 

show a built-in ability to respond 

to physical or chemical stimuli 

via controlled molecular design. 

 

The challenge for the synthesis of 

homogeneous polymer- NC 

nanocomposites is the dispersion 

of the NC into the polymer 

matrix, because of the immiscibility of the inorganic NC with an organic phase. In our work, we applied the diblock 

copolymer encapsulation(15) for the preparation of nanocomposites and focused on the homogeneous dispersion 

of monodisperse SPIONs in a polymer matrix.(14) We present an extensive step-by-step characterization during 

the different stages of preparation by small-angle X-ray scattering (SAXS) and transmission electron microscopy 

(TEM), with both methods perfectly complementing each other. 

 

In the first step of the synthesis (Figure 2.), the native oleic acid ligands of the NC were exchanged with PI-DETA 

in an equilibrium process in n-hexane as solvent. PI-DETA is polyisoprene equipped with a 2,2′-diaminodiethyl- 

amine headgroup. Then, the SPIONs, PI-b-PEO, and 2,2′- azobis(2-methylpropionitrile) were mixed and phase 

transferred into water. PI-b-PEO acted as emulsifying agent and served as shell material. Finally, the double bonds 

of the PI shell were cross-linked at 80 °C in a radical reaction with AIBN as radical initiator. Empty micelles were 

removed by means of a magnetic column. The encapsulated NCs, dispersed in water, were mixed with an aqueous 

PEO solution, lyophilized, and melted at 60 °C. 

 

The combination of advanced synthesis and encapsulation techniques using different diblock copolymers and the 

thiol−ene click reaction for cross-linking the polymeric shell results in uniform hybrid SPIONs homogeneously 

dispersed in a poly(ethylene oxide) matrix. 
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Introduction 

Metal nanoparticles have fascinated the entire world due to their unique and peculiar properties. Silver 

nanoparticles (Ag NPs) have been explored in different fields such as medicine, health care products, wound 

healing therapies, drug delivery, sensors, diagnostics, and textiles. The eco-friendly green synthesis route of Ag 

NPs is preferred over chemical synthesis due to its no or low toxicity and simplicity [1]. Still, studies on the 

metabolic responses of cells or animal models upon exposure to Ag NPs are limited [2]. Here, pharmaco-

metabonomics would provide an insight into the drug-induced metabolic changes in cell lines, ultimately speeding 

up the drug discovery process [3]. Murine fibroblast (L929) cells were chosen due to their close similarity to 

dermal fibroblast [4]. The present work highlights the role of NMR-based metabolomics in dose-related concerns 

of green synthesis mediated Ag NPs.  

 

Aims and objectives 

To study the green synthesis mediated Ag NPs response in murine cells through NMR-based metabonomics.  

 

Materials and methods 

For the green synthesis of Ag NPs, Ocimum sanctum (tulsi) extract was added to the silver nitrate solution and 

kept for heating till the solution changed to reddish-brown. In Transmission electron microscopy (TEM) analysis, 

particles of around 30 nm were found. Cell viability was evaluated through 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay and used for selecting the exposure doses. For pharmaco-

metabolomics, the cells were allowed to grow till they reached 90% confluency (density of 2-3 million cells) on 

60 mm Petri dishes. Then, the medium of the cells was replaced by the fresh medium containing Ag NPs at a 

concentration of 1 and 5 µg/mL (D1 and D2, respectively). Fresh medium without Ag NPs was added to the control 

cells (C). After 24 h of incubation, medium and cell extracts were collected. Six and nine replicates were prepared 

for control and Ag NPs exposed cells, respectively. The medium samples were collected separately for 

exometabolites. The cells were collected separately, extracted for aqueous endometabolites using dual-phase 

separation, and further evaluated by 1H Nuclear Magnetic Resonance (NMR) spectroscopy. Lyophilised cell 

extract samples were reconstituted in 550 µL phosphate buffer (pH 7.4) containing 0.5 mM TSP for spectral 

acquisition. 1H NMR spectra with water suppression (NOESYPR1D) were acquired by the 600 MHz Bruker 

Avance III spectrometer at 298K with 64 transients collected into 32K data points with a relaxation delay of 2s, 

flip angle of 90° and a mixing period of 100 ms. After correcting the spectra, twenty-eight metabolites were 

identified with the help of the Human Metabolome Database (HMDB) and the Chenomx NMR Suite software 

(Chenomx, Edmonton, Canada). The statistical analysis using Principal component analysis (PCA), partial least 

squares discriminant analysis (PLS-DA) and one-way Analysis of Variance (ANOVA) followed by Fischer's least 

significant difference method (Fischer's LSD), was performed to study the similarities or dissimilarities of 

metabolic profiles of samples using Metaboanlyst 5.  

 

Results and Discussions 

The alterations in cell phenotype upon exposure to green synthesis mediated Ag NPs were evaluated by 1H NMR-

based metabonomics (Figure 1). For endometabolites, PCA and PLS-DA showed clustering between control and 

1 µg/mL exposed cells. On further increasing the concentration of Ag NPs to 5 µg/mL, slight separation between 

control and D2 exposed cells was noticed. ANOVA followed by Fischer's LSD reported that seven (lactate, myo-

inositol, lysine, threonine, taurine, alanine, and glucose) out of twenty-eight metabolites were altered significantly 

upon exposure to a higher dose (D2) of biocompatible Ag NPs. For exometabolites, PCA and PLS-DA showed no 

clear separations among control, D1 and D2, were found. The lower dose (1 µg/mL) was safer than the higher dose 

(5 µg/mL) of green synthesis mediated Ag NPs due to minimal variation in the systemic metabolic profile of the 

cells. 
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Conclusion  

NMR-based metabolic profiling affirmed the biocompatible nature of the lower dose of green synthesis mediated 

Ag NPs. Green synthesis mediated nanoparticles can help achieve sustainable development by reducing the over-

dependency on synthetic routes. Pharmaco-metabonomics is an upcoming "omics" field that can accelerate the 

drug development process by providing the metabolic profiles on drug exposure and predicting the drug response 

at different doses.  

 

 

 

Figure 1. Graphical representation of the metabolic response of murine fibroblast cells exposed to 

green synthesis mediated silver nanoparticles     
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In the past decades, adsorptive desulfurization of liquid transportation fuels has gained attention as an emerging, 

low-cost and efficient alternative technique to hydrodesulfurization, especially considering the recent strict 

environmental restrictions of sulfur in liquid fuels [1,2]. So, the research has been focused on the synthesis and 

fabrication of nanoporous adsorbent materials, like activated carbons, as effective desulfurization adsorbents for 

the removal of aromatic sulfur compounds [3,4]. In the present study, several biomass-derived activated carbons, 

produced from cashew nut shells as raw material, were evaluated as desulfurization adsorbents. The chemical 

activation was performed with the use of phosphoric acid and the carbonization at four different temperatures 

(400-700oC), in order to tailor the effect of carbonization/activation on the physicochemical properties of the 

carbons. The desulfurization capability of the obtained biomass materials was tested under mild batch conditions 

using a model diesel fuel, consisting of 4,6-dimethyldibenzothiophene (4,6-DMDBT, 20 ppmwS), 

dibenzothiophene (DBT, 20 ppmwS), benzene (801 ppmw) as a mono-aromatic and naphthalene (7323 ppmw) as 

a di-aromatic component, dissolved in hexadecane, and low amount of adsorbent (400 mL fuel/g). Several simpler 

model fuels were also studied in order to examine the impact of the presence of aromatic compounds on the 

adsorptive desulfurization procedure.  

 

It was detected that the production of the activated carbons at various carbonization temperatures led to materials 

with different physiochemical properties, indicating the importance of the synthesis process. The increment of 

pyrolysis temperature had a positive impact on the textural properties of the carbons up to 600 oC, and a negative 

effect on the density of the surface functional groups, especially of the acidic ones. Moreover, a particular 

trend/correlation among the adsorption capacities of the four activated carbons and the pyrolysis temperature was 

not observed, mostly due to the alteration of the size and volume of pores and the density of the surface functional 

groups.  

 

The activated carbon synthesized at 600oC, which contains the highest number of carboxylic surface groups, 

presented the greatest adsorptive removal of the two thiophenic compounds (DBT and 4,6-DMDBT), exhibiting a 

rather complex interaction between the carbonization temperature, physicochemical characteristics and adsorption 

efficiencies. The co-presence of aromatic components in the model fuel, reduced the removal of 4,6-DMDBT from 

52.5% in pure hexadecane to 46.1%, revealing the competitive character of the aromatics. The co-existence of 

DBT in the model diesel fuel dropped the removal of 4,6-DMDBT to 37.3%, suggesting that up to a certain extend 

the two organosulfur molecules compete with each other in the adsorption on the available active sites of the 

carbon.  
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Glaser coupling involves the oxidative homocoupling of terminal alkynes to form symmetrical 1,3-diynes and is 

the most widely used procedure to form such molecules [1]. These compounds have a wide variety of applications 

in the field of biology and material science including the synthesis of polymers and biologically active molecules 

[2]. In the past, expensive palladium catalysts were the classical way to catalyze such reactions. Currently, the use 

of copper salts in the presence of a base and an oxidant serves as an alternative method to mitigate expenses, 

although not without its own drawbacks such as the use of higher temperatures and long reaction times [3]. 

However, the use of heterogenous copper nanoparticle functionalized semiconductors as a photocatalyst in Glaser 

coupling remains largely unexplored.  

 

For cuprous oxide nanoparticle synthesis, a simple and safe in-situ synthesis method was adopted from previously 

published results [4] using the addition of economic and environmentally friendly TiO2 (Figure 1) as the supporting 

semiconductor. Furthermore, the photocatalytic capability of these Cu2O nanoparticles in the Glaser coupling of 

phenylacetylene was found to be highly efficient at 10 mM concentrations in the presence of a strong base of equal 

concentration and methanol solvent. The reaction times ranged from 15 minutes to 2 hours at ambient temperatures 

– much lower than literature values. By investigating the homocoupling efficiency at a variety of reaction 

conditions, it was determined that the reaction proceeds through a photooxidative mechanism reliant on the 

strength of the base used. In addition, the heterogeneous photocatalyst exhibits remarkable recyclability (Figure 

2) at moderate light intensities – of note given the known oxophilic nature of the Cu nanodopant. The reaction 

performance with TiO2 as a supporting semiconductor is on-par or better than other supports which were tested 

including KNbO3, KNb3O8, and optical-grade Nb2O5.  

 

The promising nature of these results paves the way for a new environmentally friendly, economic, and highly 

efficient standard by which Glaser coupling is carried out in the future. 

 

 

 
 

Figure 1. TEM image illustrating monodisperse Cu2O nanoparticle functionalization of TiO2. 

 

 
 

Figure 2. Recyclability of Cu2O functionalized TiO2 in the Glaser coupling of phenylacetylene. 
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Abstract  

 

In this study, the porous clay heterostructures material was synthesized via ion exchange by using montmorillonite 

as host clay. For the first time, the series of PCH samples were prepared at different calcination temperatures 

(200°C, 400°C, 600°C, and 800°C) under a closed N2 atmosphere. The montmorillonite, PCH samples with and 

without calcination were characterized by XRD, N2-physisorption, SEM, EDS, and FTIR for investigation of the 

effect of calcination temperature. Based on the synthesis of PCH and characterization results, we observed that the 

exact nature of the structural changes of clay material depends on many factors, for example the specific heating 

rate, holding time and temperature, oxidizing or reducing atmosphere, and cooling rate. Calcination of PCH at the 

exact temperature is very important because it affects the formation of important active phases, catalytic activity, 

strength, and durability of clay material. It is of practical importance that these synthesis effects are mapped with 

respect to applications for adsorption in the framework of pollutant mitigation purposes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Synthesis protocol of porous clay heterostructures (PCH) material. 

 

Short introduction 

Natural minerals e.g. clay and clay-supported catalysts specifically have attracted more attention because of their 

high abundance and low cost. The swelling capacity, sorption characteristic, acidic nature, ion exchange quality, 

and textural properties make clays attractive for several applications like adsorption and catalysis. Additionally, 

clays material is considered as green catalytic materials as they are abundantly available in nature and could be 

used after minor processing. Clay supported catalysts are non-corrosive solid materials that can be fabricated into 

the required shape and size for usage inside the reactor tube, could easily be separated from the product stream, 

and are also easily disposable relatively after using without effect to the surrounding environment [1, 2].  
Porous clay heterostructures (PCH) are a new type of modified clay material with micro-mesoporous structure. 

The synthesis of porous clay heterostructures (PCH) material is based on lamellar aluminosilicate clay with high 

cation exchange capacity (CEC) as raw material. Through ion exchange, the cationic surfactant is placed between 

the clay layers, and the organosilicon source is introduced into, and finally, the ordered porous material is obtained 

with microporous and mesoporous structures by removing the templating agent at the right calcination temperature 

[1]. The two-dimensional pores between the layers are consistent and orderly. The SiO2 pore walls are strong and 
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stable and have the advantages of hydrophobicity and high thermal stability [1]. It has great research values and 

application potential for different applications [2-8]. 
 

Results and discussion 

Results proved that calcination at different temperatures had the main effect on the crystallinity of PCH material 

and which could also influence the catalytic activity of this material. However, the combustion of the organic 

carbon chain could also release a large amount of heat and affect the interlayer structure of PCH. The templating 

agent that is not fully burned may also be carbonized at high temperatures, causing the blockage of the inner 

channel [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 FTIR analysis of host and modified PCH clay at different calcination temperatures. 
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Deformation of biopolymeric systems is today one of the most important scientific and technical problems because 

of the very wide range of applications of biopolymers and continuously growing interest in modified biopolymeric 

materials by modern technology. This study reveals the influence of biopolymeric nanocomposites’ morphological 

structure on the plastic deformation of bio-based polymeric matrix in air [1-3]. 

 

The effect of droplet or fibrillar morphology of dispersed biopolymers within another biopolymer on the 

deformation process and related structural transformations was studied. The main methods of characterization, 

namely microscopy (SEM), DSC, WAXS, SAXS, mechanical tests were employed to study the dry crazing 

mechanism of neat and modified biopolymers in air. Detailed structural studies using microscopy, X-ray, and 

spectroscopic techniques were aimed at finding the relationship between the structure of the modified biopolymer 

and the deformation behaviour [4-5]. 

 

We found that the introduction of flexible minor biopolymer phase such as poly (butylene adipate-co-succinate-

co-glutarate-co-terephthalate), poly (butylene adipate-co-terephthalate), polyhydroxyalkanoate or Polybutylene 

succinate into the polylactide matrix determines its brittle to ductile transition, which is associated with a change 

in the mechanism of plastic deformation of the matrix from crazing to shear banding. In detail, the crazing-shear 

banding transition involves two stages: intensified crazing (observed at a low content of the minor biopolymer 

phase of about 3 wt.%) and the simultaneous development of crazing and the shear bands (at higher content of the 

minor phase, about 6 wt.%). At high concentrations of minor phase (above 10 wt.%), shear banding becomes the 

main mechanism of plastic deformation of the matrix. It should be noted that neat amorphous polylactide 

demonstrates a quite brittle fracture with craze nucleation before the yielding and subsequent rapid craze–crack 

transition (Fig. 1). 

 

 
Figure 1. Mechanisms of plastic deformation for polylactide-based biopolymer blends and modified composites. 

 

The transition from droplets/matrix to fibers/matrix morphology determines a more rapid change in the main 

mechanism of plastic deformation. This because the flexible minor polymer phase nanofibers additionally span 

matrix craze surfaces and at large strain, when the craze tufts get broken they bridge the craze gaps increasing both 

strength and plasticity. Even at 3 wt.% of polymer fibers, intensive crazing is accompanied by the evolution of the 

shear bands. In the case of 6 and 10 wt.% of fibers, the shear banding becomes the main mechanism of deformation. 

It was also shown that in the case of droplets/matrix morphology, extensive fragmentation of the crystalline 

lamellae took place, while limited fragmentation occurs for composite with fibers/matrix morphology (Fig. 2). The 

limited fragmentation causes a relatively easy plastic deformation by transferring the locally concentrated stresses 

through matrix lamellae. Fibers/matrix morphology are found to be responsible for altering the character of 

lamellae fragmentation process.  
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Figure 2. The effect of morphology on the microstructural evolution of biopolymer system reinforced with 

polyhydroxyalkanoate. 
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Abstract:  

Transition metal sulfides (TMSs) have been widely regarded as the appealing anode candidates for sodium ion 

batteries (SIBs) because of their prominent theoretical reversible capacities, high electrical conductivity, rich redox 

reactions, good mechanical and thermal stability1,2. However, poor cycling stability and gradient performance for 

sodium ion batteries limit their applications. In this regard, metal-organic frameworks (MOFs)-derived metal 

sulfides as the anode material could result in excellent electrochemical performance. In this study, a mixed TMS 

named as NiS/ZnS-15min was prepared using bimetal-organic frameworks (Ni/Zn MOFs) as the precursor through 

a facile solid sulfidation way following acid treating process and investigated as the anode for SIBs. 

 

Experimental Method:  

A series of NiS/ZnS was synthesized through a solvothermal method combining a solid sulfidation and acid 

treating process. Firstly, 150 mg of Ni(NO3)2∙ 6H2O and 150 mg Zn(NO3)2·6H2O was dispersed in 15 mL of 

ethylene glycol and 90 mg of p-benzenedicarboxylic acid (H2BDC) was dispersed in 24 mL of N, N-

dimethylformamide (DMF) through the ultrasonication. The above solutions were then mixed and stirred at room 

temperature for 1 h. Thereafter, the mixture was transferred into a 50 ml Teflon-lined sealed autoclave and heated 

at 150 ˚C for 6 h. The Ni/Zn MOF product was collected by centrifugation and washed several times using DMF 

and ethanol followed by drying at 60 ˚C in a vacuum oven for 12 h. Then, the Ni/Zn MOFs was heated with 

thioacetamide (TAA) at a mass ratio of 2:3 in argon atmosphere at 500 ˚C for 2 h to obtain the NiS/ZnS product. 

Finally, NiS/ZnS was put into 13 ml 1 M H2SO4 solution containing 0.5 M FeCl3 and stirred at 60 °C for 15 min 

or 20 min. After washed by distilled water and CS2 for several times and dried at 60 °C in a vacuum oven overnight, 

the resultant product was obtained and labelled as NiS/ZnS-15min or NiS/ZnS-20min, respectively. 

For the preparation of the working electrode, 80 wt % active material was mixed with 10 wt% super P and 10 wt% 

polyvinylidene fluoride (PVDF) in N-methyl-pyrrolidinone（NMP）solvent to form a homogeneous slurry, 

which was pasted onto a Cu foil, and then dried in a vacuum oven at 80 ˚C overnight. The electrolyte was 1 M 

NaSO3CF3 with diglyme (DGM). Charge/discharge measurements were carried out at various current densities 

over a voltage range of 0.3-3.0 V. 

 

Results and Discussion: 

Figure 1 shows XRD patterns of NiS/ZnS, NiS/ZnS-15min and NiS/ZnS-20min. For the NiS/ZnS sample, it is clearly 

found that the several typical diffraction peaks located at 2θ=30.09°, 2θ=34.86°, 2θ=46.23°, 2θ=53.62°, 

2θ=61.28°, 2θ=65.52° and 2θ=73.55° agree well with the (100), (101), (102), (110), (103), (201) and (202) crystal 

planes of hexagonal α-NiS (JCPDS No. 02-1280), respectively. Other sharp diffraction peaks with the 2θ values 

of 28.52°, 47.47° and 56.41° are indexed to the (111), (220) and (311) planes of ZnS (JCPDS No. 05-0566), 

respectively. There exist the characteristic diffraction peaks of both NiS and ZnS in the NiS/ZnS-15min sample, 

but the peak intensity of ZnS is weaker than that of the NiS/ZnS sample, indicating the partial removal of ZnS 

through acid treating. Additionally, all the diffraction peaks of NiS/ZnS-20min match well with the standard NiS 

and the peaks of ZnS are disappeared, which can infer that ZnS in the NiS/ZnS-20min sample are completely 

removed. 

 
Figure 1.  The XRD of NiS/ZnS, NiS/ZnS-15min and NiS/ZnS-20min. 

Figure 2 shows the rate capabilities of the NiS/ZnS, NiS/ZnS-15min, and NiS/ZnS-20min based electrodes for 

SIBs. As seen, the NiS/ZnS-15min based electrode demonstrates the average discharge reversible capacities of 
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485.1, 453.9, 430.4, 418.2, 405.3, and 381.3 mA h g-1 at the current densities of 0.1, 0.2, 0.5, 1, 2, and 5 A g-1, 

respectively. More excitingly, an average discharge capacity of 415.5 mA h g-1 could be achieved when the current 

density is set back to 0.2 A g-1. Furthermore, the rate performance of NiS/ZnS-15min based electrode is much 

higher than those of NiS/ZnS, and NiS/ZnS-20min based electrodes, which further indicates the fast reaction 

kinetic and robust integrity of NiS/ZnS-15min electrode.  

 
Figure 2.  The XRD of NiS/ZnS, NiS/ZnS-15min and NiS/ZnS-20min. Rate capabilities of the NiS/ZnS, NiS/ZnS-15min and 

NiS/ZnS-20min based anodes at different current densities from 0.1 A g-1 to 5 A g-1. 
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Up to this day, excessive carbon dioxide (CO2) emissions remain a challenge for the global scientific community. 

Carbon dioxide emissions are linked with greenhouse effects and adverse climate changes. Thus, effective carbon 

dioxide valorization is of high importance. Recently, carbon dioxide conversion into high added-value products 

(e.g., methane, C1-C3 deoxygenated products) has attracted considerable attention. Specifically, conversion of CO2 

to gasoline-range (C5 - C11) products is an emerging and promising approach as, if proven technically and 

financially viable, it will contribute to mitigating current levels of CO2 emissions in the global atmosphere. 

Through the Reverse Water-Shift (RWGS) reaction, CO2 is converted into CO which is subsequently hydrogenated 

into hydrocarbons via Fischer – Tropsch (FTS) like reactions. The composition and properties of the employed 

catalysts is crucial for the tandem reaction to proceed; the nature of the catalytic substrate, the reduction of the 

active metal, the formation of mixed phases, the dispersion of the active phase, the particle size and the porosity 

of the catalyst are factors that are key to the hydrogenation of CO2 to CO and can improve the efficiency of the 

RWGS catalytic reaction [1], [2]. Iron-based catalysts are preferred due to their excellent ability to catalyze RWGS 

and FTS reactions and also due to the high olefinic nature of the obtained products [3]. Recent studies show that 

the magnetite surface satisfactorily activates CO2 [3]. Typically, iron catalysts require the use of alkaline additives 

to achieve the preferred activity and distribution of desired products [3]. Hence, this work focuses on the synthesis 

of supported and unsupported iron-based nanoparticles. As a first important step, the synthesized powders are 

characterized with respect to their morphological and catalytic properties employing various methods (e.g. XRD, 

FT-IR, BET, DLS, PSD, SEM, TPD-NH3). 

 

Magnetite nanoparticles, doped with alkalis, such as Na and K, have been synthesized through co-precipitation, 

using a mixture of FeCl2·4H2O and FeCl3·6H2O as precursor. Sodium (Na) and Potassium (K) have been added to 

the precursor’s solution at a ratio of 1:1 and 1:2. The produced catalytic materials have been dispersed on alumina, 

high surface area MgO, and HZSM-5 in order to attain multifunctional properties that will catalyze the tandem 

reaction. Indicative characterization results are presented below. The specific surface area of the catalytic materials 

was determined by BET analysis and the results showed that magnetite nanoparticles have lower surface (~145.0 

m2/g) than HZSM-5 (~409.0 m2/g) (Table 1). XRD patterns confirm the crystalline structure of the magnetite 

nanoparticles, while the identified phases are magnetite (Fe3O4) and hydrous iron oxide (Fe2O3·H2O/β Fe2O3·H2O). 
According to calculations using the Scherrer equation, the crystallite size of the oxides was determined, which 

coincides with the particle size and thus particles are monocrystalline (Table 1). A small shift of the NaFe3O4 (1: 

1) and KFe3O4 (1: 1) peaks is observed on the corresponding diffractograms, confirming the presence of K and Na 

ions in the crystal lattice of the magnetite nanoparticles. According to the FT-IR spectrum of Fe3O4 nanoparticles 

two absorption bands were exhibited at 400 cm-1 and 551 cm-1. The first one is due to Fe-O stretching of octahedral 

sites and the second one due to Fe-O stretching of the tetrahedral and octahedral sites. Absorbance bands at 420 

cm-1 and 691 cm-1 are attributed to maghemite. Absorbance peaks at 807 cm-1 and 907 cm-1 are assigned to c-OH 

and d-OH stretching vibrations of goethite form, respectively. A slight shift at the peaks of NaFe3O4 (1: 1) and 

KFe3O4 (1: 1) is also observed (presence of K and Na ions) (Fig. 1). According to TPD NH3 analysis, HZSM-5 

presented weak and relatively strong acid sites, while NaFe3O4 presented weak acid sites only (Fig. 2.A). The 

presence of both weak and medium acid sites was identified on the supported magnetite nanoparticles (i.e. 

Fe3O4/HZSM-5, NaFe3O4/HZSM-5, KFe3O4/HZSM-5), thereby indicating that the observed acidity is mainly 

attributed to HZSM-5. Stronger acid sites were observed on the KFe3O4/HZSM-5 catalyst. 

 
Table 9.  Physicochemical properties. 

Catalytic 

Material 

Surface 

BET (m2/g) 

Pore Volume 

(cm3/g) 

Pore Size (nm) Crystallite 

Size (nm) 

Oxides Phases (XRD) 

Fe3O4 145.6 0.498 13.7 12.4 Fe3O4 / Fe2O3· H2O β Fe2O3· H2O 

NaFe3O4 145.2 1.916 52.8 13.0 Fe3O4 / Fe2O3· H2O β Fe2O3· H2O 

KFe3O4 148.3 0.430 11.6 9.8 Fe3O4 / Fe2O3· H2O β Fe2O3· H2O 

HZSM-5 409.4 0.372 3.6 - Al2O3·54SiO2 ZSM-5 
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Figure 47.  FTIR spectra of magnetite nanoparticles dispersed on HZSM-5. 

 

Figure 48.  TPD-NH3 analysis of A) NaFe3O4 and HZSM-5 without reduction, and B) magnetite nanoparticles dispersed on 

HZSM-5 upon reduction. 

 
Table 10.  Desorbed ammonia (TPD-NH3) 

Catalytic Material mmol NH3/gcat 

NaFe3O4  0.385 

HZSM-5  0.718 

Fe3O4/HZSM-5  0.673 

NaFe3O4/HZSM-5  0.684 

KFe3O4/HZSM-5  0.634 

 

TPD-NH3 measurements took place upon reduction of samples at 350oC, for 4h, under hydrogen flow. Preliminary 

experiments are currently in progress, in a continuous flow reactor (3 MPa, 320oC, H2/CO2 (3:1)), in order to 

evaluate the performance of the synthesized catalysts and ultimately correlate the latter with the physicochemical 

properties attained as a result of the synthesis procedure. 
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Introduction 

Lithium-ion batteries (LIBs) have aroused interest worldwide due to their high energy density and excellent 

cycling performance, achieving broad applications in different fields, including electric vehicles and portable 

electronics. [1] Separators are vital parts of lithium-ion batteries located between the cathode and anode to prevent 

short circuits, meanwhile, permitting ion transfer within the batteries. Commercial separators account for around 

20% of the total cost of batteries. [2] Furthermore, conventional separators are fabricated from synthetic polymers 

which are not eco-friendly and suffer from issues such as low thermal stability and deficient interfacial contact 

with electrodes. Herein, separators fabricated from abundant and sustainable wood-based biopolymers are 

optimized for LIBs separators using lignocellulose fibers fabricated from unbleached Kraft pulps. The effect of 

residual lignin in LCMFs on improving the mechanical properties and regulating the electrolyte uptake will be 

investigated in this study.  

Experiment 

Pure microfibrillated cellulose fibers (CMF) and lignin-containing microfibrillated cellulose fibers (LCMF) were 

fabricated from fully-bleached and unbleached softwood pulps and were used as the starting materials for the 

fabrication of LIBs separators. The lignin content of LCMF is around 10.9% gravimetrically determined by Klason 

lignin. Detailed characterizations of the physical and chemical properties of films fabricated from CMF and LCMF 

have been carried out, including morphology characterization using SEM, thermal stability by TGA and 

mechanical properties. The electrolyte wettability, ionic conductivity and electrochemical properties of CMF and 

LCMF films as separators will also be tested. Specifically, the effect of residual lignin on the electrochemical 

properties will be discussed. The properties of CMF and LCMF separators will be compared with the commercial 

Celgard separator.  

Results and Discussion 

The surface morphology of CMF and LCMF films is shown in Figure 1. More condensed structures were formed 

with the presence of residual lignin in cellulose fibres. Table 1 exhibits the mechanical properties of CMF and 

LCMF separators. Residual lignin in the cellulose fibers can drastically enhance the mechanical properties of 

cellulose fibers which is practically important for the LIBs when it comes to resisting the exterior mechanical 

loading, particularly, during impact and collisions.  

 
Table 1.  Mechanical properties of CMF and LCMF films.  

Sample Mean 

Thickness 

(µm) 

Mean 

Density 

(g/cm3) 

Young’s 

Modulus 

(GPa) 

Ultimate tensile 

strength (Mpa) 

Tensile strain (%) 

at break 

CMF 22.82 1.46 9.98 ± 0.33 254 ± 12 11.6 ± 0.73 

LCMF 25.50 1.42 10.65 ± 0.19 300 ± 13 11.0 ± 0.85 

 

 

Figure 1.  SEM images of film surface fabricated from a) CMF suspensions and b) LCMF suspensions. 

a) a) b) 
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Abstract 

In this work, a superparamagnetic composite consisting of Fe3O4 nanoparticles decorated In(OH)3 nanorods 

(“SPIDIN”) was successfully prepared at room temperature via a green method using water as solvent and 

biocompatible polyvinylpyrrolidone (PVP) as surfactant/stabilizing agent. SPIDIN’s performance under UVC as 

a photocatalyst employed to degrade persisting dyes was investigated. SPIDIN produced was characterized 

collectively using PXRD, FESEM, HRTEM, EDS, UV-Vis spectroscopy and zeta potential measurement. The 

In(OH)3 nanorod moiety prepared was found to possess a direct band gap of 4.4 eV. To better match the band gap, 

a UVC excitation source with a corresponding photon energy quantized at 4.8 eV was selected for the 

photodegradation study. Chemical structure wise, SPIDIN was confirmed to be comprised of spherical Fe3O4 

nanoparticles (4-5nm) resided on the surface of  In(OH)3 nanorods which have a  mean width of 33nm and average 

aspect ratio of 2-3. SPIDIN exhibited a magnetic susceptibility measured at 1.30 x10−5cm3g−1. Under a 254nm 

UVC light, SPIDIN was able to degrade 95% of methylene blue and malachite green dyes respectively within 1 

hr. The presence of superparamagnetic Fe3O4 moiety chemically bonded to the In(OH)3 allowed magnetic recovery 

of the SPIDIN after photodegradation, thus eliminating the need of energy demanding vacuum filtration, and the 

magnetically isolated SPIDIN could be readily be reused for the next degradation cycle without further drying.  
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Abstract 

Scale formation is the process of inorganic salt deposition from the aqueous phase because of salt supersaturation. 

Scale formation can occur in the upstream oil industry and cause problems in the flow assurance. Scale can deposit 

on almost any surface. Once a scale layer is first formed, it will continue to become thicker unless treated. Most 

types of oilfield scales are calcium carbonate (CaCO3) and sulfates of group II elements, for example, strontium 

(celestite, SrSO4), calcium (gypsum, CaSO4.2H2O), and barium (barite, BaSO4) [1,2].  

Several attempts have been reported to develop environmentally friendly chemicals-based scale inhibitors (SIs) 

for oilfield applications. Scale inhibitors (SIs) are a branch of specialty water-soluble chemicals used to prevent 

or slow scale formation in water systems. In the last 10 years, our Green and Sustainable Chemistry research group 

at the University of Stavanger has developed many biodegradable and non-toxic phoshontaed SIs for oilfield 

applications. However, so far chemicals that are greener suffer from low performance, high cost, and various 

incompatibilities with the production system [3,4]. 

This project aims to investigate for the first time the use of revolutionary magnetic nanoparticles to prevent scale 

formation under oilfield conditions, using a simple, cost-effective method by attaching environmentally acceptable 

chemicals to superparamagnetic iron oxide nanoparticles (SPIONs), allowing a facile magnetic removal, along 

with reuse and/or recycling. In this work, we report the synthesis of SPIONs functionalized with biocompatible 

trisodium citrate (TSC) as a stabilizer agent to avoid crystal grain growth SPIONs using a coprecipitation 

approach. The resultant SPIONs@TSC was further functionalized with a partially linear phosphonated 

polyetheramine (PPEA), as a green scale inhibitor (SI), affording highly monodisperse SPIONs@TSC@PPEA-

SI (Figure 1).  

 

 

 

 

 

 

Figure 1. Schematic diagram of the synthesis of magnetic nanoparticles coated phosphonated polyetheramine 

(SPIONs@TSC@PPEA) as oilfield scale inhibitor.  

The obtained magnetic nanoparticles were characterized by their surface chemistry, surface charge, size, 

crystallinity, morphology, and thermal behavior using Zetasizer, DLS (Dynamic Light Scattering), Xray, SEM 

(Scanning Electron Microscope), TEM (Transmission Electron Microscope), and TGA (Thermogravimetric 

Analysis), respectively. Furthermore, the inhibition performance of the magnetic core-shell 

(SPIONs@TSC@PPEA-SI) was evaluated for several oilfield scales, e.g., calcium sulfate scale (gypsum, 

CaSO4.2H2O) under static and dynamic oilfield conditions according to the Heidrun oilfield, Norwegian Sea, 

Norway.  

The results show that the gypsum scale inhibition efficiency of SPIONs@TSC@PPEA-SI achieved 86% and 

90% at low concentrations of inhibitor 1 and 2 ppm, respectively. In addition, the inhibition efficiency of the 
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recycled SPIONs@TSC@PPEA-SI was tested up to 5 times against the gypsum scale. It was found that the 

recycled SPIONs@TSC@PPEA-SI  gave a similar performance to the non-recycled magnetic core-shell 

inhibitor. For the first time, this study has provided the validation of the proof of concept of recovering and 

recycling SPIONs-based oilfield scale inhibitors.  
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Abstract 
 

In the upstream petroleum industry, inorganic salts have been formed and deposed in the wells, pipelines, and 

processing equipment. These mineral salts are called scales and are considered one of the main flow assurance 

issues in oil and gas productions [1]. The most common mineral scales associated with oilfield applications are 

calcium carbonate (calcite, CaCO3) and sulfate salts of calcium (gypsum, CaSO4), strontium (celestite, SrSO4), 

and barium (barite, BaSO4). Scales hinder the flow of fluid, reduce water conveyance capacity, and lead to 

accidents [2]. Once the scale is formed, it would be hard to treat it, so it was vital to prevent scale formation from 

the beginning.  
 

Scale inhibitors (SIs) are the commonest technique for preventing scale deposition in the oil and gas industry. It 

was well known that most conventional SIs for oilfield scales are organic-chemical-based phosphonates (−PO3H2), 

sulfonate (−SO3H), and carboxylate (−COOH) groups. However, most of these conventional SIs have certain 

drawbacks, such as low biodegradability and incompatibilities with high calcium brines. So, many commercial SIs 

are banned for offshore deployment in several oilfields (for example, the U.K. and Scandinavia). So, there were 

several demands for developing green scale inhibitors with biocompatibility, biodegradability, low toxicity, 

excellent calcium compatibility, and more thermal stability. 
 

Nanomaterials show great potential in addressing technology challenges in the upstream petroleum industry. A 

recent hot area for studying nanotechnology has been oilfield scale management [3]. Magnetite (Fe3O4) is a 

common magnetic iron oxide. It has a cubic inverse spinel structure with oxygen forming an FCC closed packing 

and Fe cations occupying the interstitial tetrahedral sites and octahedral sites. Superparamagnetic iron 

nanoparticles (Magnetite) have been widely studied because of their massive aspects and applications. For 

example, hyperthermia, targeted drug delivery, cell separation, magnetic resonance imaging (MRI) in ultrahigh 

density magnetic storage media, biological labeling, tracking, imaging, detection, separations, and ferrofluids. It 

is well known that magnetic nanoparticles are non-toxic and safe for the environment.  
 
 

In this work, we report for the first time the use of recyclable magnetic nanoparticles as non-toxic scale inhibitors 

based on typical oilfield conditions in the Norwegian Sea. Our new technique will propose the removal of 

chemicals-based scale inhibitors from the produced fluids by attaching the chemicals to magnetic nanoparticles 

(Fe3O4), allowing a facile magnetic removal, along with reuse and/or recycling. Herein, we first synthesized 

magnetite nanoparticles (Fe3O4) using the co-precipitation method and then coated the resultant magnetite with 

poly(4-styrenesulfonicacid-co-maleic acid) (PSS-MA), affording Fe3O4@PSS-MA-SI as a new oilfield SI (Figure 

1).  
 

 
 

Figure 1. Schematic illustration of recyclable magnetic nanoparticles (Fe3O4) coated poly(4-styrenesulfonic acid-

co-maleic acid) as scale inhibitor for oilfield applications 
 

 

The physical and chemical properties of magnetic composite nanoparticles were determined by Transmission 

Electron Microscopy (TEM), Fourier Transform Infrared (FT-IR), X-ray Diffraction (XRD), and Scanning 

Electron Microscopy  (SEM). In addition, the magnetic properties of the obtained core-shell inhibitor were 

measured using vibrating sample magnetometry (VSM) to confirm recyclability properties. Moreover, 

Fe3O4@PSS-MA-SI was evaluated for calcite, gypsum, and barite scale inhibition and compared to commercial 

sulfonated SI according to the Heidrun oilfield, Norway using a high-pressure dynamic tube blocking rig at 

approximately 80 bar and 100 °C.  

The obtained results showed that the nontoxic Fe3O4@PSS-MA-SI afforded excellent scale inhibition 

performance against all tested oilfield scales. In addition, the recycled Fe3O4@PSS-MA-SI was successfully 
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recovered and reused up to 4 cycles, affording a reasonable inhibition performance in comparison with fresh core-

shell scale inhibitor Fe3O4@PSS-MA-SI.  
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Abstract 

Benzophenone (BP) derivatives are used as UV-filters in personal care products to protect skin from UV light [1] 

in its both form of UVA (320–400 nm) and UVB (290–320 nm) [2].  They also can prevent polymers photolysis 

in plastics and food packaging [3]. BPs are toxic and un-degradable and have been detected in wastewater [4], 

river water [5], sewage sludge [6] and fishes [7]. Nanotechnology has been known for its potential environmental 

implementations, including pollutants sensors, water treatment and remediation. Herein a zinc (II) metal-organic 

framework (Zn-MOF) of 1,2,4,5-benzenetetracarboxylic acid ligand was synthesized. The MOF material was 

further modified with magnetic nanoparticles (MNPs) and multi-wall carbon nanotubes (MW-CNTs). The 

nanohybrid synthesis was confirmed by using a variety of characterization techniques such as FT-IR, scanning 

electron microscopy (SEM), transmission electron microscope (TEM) and X-ray diffraction (XRD) patterns. The 

nanohybrid was tested to extract and detect some benzophenone (BP) derivatives in water samples via dispersive 

solid-phase extraction (d-SPE) coupled with gas chromatography-mass detector (GC-MS). 

 

 

Figure 1. SEM of MOF shows the morphology of MOF. 

 

 

Figure 2. The magnetic behavior of the synthesized materials. 
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Figure 3. Chromatograms of BPs before extraction and after extraction by MOF and MOF-CNT-MNPs hybrid. 
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Introduction 

 The modification of electrodes is widely implemented to try and improve the active surface area and 

increase surface interactions that increase the efficiency of electrochemical oxidation. Currently, the research is 

focused on graphene-based material because of its reported extraordinary physical, chemical, mechanical and 

electrical properties. Graphene oxide (GO) is a single atomic layer of sp2 carbon atoms functionalized with many 

different functional groups (mainly oxygen) [1]. In the past GO was used predominately as a precursor for 

graphene synthesis. Currently, GO is an attractive material for technological and environmental areas, such as 

electrochemistry, energy storage devices, application as membrane material, anti-corrosion material etc. [2]. 

 The electrochemical oxidation technique is a relatively new approach in wastewater treatment polluted by 

azo dyes with promising results. It is a simple and effective method for the treatment of various wastewaters. 

Oxidants are produced during the process directly at the electrode surface or indirectly from chemical compounds 

in the treated water. After a few minutes, it provides complete decolouration under a wide range of pH, short 

retention time and no sludge production [3]. Recent studies confirmed that graphene-based composites show strong 

binding with many pollutant species. The advantage of graphene material is based on the amphiphilic character 

which allows removing inorganic and organic molecules at the nanoscale dimension [4]. The large specific surface 

area and abundant functional groups make GO a strong candidate for wastewater treatment. 

 

Material and Methods 

GO nanosheets were synthesized from graphite powder by the Tour method [1], followed by exfoliated 

sonification. GO architecture was easily and effectively synthesized by electrophoretic deposition [5]. Electrolysis 

of Reactive Black 5 (RB5) solution worked under galvanostatic conditions in an electrolytic cell. The synthetic 

aqueous solution of RB5 was prepared by dissolving 300 mg·L-1 of commercial azo dye in NaCl electrolyte. The 

colour was measured by UV-VIS spectrometer (HITACHI V-2000).    
   
Results and discussion 

 The reaction of RB5 in an electrochemical cell with a new GO anode and NaCl as a supporting electrolyte 

caused discolouration of the solution. Fig. 1 indicated the colour disappearance during the electrochemical and 

chemical reactions of solution RB5. Almost complete colour removal was achieved within 2 minutes of 

electrolysis, and RB5 was under the detection limit. The initial dye compounds were degraded to smaller and more 

polar compounds. 

          The stability of the electrode was investigated. The electrode was stable without breakouts for 6 minutes; 

afterwards, the part of the GO film dissolved in the electrolyte. The corrosion of the stainless steel appeared due 

to an anodic connection. The anode creates the oxygen in consequence the anodic environment is strongly oxidized 

and very corrosive. The corrosion and gradual destruction of metal started immediately at the disconnection of GO 

deposition on stainless steel. The mechanism of corrosion produced flacking (surface holes). On the lasting GO 

deposition, the inclusion was not observed. 

 

 
Fig. 1 UV-VIS measurement of RB5 during electrolysis (0, 2, 4, 6, 8, 10, 15 and 20 minutes). 
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Conclusion 

 Graphene oxide-based composites are potentially applicable in environmental applications. The multi-

layered graphene film can be continuously grown across the metal grain boundaries of stainless steel and 

significantly enhance its corrosion resistance [5]. The new electrode can dispose of azo dye in the first two minutes 

of electro-oxidation. The stability of GO deposition is not sufficient yet. Part of the GO layers was dissolved in 

the electrolyte and as a consequence process of corrosion was observed. Despite that, the newest research shows, 

that removal of hazardous chemical materials with GO composite is a prospective alternative for various 

wastewater treatments. The new electrode is efficient and has a perspective; however, it is necessary to improve 

stability and repeatability. 
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Abstract 

Tea, Camellia sinensis, is a perennial monoculture crop. It is a natural beverage prepared from tender leaves, 

including a shoot and bud. For different tea pests, it offers a consistent microclimate. Oligonychus coffeae, also 

called  Red spider mite (RSM), a sucking pest that causes a dark or reddish-brown stain on the top surface of tea 

leaves, is among the main tea pests. Crop damage due to the infestation is significant. As a result of the hazardous 

effects of the acaricide residues on the processed tea leaves, several chemical acaricides are being utilized for the 

pest control. Investigating alternative pest control methods is urgently necessary. One alternative for the 

management of RSM might be biosynthesized nanopesticides. Biosynthesized nanopesticides have a high surface-

to-volume ratio and regulated, precise distribution, which lowers the environmental risks and consequences. This 

work investigated the acaricidal efficacy and toxicity of biologically produced nanopesticides to control 

Oligonychus coffeae on tea leaves, which might be a novel approach to improve productivity and biosafety. 
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Abstract 

To deal with the effects of electronic waste, the use of polylactic acid (PLA) in green flexible electronics has gotten 

a lot of interest as a synthetic renewable and biodegradable material. Unfortunately, the development of PLA-

based electrical devices is limited by the fact that they can survive three years at sea or in the soil [1]. PLA is 

highly vulnerable to hydrolytic and enzymatic breakdown in the amorphous area because water may easily 

infiltrate it, when PLA is mixed with other polymer matrices, phase separation occurs, enhancing water absorption. 

Aside from that, utilizing a bio-based binder made of a blend of polylactic acid and water-borne polyurethane 

improves the brittleness of PLA, making it suitable for tactile applications [2, 3].  
 

The fabricated sensor shows an encouraging electrical conductivity of 1004.1±2.6 S/m. Using hybrid conductive 

micro and nano fillers cause to lowers the percolation threshold and reduces manufacturing costs while keeping 

the ink's exceptional electrical characteristics [4]. Moreover, CNTs employed as conductivity fillers could bridge 

the neighboring silver flakes to accelerate electron transport [5]. The large-scale strain sensors have excellent 

performance over an extensive working range (up to 45% strain), and, as expected, the micro-pressure sensor 

indicates high-pressure sensitivity (0.3kPa-1) and operation range (0.1-450kPa). Furthermore, the coated ink is 

biodegradable in marine environments, reducing its accumulation in the ecosystem over time. 
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Abstract:  

Microalgal biomass has a wide range of commercial applications. However, the limited biomass productivity using 

commercially accessible growth mediums obstructs its mass scale productivity. In the present study, previously 

developed high growth nanoemulsion-based media has been tested for the cultivation of four different microalgae 

strains. The selected microalgae strains were Chlorella minutissima, Synechocystis pevalekii, PA4 consortia, and 

Navicula sp. During the 12 days growth period, chlorophyll-a estimation suggested that PA4 consortia showed the 

highest synthesis of pigment (12.7 µg ml-1), followed by Chlorella minutissima (11.2 µg ml-1), Synechocystis 

pevalekii (6.6 µg ml-1), and Navicula (2.4 µg ml-1) sp. Interestingly, all the four microalgae strains gave higher 

biomass growth and pigment synthesis (Chl-a) compared to the conventional growth media. The biomass yield 

obtained was ~1.3 folds in Chlorella minutissima,~ 2 folds in PA4, 1.3 folds in S. pevalekii, and 1.5 folds in 

Navivula sp. in comparison to the control. The cell viability evaluation by MTT assay and total cell counts analysis 

also confirmed the findings of biomass yield and pigment synthesis. On average, about ~30% more viable cells 

were obtained in nanoemulsion based media as compared to their control counterparts. Based on the above results, 

it could be interpreted that the nanoemulsion based media is universal growth promoter for all microalgae strains 

and could help to solve a significant challenge in microalgae domain. Additionally, the utilization of nanoemulsion 

growth media promotes biological carbon sequestration and adds a step towards carbon neutrality.  
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9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

716 
 

A novel Green-Chemistry-inspired approach for lignin-based model compounds 

valorization by exploiting photocatalytic-microflow reactor 

 
Swaraj R. Pradhan1*, Lisovytskiy Dmytro1 and Juan C. Colmenares1* 

1 Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland  

* srpradhan@ichf.edu.pl, * jcarloscolmenares@ichf.edu.pl  

 

Abstract:  

The development of a photocatalytic system for lignin valorization, a significant by-product from paper and pulp 

industries and bio-refineries,  is a challenge because of the high variability in its composition [1]. Microreactor is 

a superior approach towards photocatalysis because of advantages like improved irradiation profile, sizeable 

surface-to-volume ratio, enhanced mass transfer characteristics, on-site/on-demand production, higher spatial 

illumination homogeneity, and better light penetration through the entire reactor depth compared to conventional 

batch [2]. Recently,  the photocatalytic conversion of lignin model compounds especially aromatic alcohol, into 

its aldehyde has attracted considerable attention due to its fundamental interest and potential applications [3]. 

Benzyl alcohol oxidation to benzaldehyde is an important reaction, as the aldehyde product finds extensive 

application in the food, pharmaceutical, perfume, and agrochemical industries. In addition, fluoropolymer-based 

microreactors have been shown to be a better option in designing the photo-microreactor due to its excellent light 

transmission and high chemical stability [4].  

 

The current work focuses on the selective photocatalytic oxidation of the lignin-based model compound (benzyl, 

coniferyl, cinnamyl and vanillin alcohol) in a catalyst deposited polymer-based (Perfluoroalkoxy alkane, PFA) 

microfluidic photoreactor. Photocatalysis-based selective oxidation of aromatic alcohol has been carried out using 

commercially available, sol-gel synthesized TiO2, monometallic TiO2, and bimetallic (e.g., Au/Fe) TiO2 

photocatalysts. 

 

A PFA microtube (microcapillary of 0.8 mm ID), pure from the market, after a cleaning process used for catalyst 

deposition. An ultrasonic bath (Sonorex-digital RC, 37 kHz, 100% amplitude) was used in sweep mode. The tube 

was placed in the ultrasonic bath. The catalyst suspension was passed through a cleaned PFA microtube under the 

influence of ultrasound using a syringe pump (Figure 1). Evaluation of the photocatalytic activity of these micro 

capillaries carried out for selective conversion of aromatic alcohol to its aldehyde under UV light (375 nm 

wavelength) [5,6]. The sol-gel synthesized catalysts were analyzed by X-ray diffraction (XRD), UV-Vis DRS, 

Scanning Electron Microscopy (SEM), and nitrogen physisorption. Some of the important properties of 

symthesized metal doped catalysts are discussed in table 1. 

 
Table 1. Textural and structural properties of synthesized catalysts. 

 

Photocatalyst  Anatase:Rutile:Brookite 

phases (%) 

Specific Surface 

Area (m²/  g)

   

Bandgap (eV)

  

Average crystallite size 

D (nm) 

SolT 69:0:31 284 3.3 3.7 

CuT - 577 3.4 - 

CoT - 566 3.4 - 

FeT 66:0:34 161 3.1 5.9 
 *Sol-gel synthesized TiO2 (SOLT), 0.5 at% Cu-TiO2 (CuT), 0.25 at% Co-TiO2 (CoT), and 0.5 at% Fe-TiO2 (FeT) 

 

Among all monometallic TiO2 catalysts, 0.5 at% Fe-TiO2 showed better BnOH conversion. Though the surface 

area was increased, crystallinity loss was observed by modifying the catalysts with monometals (Cu, Co). 

mailto:srpradhan@ichf.edu.pl
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Figure 1. Catalyst deposited PFA microtube and photocatalytic activity of the catalysts. (Sol-gel synthesized TiO2 (SOLT), 

0.5 at% Cu-TiO2 (CuT), 0.25 at% Co-TiO2 (CoT), and 0.5 at% Fe-TiO2 (FeT)) 

 

The metal-containing TiO2 showed higher photocatalytic activity under UV irradiation than the synthesized TiO2 

in the batch system. Among all the metal-containing TiO2 samples, the 0.5 at% Fe-TiO2 (both iron and titanium, 

as cheap, safe, and abundant metals) photocatalyst exhibited the highest BnOH conversion (29%) compared to 

other catalysts under visible light (515 nm) in a microflow system. This could be explained by the higher crystallite 

size observed in XRD analysis, high porosity, and flake-like morphology. The utilization of ultrasonication (US) 

during the deposition process plays a vital role, which leads to an enhanced mass deposition.  

 

The utilization of nano-engineered microreactors as an additive-free system makes it an eco-friendly approach for 

the selective oxidation of biomass-derived compounds. 
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The pursuit of appropriate photocatalytic material for the treatment of colored industrial discharges, as a major 

environmental problem, continues in the modern age [1]. The zero-dimensional carbon nanostructures (carbon 

quantum dots‒CQD) with exceptional physicochemical characteristics have a wide range of potential uses, 

including photocatalytic remediation of organic water contaminants [2]. Here we present nitrogen (N-CQD) and 

iron/nitrogen co-doped (Fe/N-CQD) quantum dot nanomaterials produced by a microwave‒assisted approach as 

a one‒step, environmentally friendly, and cost‒effective method. The photoactivity of produced materials on a 

case study of a specific water pollutant reduction was investigated by exploring the synergistic effect of light 

source illuminations and the surface chemistry of the materials. 

 

The N‒CQD and Fe/N‒CQD were synthesized by the simple microwave‒assisted method starting from glucose 

water solution. The reaction mixture containing carbon, nitrogen and/or iron source was heated in a microwave 

reactor for 1 minute at a fixed temperature (100 °C), followed by cooling down to room temperature [3]. 

 

Detailed AFM characterization of produced nanomaterials showed the formation of spherical like shapes with 

average real particle diameter between 15 and 40 nm. From the EDS results, obtained CQD had a high content of 

C (64‒66 at%) and O (21‒24 at%), while XPS analysis showed the presence of N in the form of pyridinic, pyrrolic 

and graphitic‒N, and Fe as Fe2+/Fe3+ (Table 1). Photocatalytic experiments were performed in batch reaction 

conditions using two light irradiation sources, applying the commercially available lamp (L) source (470 nm, 10W) 

and a closed cylindrical reactor (R) with six LEDs (370 nm, 6W) made in our team. 

 
Table 1.  The XPS elemental analysis of the N‒CQD and Fe/N-CQD samples. 

Sample Elemental analysis 

 C O N Fe 

N‒CQD 66.4 at% 23.5 at% 10.1 at% / 

Fe/N‒CQD 63.8 at% 27.5 at% 6.7 at% 2.0 at% 

 
 

 
Figure 1.  The histograms represent the photoactivity of N‒CQD and Fe/N‒CQD under (A) the L and (B) the R as irradiation 

sources. 

 

When comparing the home‒made R type irradiation source to a commercially available L source, the obtained 

results showed that the R source was more efficient in MB degradation regardless of the photocatalyst's surface 

chemistry (Figure 1). The L source as a free‒standing lamp provokes more light scattering than the R source. In 

comparison, the R design, which consisted of a closed cylindrical tube with a particular LED configuration, allowed 

for more homogenous light dispersion. The Fe/N‒CQD showed improved photoactivity in MB degradation 

compared to the N‒CQD. When Fe/N coordination bonds occur, the electron density on the N atoms decreases, 

which is believed to be due to electron transfer from the N to the Fe atoms. Consequently, the Fe/N dopants 
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improve CQD electron‒accepting and electron‒donating properties, as well as their conductivity, which is 

advantageous to the entire electron‒transfer process and, enhances material's photocatalytic capacity. 
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Due to ever increasing environmental concerns, a lot of research is being done on the topic of photocatalytic degradation of 

organic pollutants in water 1. While titanium dioxide is still the most popular of these photocatalysts, increasing amount of 

research is being directed toward others, such as zinc oxide, which has comparable electronic, physical and chemical 

properties and a more facile synthesis 2. Although green synthesis of ZnO nanoparticles (NPs) using different plant extracts 

has been reported extensively, the attention is usually given to the synthesis route and antimicrobial and photocatalytic 

properties of NPs 3. The effect of plant extracts on morphological and electronical properties, and the role plant extracts 

play in these changes is seldomly reported. 

Herein, we synthesized ZnO nanoparticles (NPs) via a facile synthesis using ethanolic extracts from roots of Japanese 

knotweed (lat. Fallopia japonica). Such NPs were characterized by slower and more controllable crystallite growth upon 

thermal annealing at 450 °C as well as comparable long-term photocatalytic activity for the degradation of ciprofloxacin. 

In addition, the modified synthesis route using plant extracts resulted in better antimicrobial activity against both Gram-

positive bacteria e.g., Staphylococcus aureus and Gram-negative bacteria e.g., Escherichia coli and Campylobacter jejuni. 

The materials were further tested for their antimicrobial activity against S. aureus under UV-illumination where, again, the 

photocatalyst prepared with plant extracts was proven to be superior. The main culprit for the observed differences was 

identified to be the leftovers of plant extract molecules on the surface of the catalyst and was studied extensively by means 

of thermal gravimetry coupled with mass spectrometry. 

 

Figure 1: Growth of particles with respect to their annealing time 
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The silver nanoparticles (AgNP) have aroused wide attention in the field of wastewater remediation, especially 

because its antibacterial activity. Additionally, the green synthesis of nanoparticles is gaining much attention due 

to its low costs and the use of environmentally friendly chemical compounds derived from plant extracts[1]. 

However, our understanding of the role of phytochemicals in plant extracts as reducing and capping agents is still 

not entirely clear. The present study reports the use of Eucalyptus globulus leaf extracts and AgNO3 in obtaining 

AgNP synthesized on paper and fabric supports with or without addition of NaOH.  

 

The AgNPs were characterized in their morphology and structure by SEM-EDS, TEM-SAED, XRD and UV-Vis 

diffuse reflectance. To know the mechanism involved in the formation of AgNP, FTIR, UV-Visible 

spectrophotometry and UHPLC-QTOF-MS analyzes were carried out of E. globulus extracts before and after the 

synthesis of AgNP. Figure 1 shows the visual appearance of the supports with silver nanoparticles and the SEM 

images of these. 

 

 
Figure 1.  Photographic images of supports and AgNPs supported. Inset figures are SEM images 

 

The results indicate the formation of Ag and Ag2O nanoparticles depending on the influence of NaOH in the 

reaction system (Table 1).  
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Table 1.  Diffraction planes and peaks in P-AgNP(1), P-AgNP(2), F-AgNP(1) and F-AgNP(2) obtained from XRD analysis. 

Silver 

nanoparticle 
Diffraction planes 

2θ (º) 

P-AgNP(1) P-AgNP(2) F-AgNP(1) F-AgNP(2) 

Ag 

(111) 38.44 38.17 38.09 37.97 

(200) 44.35 44.31 44.29 44.09 

(220) 64.88 64.52 64.44 64.34 

(311) 78.82 77.45 77.34 77.25 

Ag2O 

(110) 27.81 n.d. 27.73 n.d. 

(111) 32.26 n.d. 32.12 n.d. 

(200) 38.44 n.d. 38.09 n.d. 

(211) 46.22 n.d. 46.15 n.d. 

(220) 54.89 n.d. 54.77 n.d. 

(221) 57.46 n.d. 57.36 n.d. 

(311) 65.80 n.d. n.d. n.d. 

(222) 67.77 n.d. 67.31 n.d. 

 

It was also possible to find the presence of phenolic compounds, reducing sugars and proteins in extracts. Phenolic 

compounds, and to a lesser extent reducing sugars mainly participate as reducing agents in the formation of AgNP, 

while phenolic compounds would participate as stabilizing agents.  

 

 
Figure 2. a) Spectrophotometric analysis of phenolic compounds, b) reducing sugars and c) proteins in the original extract 

(OE) of E. globulus before and after the synthesis of AgNP; and d) relation between FRAP and phenolic compounds in E. 

globulus extracts before (OE) and after synthesis of AgNP. Inset legend represents samples. Data are expressed as mean 

±SD. Different letters on bars indicates significant difference (p < 0.05). Differences among groups were compared by 

ANOVA with Tukey post-hoc analysis. 

 

Furthermore, the supported AgNPs showed considerable antibacterial activity against E. coli K12 and 

photocatalytic activity at visible light.  

 

This study provides evidence of a simple process to support AgNP on cellulose and also providing key information 

towards the definitive clarification of the mechanism of formation of AgNP by green synthesis. 
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Environmental conditions of the modern era prove that the need for the development of a new bioclimatic product 

which could improve our living environment is crucial. Based on this, the idea of a “cool roof” comes up with the 

purpose to improve the microclimate of one or several buildings in an extended urban area, by introducing cool 

roof tiles with photocatalytic activity. 

 

Titanium dioxide (TiO2) is a widely available material, well-known for its photocatalytic ability while being non-

toxic and non-hazardous to environmental and human health. To date, applications of TiO2 nanoparticles include 

photocatalytic water splitting [1, 2] , purification of pollutants [3, 4, 5, 6], photocatalytic self-cleaning [4], 

photocatalytic antibacterial [7,8,4,5], photo-induced super hydrophilicity [3,8,4,] as well as in photovoltaics [3, 

9,10,11] and photosynthesis [12].  

 

Amphiphilic polymeric materials including Polyethylene Glycol (PEG) and Pluronic F-127 have been used in this 

project aiming to enhance the photocatalytic performance of the TiO2 nanoparticles. Suspensions of TiO2 

nanoparticles with and without the addition of PEG and Pluronic F-127 were developed after mixing with 

deionized water under magnetic stirring and ultrasonic action. Part of the suspensions was applied onto the surface 

of roof tiles and part of it was dried at different temperatures for the characterization of the novel nanoparticles. 

TiO2/PEG nanoparticles were dried at 100°C and 290°C and TiO2/Pluronic F-127 were dried at 100°C and 350°C. 

290°C and 350°C were selected as temperatures at which PEG and Pluronic F-127 are being degraded, 

respectively.  TiO2 aqueous suspensions were dried at the same temperatures and used as control samples.  

 

Characterization techniques including Scanning Electron Microscopy (SEM) and the BET (Brunauer-Emmett-

Teller) Method were used for the examination of the distribution of nanoparticles onto the surface of the tiles and 

for the estimation of their specific surface areas.  The band gap of all examined samples was estimated by a UV-

Vis spectrophotometer between 270 and 800 nm. 

 

An experimental photocatalytic set-up was designed by the research team, composed by the reactor, an ultra-violet 

source, a target gas pollutant (NO) supply, flow rate valves and a photocatalytic chart station.  NO gas with 

synthetic air were inserted into the layout, into the chamber where the prepared coated tiles were placed and 

subsequently irradiated with ultraviolet light. The decrease in concentration of pollutants was recorded at 

predetermined time intervals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 49:(A) SEM image of TiO2/PEG nanoparticles dried at 290 °C; (B) SEM image of TiO2/PEG nanoparticles dried at 100 
°C 

  

  

(A)                                                                                             (B) 
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Table 11:Spesific Surface Area results and Band Gap of the examined samples 

Sample Description of the sample Specific Surface Area (m2/g) Band Gap (eV) 

#1 TiO2/PEG 75.65 3.80 

#2 TiO2 61.73 3.85 

#3 TiO2/Pluronic-F127 71.80 4.05 

 

Scanning Electron Microscopy (SEM) images of TiO2/PEG nanoparticles dried at 100°C and 290°C are presented 

in Figure 1A and 1B, respectively, exhibiting the dispersion of both types of nanoparticles onto the surface of the 

roof tiles.  

 

The results obtained from the characterisation techniques for three types of samples dried at 100°C, are presented 

in Table 1, aiming to highlight the correlation between the specific surface area of the novel nanoparticles and 

their band gap. The sample with the highest specific surface area (TiO2/PEG), is more possible to exhibit better 

photocatalytic activity, due to its greater specific surface area (75.65 m2/g) and its lower band gap (3.80 eV). As 

already known, the lower band gap has a positive effect on the photocatalytic activity as lower energy is needed 

to arouse a photocatalytic reaction [13].  

 

Based on the characterisation results of the studied samples obtained from BET and UV-Vis experiments, 

nanoparticles of TiO2 with PEG will potentially exhibit the highest photocatalytic activity among all studied 

samples. According to preliminary results obtained from the photocatalytic experiments, it was shown that 

TiO2/PEG photocatalytic coating samples exhibited high photocatalytic activity. Additional experiments on the 

photocatalytic activity of all samples will be conducted for the verification of the present results.  
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Abstract text:  

The hot charge carriers (electrons-holes) created as a result of visible light excitation of Au NP has been 

simultaneous extracted and utilized for driving oxidative coupling of benzylamine to N-benzylidenebenzylamine. 

The potential energy of the charge carriers can be tuned relative to the redox potential of the reactant molecules 

demonstrating a wavelength dependence in the catalytic product conversion. The reaction intermediates and 

products were captured using in situ Raman, NMR spectroscopy and a plausible reaction mechanism has been 

proposed. 

 

Solar light driven photocatalytic materials continue to attract keen interest due to its ability to harvest light 

efficiently and its capability to reduce the high energy cost of common industrial chemical processes. Plasmonic 

metal nanoparticles and semiconductor based photocatalysts are widely used in such applications. Semiconductors 

have wider band gaps compared to metals. Albeit the extensive adoption of semiconductor-based catalysts in 

practice, wide band gaps and absorption in the ultraviolet region reduce the efficiency in the catalytic processes. 

The portion of solar radiation attributable to the visible and ultraviolet light are 42% and 4%, respectively. 

Catalysts active in the visible spectrum of the solar radiation are thus expected to be efficient in comparison with 

those active in the UV region. Therefore, studies have attempted to discover numerous new materials and develop 

new strategies in order to efficiently utilise visible light to carry out catalysis. Surface plasmon resonance fosters 

excellent absorption of the visible light by plasmonic metal nanoparticles (Au, Ag and Cu). Due to their inherent 

LSPR property they possess broadly tunable optical properties coupled with catalytically active sites that offer 

unique opportunity for photocatalysis.  

 

We demonstrate the visible-light-driven amine oxidation reaction with the use of gold nanoparticles.1 These 

nanostructures, which were synthesised and characterised in our laboratory, serve as water soluble photocatalysts. 

These chemical transformations occur under ambient laboratory conditions, powered only by a visible light source, 

utilising the atmospheric oxygen to carry out the reaction. The reaction was monitored through SERS and NMR 

techniques. We establish a clear wavelength dependence on the enhancement of the product formation. 

Additionally, the mechanistic studies provide unambiguous evidence for the involvement of both hot electrons and 

holes in photoinitiation of the substrate. Formation of these hot carriers is a result of the charge separation 

following the plasmonic non radiative relaxation, which enhances the conversion by 30-40 fold relative to controls. 

This leads to the formation of an intermediate radical species facilitating a radical pathway. Optimisation of the 

nanostructure allows for oxidative coupling of several substituted amines as a function of their oxidative potential. 

We further observed that the amine oxidation reaction is highly selective due to its operation at a low temperature 

and using a low intensity of visible irradiation. The catalyst achieved a high turnover number through its effective 

use in low concentrations. These results have important implications for plasmon hot carrier photocatalysis. 

 

Acknowledgements 

S.S. acknowledges support from Ministry of Electronics &Information Technology, Government of India, for a 

Senior Research Fellowship under the Visvesvaraya PhD Scheme. 

 

References 

1. S. Swaminathan, V. G. Rao, J. K. Bera, M. Chandra, Angew. Chem. Int. Ed., 60, 22, 12532 (2021). 

 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

727 
 

Versatile synthesis of graphene materials for the removal of copper ions from aqueous 

solutions  

 
Dimitrios G. Trikkaliotis1, Dimitra A. Lambropoulou2,3, Athanasios C. Mitropoulos1, George Z. 

Kyzas1*  
1Department of Chemistry, International Hellenic University, Kavala, Greece  

2Laboratory of Environmental Pollution Control, Department of Chemistry, Aristotle University of Thessaloniki, GR–541 24 

Thessaloniki, Greece, 

*Correspondence: kyzas@chem.ihu.gr 
 

Abstract 

Graphene materials are extensively used in many fields and applications [1]. Here, we present the versatility of 

graphene oxide (GO) as composite with two multifunctional green polymers chitosan (CS) and poly(vinyl alcohol) 

(PVA) in wastewater treatment [2]. In the first section we demonstrate a low cost environmental friendly path for 

the synthesis of GO and reduced GO (rGO thermally processed). The second section is devoted to the synthesis of 

composite materials in bead and film form. The removal of copper ions from aqueous solutions was studied as a 

function of solutions temperature, pH and contact time. Pseudo-second kinetic model and Langmuir isotherm fitted 

the experimental data sufficiently; and thermodynamic studies indicated that the process was spontaneous and 

endothermic. All raw materials and composites were characterized with AFM, XRD, SEM, EDX, FTIR and BET. 

Indicative photos of the laboratory products, which are suitable candidates for industrial-scale applications, are 

displayed. 

 

Materials and Methods 

i) GO synthesis 

All materials were used as received. Graphite flakes (75 % over 150 μm, 332461), sulfuric acid (98 %), potassium 

permanganate (99 %) and hydrogen peroxide (30 %) were supplied from Merck Ltd. A simplified Hummers 

method, without the use of sodium nitrate, was followed for the synthesis of GO, which is then thermally reduced 

under vacuum.  

Briefly, graphite flakes (10 g) were stirred in 230 mL of concentrated H2SO4 (temperature of solution was ~0 °C). 

Then, KMnO4 (30 g) was slowly added to the suspension. The rate of addition was controlled to prevent the rapid 

rise in the temperature of the suspension, which should be less than 20 °C. The reaction mixture was then cooled 

to 2 °C. After the removal of the ice-bath, the mixture was stirred at room temperature for 30 min. Double distilled 

water (230 mL, ~1.5 μS/cm) was slowly added to the reaction vessel, keeping the solution temperature less than 

98 °C. The diluted suspension was stirred for additional 15 min, was further diluted with 1400 mL of double 

distilled water and then 100 mL of a 30 wt.% solution of H2O2 was added. The mixture was left overnight. GO 

particles that settled at the bottom were separated from the excess liquid by decantation. Then, the wet form of GO 

was separated by centrifugation and washed with deionized water (5–8 μS/cm) till reach pH ~6. The gel-like 

material was freeze dried and the GO was obtained (Fig.1A). The rapid heating of GO at 250 °C under vacuum 

resulted in simultaneous reduction-exfoliation and production of low- oxidized GO. 

ii) Beads & Films synthesis 

The reagents were used as received. Chitosan (310−375 kDa, DDA > 75 %), poly(vinyl alcohol) (MW 13000–

23000, 87-89 % hydrolyzed), glutaraldehyde (abbreviated as GLA, 50 % in H2O) and sodium tripolyphosphate 

(abbreviated as TPP, 98 %) were purchased from Sigma-Aldrich. 

Briefly, the GO/CS/PVA blend was stirred at 50 °C to form homogenous solution. Although the physical H-

bonding in CS/PVA blends results to network with thermal stability and reduced solubility in acidic solutions, 

suitable cross-linking leads to highly insoluble composites. GLA and TPP were the cross-linking agents and their 

concentrations were selected in relation to CS amino groups. The aim is to prepare a material that presented high 

adsorption capacity, which means to have free functional groups (able to bind the copper ions) as well as high 

durability which means it has to be strongly crosslinked with reagents (i.e. GLA and TPP) so as to render the 

extreme conditions of effluents. The latter means that the addition of GLA will immediately bind the free 

functional groups of chitosan. So, it was mandatory to find a balance (optimum ratio) between the added quantity 

of cross-linker over the whole quantity of the final material. This was the reason that we followed the suggestion 

of Filipkowska et al. for the bare minimum amount of GLA and TPP as the degree of deacetylation is in close 

proximity [3]. So, chitosan cross-linked with a homobifunctional aldehyde (GLA) is described by a simplified 

imine formation with primary amines originating from chitosan. Considering this mechanism, the theoretical 

stoichiometric ratio for a complete conversion would be 0.5 mol GLA per 1.0 mol of primary amine. The amount 

of primary amines is calculated (Eq. (1)) by using the degree of deacetylation (DD), and the molecular weight of 

glucosamine is used as the structural repeating unit (SRU). 

𝑛(𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑎𝑚𝑖𝑛𝑒) = (
𝑚𝐶𝑆

𝑚𝑆𝑅𝑈
) ∙

𝐷𝐷

100
   (1) 

Then, the mixture was added dropwise to double-distilled water and left for 24 h in gentle stirring at room 

temperature. The hydrogel beads were washed with deionized water several times till the removal of the residual 

reagents and dried at 40 °C (Fig.1D). A special discussion can be done for the reason of selecting at least two 

different cross-linking agents. Chitosan presents high swelling degree in aqueous solutions. Especially in a 
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powdered form, swells considerably and crumble easily, thus not behaving ideally in packed column 

configurations common to pump-and-treat adsorption processes, usually leading to plugging of the column. For 

pure chitosan swelling degrees as high as 2000 % have been reported. In order to overcome this problem chitosan 

could be crosslinked either covalently, by glutaraldehyde (GLA) or ionically, by a polyanion such as 

tripolyphosphate (TPP). 

 

 
Fig.1. (A) GO aerogel, (B) GO paper, (C) GO/CS/PVA film, (D) GO/CS/PVA adsorbent for water decontamination, (inset1) 

micro-beads ~800μm and (inset2) visualization of GO sheet dispersion into the polymeric matrix using AFM. 

 

Results 

 

i) GO & rGO 

The successful synthesis of GO was confirmed through XRD and FTIR characterization techniques and supported 

with SEM-EDX, UV-Vis, BET and AFM (Fig.2). 

 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

729 
 

 
Fig.2. (A) XRD of graphite and GO, (B) SEM of GO, (C) FTIR of graphite, GO and rGO, (D) BET of GO.  

 

Table 1. XRD properties of graphite, GO and rGO 

Material  C (%) d (nm) S (nm) Layers/Crystallite 

Graphite  92.0 0.339 23.10 68 - 69 

GO  70.3 0.929 12.11 13 - 14 

rGO  45.1 0.675 2.18 3 - 4 

C: crystallinity; d: interlayer distance; S: crystallite size 

 

ii) Beads & Films 

The same raw materials were utilized for the synthesis of beads and films. XRD, FTIR, SEM-EDX and AFM 

illuminated the composites’ structure while the UV-Vis characterization technique was applied to evaluate the 

copper ions adsorption (Fig.3). 

In this study, Cs/PVA/GO blends in bead and film form were used as novel adsorbents for Cu(II) ions removal 

from aqueous solutions. The selection of copper ions as model pollutant in the present is based on the fact that 

Cu2+ can be found in high concentrations because it is usually used in many industrial sectors like metal finishing, 

electroplating, plastics, and etching. It is recognized as one of the most widespread heavy metal contaminants in 

the environment. Water contaminated with copper must be treated before being discharged into the environment 

because of its toxic properties, even at low concentrations. The influence of pH, temperature, contact time and 

initial copper ion concentration were studied. The effect of initial copper concentration on equilibrium was 

investigated by carrying out adsorption experiments with the following conditions (m=0.03 g, V=30 mL, T=25, 

35, 45 °C, N=125 rpm, pH=5, t =24 h, C0=10−200 mg/L). Adsorption data were fitted by Langmuir, Freundlich, 

Langmuir-Freunldich, Temkin, Redlich, and Dubinin-Radushkevic isotherm models. Pseudo-1st, pseudo-2nd 

order and intra-particle diffusion model were applied to analyze the adsorption kinetic mechanism of Cu(II) onto 

the beads. Pseudo-second kinetic model and Langmuir isotherm fitted the experimental data sufficiently; and 

thermodynamic studies indicated that the process was spontaneous and endothermic. 
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Fig.3. (A) SEM of GO/CS/PVA beads, (B) Adsorption evaluation (Langmuir isotherms), (C) CS/PVA/GO and rGO films, (D) 

AFM topography of the films.   
 
Table 2. Film roughness  

Film CS/PVA- Roughness (nm) 

 Rq Ra 

GO 0.05% 22.3 14.1 

rGO 0.05% 25.9 17 

GO 0.1% 29.1 17.8 

rGO 0.1% 32.3 21.1 

GO 0.3% 62 49.2 

rGO 0.3% 79 67.7 

GO 0.6% 111 83.3 

rGO 0.6% 155 111 
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The industry has focused on nano-technological materials and production systems because of their 

environmentally friendly properties. Among them, titanium dioxide nanoparticles (TiO2) have attracted major 

interest, mostly due to their chemical stability, low toxicity, low manufacturing cost, and their photocatalytic 

applications [1]. However, their major drawback originates from their limited ability to absorb the visible 

spectrum, overcoming which has become the subject of scientific research. One of the most promising methods 

that have been reported so far, is introducing impurities in the crystal lattice of TiO2 which leads to the narrowing 

of the relatively large bandgap of the anatase TiO2 (~3.2eV) [2]. The combination of copper and titanium oxide 

nanostructures shows improved photocatalytic performance under visible light [3, 4]. 

 

Herein, we report the green synthesis of water-dispersible copper-doped TiO2 nanoparticles with enhanced 

absorbance in the visible spectrum through carefully tailoring the synthetic parameters and amount of copper 

dopant [5,6]. A wide range of analytical technics, such as FT-IR, UV-Vis, Raman spectroscopy, XRD, TEM, and 

SEM-EDX, have been employed for the characterization of the doped titanium oxide nanoparticles. The 

photocatalytic activity of the synthesized nanoparticles was assessed through the degradation of organic pollutants, 

such as Methylene Blue, under the irradiation of eco-friendly LED and Xenon lamps. In addition, their efficiency 

as photosensitizers has been addressed through the photochemical splitting of water for hydrogen evolution, 

employing a novel heteroleptic Ni(II) complex [7,8]. 
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Introduction 

Photocatalytic hydrogen generation is increasingly perceived as a potential alternative to traditional hydrogen 

production method [1]. Polymeric carbon nitride (p-C3N4) has been considered as a promising photocatalyst 

candidate due to its low cost, chemical stability, and visible light reactivity. However, the performance of pure p-

C3N4 is limited due to the rapid recombination of photoinduced electron-hole pairs. Therefore, a lot of methods 

were explored to improve the activity of p-C3N4. In this work, p-C3N4 was prepared in different atmospheres, 

treated with H2O2 or ultrasound, and then investigated with Au deposition to optimize its photocatalytic 

performance. The synthesized materials showed improved charge separation efficiency and H2 evolution 

performance. 

 

Experimental 

p-C3N4 samples were prepared by thermal polymerization of urea (550°C, 2h) in the presence of air or argon 

atmosphere. Prior to Au loading, portions of the synthesized p-C3N4 were treated with H2O2 or ultrasound. Various 

methods were used to deposit the Au on the p-C3N4 surface, e.g., photo-deposition, adsorption of pre-formed Au 

nanoparticles, and chemical reduction of HAuCl4 with NaBH4 in presence or absence of sodium citrate. Before 

testing in hydrogen evolution reaction (HER) with triethanolamine (TEOA) as sacrificial agent, the materials were 

characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), infrared spectroscopy (FTIR), 

UV-vis diffuse reflectance spectroscopy (DRS), thermal gravity analysis (TGA), elemental analysis (EA), and 

photoluminescence spectroscopy (PL). A Zahner workstation was used for the electrochemical characterization. 

Photocatalytic experiments (mcat = 25 mg) were performed in a small batch reactor at 25°C under irradiation with 

white or visible light. The solvent (50 mL) was a mixture of TEOA and water (10v/90v). The amount of hydrogen 

formed was determined by GC analysis (Agilent 6890) using an Ar stream flowing through the reactor (see also 

Figure 1). 

  
Figure 50. Scheme of the experimental set-up used for study of HER reaction with Au/p-C3N4 catalysts 

Results 

XRD powder patterns and PL spectra of 2wt.% Au/p-C3N4 samples synthesized by an identical Au photo-

deposition method are shown in Figure 2. All samples show reflections of p-C3N4 at about 13.1 and 27.3 degree 

and those of metallic Au. The treatment with H2O2 leads to a loss of intensity of the p-C3N4 (100) reflection 

compared to samples without H2O2 treatment. The different intensity and linewidth of the Au reflections indicate 

that the size of the deposited Au crystallites is affected by the surface structure of the C3N4 support. Ultrasound 

treatment resulted in a moderate decrease in PL intensity compared to the untreated material, indicating improved 

separation of photoexcited electrons and holes in these samples. Almost complete suppression of PL was observed 

when the p-C3N4 was treated with H2O2 prior to Au deposition.  
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Figure 51. XRD powder patterns (left) and photoluminescence spectra (right) of different 2 wt.% Au/p-C3N4 catalysts. 

Photocatalytic results of these samples are presented in Figure 3. The highest hydrogen evolution was observed 

for the p-C3N4 treated by ultrasound. The ultrasound treatment was previously applied for exfoliation of p-C3N4 

sheets [2]. Reasons for the higher activity of the ultrasound treated sample might be a lower distance of the charge 

carriers traveling to the surface in combination with a reduced charge carrier recombination.  

 

Figure 52. Photocatalytic hydrogen evolution under irradiation with white light for various 2wt% Au/p-C3N4 catalysts (the 

same photo-deposition method of Au was used for all samples). 

Besides the particular p-C3N4 structure, the influence of the deposited Au amount, and that of the deposition 

method on hydrogen evolution was also investigated. With the used Au deposition method (Figure 3), an Au 

loading of 8% showed the highest hydrogen evolution (3.2 mmol·gcat
-1 after 3 h). Comparing different deposition 

methods at an Au loading of 2wt-%, the sample prepared by chemical reduction of HAuCl4 showed the highest 

hydrogen production (3.7 mmol·gcat
-1). The results clearly show that the photocatalytic performance of the Au/p-

C3N4 catalyst in hydrogen evolution are strongly affected by the p-C3N4 surface structure as well the structure and 

amount of the formed Au nanoparticles. 
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Contamination of water resources by highly toxic organic compounds present in the effluents of various industries 

is a significant problem faced by modern mankind. Existing separation treatment technologies do not correspond 

to modern ideas about the sustainable development of water resources and the closed-cycle economy. In this 

regard, the task of the development of new effective and environmentally safe methods of wastewater treatment 

from organic compounds should be considered as an urgent one. To date, Advanced Oxidation Processes (AOPs) 

are intensively researched and considered as an alternative to the separation methods for removing toxic organic 

substances from water [1]. Among the methods of water purification from organic pollutants using AOPs, 

heterogeneous catalytic processes in the presence of H2O2 are the most effective and versatile [2]. Photocatalysis 

is considered to be an environmentally friendly process due to its ability to achieve full mineralization of hard-to-

oxidize organic pollutants without the formation of secondary impurities. At the same time, to create an energy-

efficient and energy-saving technology of photocatalytic water purification, it is necessary to develop new 

immobilized photocatalysts. Recently, the photocatalytic properties of film materials based on TiO2 nanotubes 

(NTs) obtained by anodizing metallic titanium have been intensively studied [3]. Increased attention to this object 

is primarily due to its unique spatially ordered nanostructure and the ability to control the size of TiO2 NTs over a 

wide range, which opens up the prospect of obtaining materials with desired properties and functions. The 

efficiency of photocatalysis depends not only on the morphology of the photocatalyst, but also on its ability to 

create electron-hole pairs under the action of light [4]. The main way to improve the quantum efficiency of TiO2 

is by doping (co-doping) which is the introduction of two or more impurities of cationic, anionic or mixed type 

into TiO2 [5]. According to the literature, one of the most available and promising doping components of TiO2 is 

copper [6]. Modification of the crystal lattice of TiO2 by copper ions leads to the appearance of additional levels 

in the band gap that increase the frequency of interband electron transitions and shift the absorption boundary to 

the visible region, which, in turn, improves the photocatalytic activity of TiO2. This work is devoted to the 

preparation of spatially ordered TiO2 NTs films doped with copper and fluorine using electrolytic and solvothermal 

methods as well as to the study of their structure and electronic properties. 

 

The initial films made from fluorine-doped TiO2 NTs (F-TiO2 NTs) were obtained by anodic oxidation of VT1-

00 metallic titanium wafers in a potentiostatic regime at 60 V and constant temperature of the anodizing solution 

of 25°C [3]. The copper doping of F-TiO2 NTs samples (Cu, F-TiO2 NTs) was performed by the solvothermal 

method in an autoclave equipped with a 5 mL fluoroplastic insert. The doping process was conducted in a 0.25 M 

solution of copper (II) acetate in ethylene glycol at temperatures from 80 to 180°C for 15 to 180 min. The 

synthesized films were crystallized by heat-treatment in a Nabertherm R 100G750G13-1 (Nabertherm, Germany) 

tubular furnace at 450°C in an flow of air with constant rate of heating and cooling of 5 °C/min. The heat-treatment 

at a constant temperature of 450°C lasted for 1 h. 

 

Figure 1 shows microphotographs of typical morphology of F-TiO2 NTs and Cu,F-TiO2 NTs samples obtained by 

doping at 160°C for 1 hour. 

 

 
Figure 1. SEM photomicrograph of sections of the surface and cleavage (inset) of the obtained samples: a) F-TiO2 NTs; b) 

Cu, F-TiO2 NTs 
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Comparing the presented microphotographs, we can see that the solvothermal approach of NTs F-TiO2 doping 

with copper ions does not lead to a change in the initial nanotube structure of the films. According to SEM data 

(Fig. 1b), the obtained films consist of densely packed NTs, which have an open porous structure with local 

hexagonal self-organization, a smooth outer surface and a narrow size distribution. The inner diameter of the NTs 

was found to be 115±10 nm, the wall thickness - 10±2 nm, and the length - 17.2±1.1 μm. According to the images 

of the film cleavage, the NTs are parallel to each other and are absolutely homogeneous throughout the entire film 

thickness. The upper part of the TiO2 NTs is open, while the lower side the tubes has a closed hemispherical 

bottom, by which they are attached to the substrate surface. 

 

Figure 2 shows the dependences of Cu content in Cu,F-TiO2 NTs samples on the duration of the solvothermal 

doping process at different temperatures. 

 

 
Figure 2. Copper content in Cu, F-TiO2 samples versus the duration of the solvothermal doping process at different 

temperatures: 1) 80°C; 2) 120°C; 3) 160°C; 4) 180°C 

 

As can be seen, with an increase in the synthesis temperature, an increase in the rate of F-TiO2 NTs doping with 

copper is observed, and for all studied temperatures, the time dependences of the copper content in the samples 

exhibit the same nonlinear behavior. For each temperature, the maximum rate of F-TiO2 NTs copper doping is 

observed in the interval from the start of the process to 1 hour, when the concentration of copper ions in the solution 

reaches its maximum. A further increase in the duration of the solvothermal process leads to a decrease in the 

doping rate, which is caused by a decrease in the concentration of copper in the solution. From the data presented 

in Fig. 2, we can conclude that by changing the duration and temperature of the solvothermal doping process, it is 

possible to control the copper content in Cu,F-TiO2 NTs samples in the range from 0 to 3.87±0.19%. 

 

Using the absorption spectra of the samples obtained by diffuse reflectance spectroscopy in the wavelength range 

from 190 to 700 nm, the value of the band gap width (Eg) of Cu,F-TiO2 NTs was estimated. The value of Eg was 

estimated by the value of energy of indirect interband electron transitions, which was determined by the well-

known graphical method [7]. The performed analysis showed that for all the studied samples the band gap is 3.20 

± 0.05 eV, which coincides with the literature data for crystalline titanium dioxide with the anatase structure. Thus, 

it has been established that TiO2 NTs copper doping does not lead to a change in the band gap of TiO2, and the 

appearance of absorption bands in the visible part of the spectrum is probably associated with the formation of 

surface electronic levels in the band gap of TiO2 and d–d transitions of Cu atoms. 

Acknowledgements 

The authors are grateful to the staff of the Center for Collective Use for studying the samples by the SEM. 

 

References 

1. .K. Pandis, C. Kalogirou, E. Kanellou et al., ChemEngineering, 6 8 (2022). 

2. A. Zuliani, C.M. Cova, Photochem, 1 147 (2021). 

3. A.N. Morozov, A.V. Denisenko, A.I. Mihaylichenko, M.Yu. Chayka, Nanotechnologies in Russia, 14, 9-10 

444 (2019). 

4. A.I. Mikhailichenko, A.N. Morozov, A.V. Denisenko, Theoretical Foundations of Chemical Engineering, 53, 

4, 632 (2019). 

5. C.Di. Valentin, G. Pacchioni, Catalysis Today, 206, 12 (2013). 



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

736 
 

6. Ozge Kerkez-Kuyumcu, Efgan Kibar, Kubra Dayıoglu, Journal of Photochemistry and Photobiology A: 

Chemistry, 311, 1. 176 (2015). 

7. P. Makula, M. Pacia, W. Macyk, J. Phys. Chem. Lett., 9, 6814 (2018). 

  



9th IUPAC International Conference on Green Chemistry, 5-9 September 2022, Athens, Greece      Conference Proceedings 

737 
 

Size and shape-controlled synthesis of well-defined iron oxide nanocrystals by 

investigation of the reaction path mechanism 

 
Agnes Weimer*†,∞, Artur Feld,†,∞,  Andreas Kornowski†, Naomi Winckelmans∥, Jan-Philip 

Merkl†,∞, Hauke Kloust†, Robert Zierold⊥, Christian Schmidtke†, Theo Schotten∇, Maria Riedner#, 

Sara Bals∥ and Horst Weller,†,∞,∇,§ 
† Institute of Physical Chemistry, Hamburg University, Grindelallee 117, D-20146 Hamburg, Germany. 

∞ The Hamburg Center for Ultrafast Imaging, Hamburg University, Luruper Chaussee 149, D-22761 Hamburg, Germany. 

∇ Fraunhofer-CAN, Grindelallee 117, D-20146 Hamburg, Germany. 

§ Department of Chemistry, Faculty of Science, King Abdulaziz University, P.O BOX 80203 Jeddah 21589, Saudi Arabia. 

# Department of Chemistry, Hamburg University, Martin-Luther-King-Platz 6, D-20146 Hamburg, Germany. 

∥ Electron Microscopy for Materials Science (EMAT), Department Physics, University of Antwerp, Groenenborgerlaan 171, 

B-2020 Antwerp, Belgium. 

⊥ Center for Hybrid Nanostructures, University Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany. 

*corresponding author: agnes.weimer@chemie.uni-hamburg.de 
 

Magnetic nanoparticles are of significant interest and immense importance for research as well as technological 

application. These nanoparticles exhibit fascinating magnetic properties, including blocking temperature, 

coercivity, saturation magnetization, magnetic domain size, and exchange coupling effects, which are affected by 

size, shape, and crystal structure. [1–3]  

 

For these outcomes, a new synthetic route was developed[4], based on the thermal decomposition of iron oleate. 

The oleate was synthesized by use of a novel precursor system - Fe(II)CO3 and Fe2(III)(CO3)3. The method allows 

the synthesis of highly monodisperse nanocrystals (NC) in various well-defined sizes and morphologies on a gram 

scale. Furthermore, the elaborated synthetic route accomplished a strict kinetic separation of the formation of iron 

oleate from the generation of reactive pyrolysis products and the subsequent nucleation during the synthesis. 

 
Size and shape control was achieved by varying the concentration of the ligand oleic acid and the non-coordinating 

solvent 1-octadecene, the temperature and reaction time, so that octapod-shaped NC in a size range of 20-80 nm 

and cubic NC with sizes from 20-60 nm could be synthesized. With dilution, the size of the nanoparticles decreases 

significantly, while at higher concentrations, they become larger, as shown in figure 1. 

 

 

 

 

The octapod star-shaped morphology, formed shortly 
after nucleation as a kinetically favored product, could 

be characterized by a comprehensive structure analysis 

using transmission electron microscopy (TEM) and 

electron energy loss spectroscopy tomography (EELS-

tomography). As a result of thermodynamic control 

they transformed into cube-shaped structures 

due to metamorphosis in 4 phases. 

 

 

Figure 1.Schematic representation of the 

influence of reaction time (after nucleation) 

and factor of dilution on the size and shape of 

the resulting NC. 
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Figure 3 illustrates a short 

overview of possible sizes and 

shapes that can be synthesized 

using this approach. 

 

 

Furthermore, the hydrophobic NCs were 

transferred into water and encapsulated with a 

polystyrene shell, based on the seeded 

emulsion polymerization technique[5], 

providing biocompatibility and water solubil-

ity. This enables the way for a broad spectrum 

of applications.  

 

Especially iron oxide nanocrystals can be used 

to effectively remove micro polystyrene 

particles via adsorption from water showing 

potential advantages of this particles for 

removing environmental pollutants by an 

environmental-friendly procedure.[6]  

 

Finally, the goal is to optimize this synthetic 

approach so that it is biobased and sustainable. 

One way to do this would be to use bacteria[7] 

to produce particles via biomechanisms. 

However, such production methods using 

bacteria allow poor control of shape and size, 

so in the future, it would be purposeful to adapt 

the method presented here to a biologically 

synthesized strategy. 
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Figure 2.  metamorphosis during 

1 h of reaction (TEM images of 

particle size and shape 

formation) and a corresponding 

scheme of the different develop-

ment stages (Fe/OA = 1:7; 1-

octadecene = 8 vol %) 

 

 

Figure 3.  Short overview of TEM images of star-

shaped and cubic nanocrystals, which can be 

synthesized with this approach. 
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Polymer‐matrix based composite materials performing improved mechanical and thermal properties are of utmost  

technological importance for a wide variety of applications, including aerospace and structural engineering. Within 

this context, polypropylene random copolymer (PPR), copolymerized by propylene and ethylene monomers, has 

attacted the interest of both acdemic and industrial communitites thanks to the higher impact strength, excellent 

thermal stability, and mechanical properties. Nevertheless, PPR is contaminated easily under appropriate 

temperature and humidity condition. Thus, the addition of nanoadditives is an effective method to provide the 

functionality and further enhance physical and mechanical properties of the final materials. Herein, five 

polypropylene (PPR112)/SiO2  composites using different filler concentrations (from 1-15 %wt.) were prepared 

via melt-mixing extrusion process and roughly investigated. Furthermore, the structural features of the composites 

were examined with the implementation of multiple techniches, such as Fourier-transform Infra-red spectroscopy 

(FTIR), X-ray Diffractometry (XRD) and Scanning Electron Microscopy (SEM), while Tensile strength and 

Impact strength were measured to evaluate the mechanical behavior of the synthesized polymeric materials, as 

they strognly affect their final applications. 
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Introduction 
Effective promotion of catalytic reactions performance is always a grand challenge for heteorgeneous catalysis [1-

5]. Nevertheless, catalyst nanoparticle stabilization (anti-sintering behaviour) at the typically elevated operation 

temperatures of catalysis is at least of equivalent, unless of much more importance. Sintering of catalyst 

nanoparticles is inevitably a leading cause of the degradation of industrial catalysts used for energy and 

environmental applications as well as for large-scale synthesis of commodity chemicals with obvious economic 

drawbacks; this justifies the intense research interest on the topic [6-7]. Nanoparticles sintering in supported 

catalysts implicates two main mechanisms [7, 8]: the so-called Particle Migration and Coalescence (PMC), which 

concerns the coordinated motion of multiple atoms clusters on the support surface with subsequent coalescence 

leading to particles growth, and Ostwald ripening (OR), which refers to atomic particles migration from smaller 

to larger nanoparticles, driven by differences in free energy and local adatom concentrations on the support surface. 

Since all heterogeneous catalysts are inevitably subjected to sintering during operation and/or catalyst regeneration 

procedures [6], regardless of what sintering mechanism dominates, the effect poses a grand challenge for the 

development of sinter-resistant catalysts [8-11]. 

We have found that the effective-double-layer, [Oδ−, δ+] -spontaneously created on the catalyst nanoparticle 

surfaces via metal-support interactions due to thermally-driven lattice oxygen spillover from supports with 

substantial oxygen ion lability onto the nanoparticle surfaces [4,5]- can play a key role not only on the intrinsic 

catalytic activity of the particles [1-3], but also on their sintering behavior [9-11]. This oxygen ions Oδ- electric 

layer on the surface of catalyst particles can effectively stabilize their nano-structure even at extreme (high 

temperature) oxidative sintering conditions, an effect of great importance in heterogeneous catalysis and especially 

in the cases of catalysts that are prone to sintering or used in high temperature processes. We have developed a 

mechanistic model which convincingly explains the anti-sintering (anti-PMC and anti-Ostwald ripening) induced 

by the Oδ- layer and is schematically shown in Fig. 1.  

 
Figure 1. Model for anti-sintering behavior (anti-PMC and anti-OR) and redispersion induced by the simultaneous 

action of interparticle repulsion forces arising from the Oδ- layer and atom trapping at oxygen ion vacancies. 

In brief, the Oδ− layer created on catalyst particles interfaced with supports with high oxygen ions lability endows 

the particle with a net negative charge at its gas-exposed surface, leading to inter-particle repulsion at short range, 

thus preventing particle–particle encounters followed by coalescence (anti-PMC). At the same time, the Oδ− 

modifies surface barrier present on large catalyst particles increasing the activation energies for detachment and 

reattachment of metal entities whose transport would otherwise lead to continuous growth of large particles at the 

expense of smaller particles according to the OR model (anti-OR). In addition, atomic trapping by surface oxygen 

vacancies (VO
∙∙) [2] existing on supports with high oxygen ions lability acts as a contributing factor in the anti-OR 

mechanism or even better can lead to re-dispersion [9]. 

Here, we report results on the resistance, or lack of resistance, to sintering and even the in situ redispersion at high-

temperature oxidative conditions of Ir and Rh nanoparticles dispersed on supports encompassing a wide range of 

lattice oxygen ion lability. 

http://www.pccplab.tuc.gr/
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Experimental 
Commercial or laboratory made (via co-precipitation) γ-Al2O3, ACZ (80wt%Al2O3–20wt% Ce0.5Zr0.5O2-δ), CZ 

(Ce0.5Zr0.5O2-δ), GDC (10mol%Gd2O3-CeO2) and YSZ (8mol%Y2O3-ZrO2) oxide supports were used for the 

deposition of Ir and Rh nanoparticles, via wet impregnation, at a nominal metal loading of ~1wt%. Textural, 

structural and morphological characterizations of the as-produced catalysts were performed by using BET, H2-

chemisorption, H2-TPR, XRD and TEM techniques, among others.        

Results and Discussion 

Figure 2 shows the sintering behavior of Ir (Fig. 2a) and Rh (Fig. 2b) nanoparticles under high temperature 

oxidative treatment (see figure caption for details) when dispersed on supports with different OSC. A strong 

correlation is evident in both cases. Independent of the nature of metal particles, supports with low or zero OSC 

(Al2O3 or YSZ) do not prevent particle growth; the opposite is true for supports with high OSC. For Rh particles, 

in particular, dispersed on supports with high OSC the sintering treatment can cause even re-dispersion 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Percentage Iridium (a) and Rhodium (b)  particle growth (positive values) or redispersion (negative values) as a 

function of the oxygen storage capacity (OSC) of the support for Ir catalysts sintered at 750oC for 2h and Rh catalysts 

sintered at 750oC for 2 h (sinter@750) of at 750oC for 2h + 850oC for 2h (sinter@850) at oxidative atmosphere (air). 

Conclusions 
Supports with negligible OSC (e.g. γ-Al2O3, YSZ) provided no or little resistance to sintering of catalyst 

nanoparticles. In striking contrast, high resistance to sintering and even redispersion of catalyst nanoparticles 

resulted on supports characterized by moderate and high OSC values (ACZ, GDC and CZ, respectively). These 

findings provide a new methodology for sintering prevention or even in situ controlled redispersion of metal 

catalyst particles. A model has been developed convincingly explains the obtained results. The new methodology 

of catalyst nanostructure stabilization and/or particle redispersion is of significant fundamental and practical 

importance for energy and environmental applications (such an implementation is included in the full paper).    
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Introduction  

VOCs are major air pollutants and their elimination must be strictly regulated. One of the most effective ways to 

eliminate them is catalytic oxidation. Zeolite based materials are widely used last years in ecofriendly technologies 

as exhaust gas purification and greenhouse gas adsorption [1]. Zeolites have many applications. In terms of 

catalysis, they have good properties. Pore size directly determine the absorption and catalytic performance of the 

specific type of zeolite [2]. Their specific surface area, ordered pore size and structure, thermal stability, shape 

selectivity, hydrothermal stability, mobility of their cations to act as a catalyst, makes them very suitable as catalyst 

carriers. Catalysts based on Co-Mn are one of the most effective and economically advantageous in VOCs removal. 

Their activity is expected to be higher than that of monoxides. The combination of mixed cobalt-manganese oxides 

deposited over clinoptilolite is expected to have high catalytic activity. 

Catalytic activity was examined in the reaction of total oxidation of n-hexane. In the atmosphere, n-hexane 

participates in radical reactions, which are involved in the formation of photochemical smog. European Directive 

2008/50/EU recommends measurement of n-hexane pollutions. 

 

Experimental Methods 

The zeolite used in this work was obtained from a deposit located near Beli Plast village, Eastern Rhodope 

Mountains, Bulgaria. The analyzed as clinoptilolite material was crushed and sieved into a fraction 0.63–0.80 mm 

and collected for further studies as “raw clinoptilolite”. It was modified into H-form by ion exchange with 1M 

NH4NO3 solution.  

Ion exchange was performed in three consecutive cycles in order to obtain complete exchange of interfering 

cations. The ion exchanged clinoptilolite was filtered, washed to neutral pH, dried for 24 hours at 110 °C, and then 

calcined for 3 hours at 350 °C. Co-Mn catalysts on ion exchanged zeolite were prepared by the method of wet 

impregnation from aqueous solutions of (Co(NO3)2.6H2O, Mn(NO3)2.4H2O). The calculated amounts of diluted 

salts correspond to 20% by weight as oxides in the final product. The obtained samples were calcined 3 h at 500 

°C. The synthesized catalysts were designated depending on the percentage of the metal ion.  

The properties of raw clinoptilolite were characterized with AAE-ICP and XRD. The properties of prepared 

catalysts were characterized with powder XRD, BET, TPR, XPS and in the reaction of total oxidation of n-hexane. 

 

Results and Discussion 

The composition of “raw clinoptilolite” and ion exchanged clinoptilolite was obtained by AES-ICP method. The 

results are summarized in Table 1. 

 
Table 1. Chemical content of clinoptilolite determined by AES-ICP. 

 

Sample SiO2 Al2O3 CaO K2O MgO Fe2O3 TiO2 MnO Na2O P2O5 

Raw 

clinoptilolite 

71.45 11.56 3.02 2.60 0.91 0.70 0.12 0.03 <0.01 <0.01 

Ion exchanged 

clinoptilolite 

77.10 10.80 0.3 0.60 0.72 0.70 0.09 0.02 <0.01 0.04 

 

The powder XRD analysis showed that the natural material contains 89 wt.% clinoptilolite and opal cristobalite ~ 

8 wt.%. The main structure of the ion exchanged carrier is clinoptilolite. In all investigated catalyst samples XRD 

analysis (Fig. 1a) revealed the existence of mixed metal oxide CoMnO3 phase. In 15Co5Mn sample in addition 

Co3O4 was determined whereas for 5Co15Mn sample the additional phase was MnO2. So, the cobalt exists in Co2+ 

and Co3+ oxidation states and the manganese is represented in Mn3+ and Mn4+ oxidation states on the surface of 

the samples determined by XPS methods. The obtained phases of mixed Co-Mn oxides are highly dispersed and 

easily reducible. 

All investigated samples demonstrated catalytic activity in total oxidation of n-hexane (Fig. 1b). The conversion 

attained 100% in the temperature interval 340–360 °C. The sole reaction products were CO2 and H2O. The raw of 

the catalytic activity in the reaction of total oxidation of n-hexane is 15Co5Mn > 5Co15Mn > 10Co10Mn. The 

best activity of 15Co5Mn sample is explained with co-existence of Co3O4 phase together with mixed oxidation 

states of Co and Mn with ratio Co:Mn close to 1:1 on the surface, determined by XPS. 
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Figure 1(a) XRD patterns of ion exchange clinoptilolite and Co-Mn catalysts and catalytic curves (b) on all Co-Mn 

investigated samples. 

 

Natural Bulgarian zeolite clinoptilolite demonstrated good properties as support for catalysts applicable in 

oxidation reaction for environmental protection. 
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Access to clean and drinkable water has become of increasing concern in the last years due to exponential growth 

of population, industrialization and water irrigation. Almost half of the world's population lives in regions where 

demand for water is greater than the ability of supply aquifers to recharge, and because of this imbalance water 

reuse is crucial. Because of this, it is crucial to develop efficient, non-destructible and sustainable methods for 

wastewater reuse. [1] Advanced oxidation processes (AOP) and particularly heterogeneous photocatalysis 

represent a possible solution to this problem because of its ability to degrade organic molecules to non-hazardous 

products – CO2, H2O and other inorganic substances. [2] 

 

 The aim of this study was the development of a packed bed photoreactor system, to be used for photocatalytic 

treatment of contaminants in wastewater. To achieve this, a suspension of commercially available TiO2 (P25) was 

deposited onto glass beads (diameter ~3 mm) using the dip-coating method. These beads were then packed into a 

tube (diameter ~10 mm) with a volume of 50 mL. Photocatalytic efficiency of our system under real conditions 

was tested by observing the degradation rate of various persistent organic pollutants (organic dyes, selection of 

pharmaceuticals, ...) dissolved in distilled water, bioreactor effluent and central wastewater treatment plant effluent 

under UV light. Results show that the reactions are expectedly slower in wastewater than in deionized H2O, 

nevertheless, it is shown that removal of the compounds from water is still possible even when other organic 

molecules are present. [3] 

 

 
Figure 53: Photocatalytic degradation of pharmaceuticals in distilled water. 
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Pollution prevention and remediation 
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Pharmaceuticals have a main role on health and life quality of humans and animals. Nevertheless 30% to 90% of 

all oral administrated drugs are excreted as active compounds [1], leading the worldwide occurrence of these active 

compounds and their metabolites in water sources, soils, and biota. As these compounds are designed to have a 

biological response to small dosages, they are an important threat to public health and ecosystem stability even at 

low concentration [1]. Additionally, their relative high stability is even more concerning, as the continuous 

ingestion of small doses can lead to accumulation since the degradation rate is slower than the up taking. On the 

other hand, conventional wastewater treatment plants (WWTP) are not designed to remove these compounds that 

enter the environment. Despite the report of diverse cases of life-threatening biological effects of these drugs on 

wildlife, about 88% of all pharmaceuticals do not have environmental toxicity data [2]. 

 

Although the use of eutectic solvents (ES) provides a cheap and efficient solution for the removal of APIs 

micropollutants [3 - 4], the toxicity of some of the used compounds and their leaching are drawbacks that need to 

be overcome to develop a fully sustainable system.  The use of all natural compounds like sugars, amino acids, 

organic acids, choline and urea that exhibit low toxicity and have a high biocompatibility might be the answer for 

this problem.  

 

In this work, ES based on fatty acids were impregnated on porous membranes by soaking and use to remove 

sodium diclofenac from water using UV-Vis spectroscopy to quantify the extraction efficiency of the membranes. 

Experimental parameters such as contact time, number of membranes, pH and initial concentration of 

pharmaceutical were optimized to achieve a remarkable extraction efficiency 97%. These membranes were re-

used over 9 more cycles of extraction without decreasing the efficiency. 

 

 
Figure 1.  PVDF membranes impregnated with NADE. 
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Introduction: Thermophilic biological fluidized bed reactor (TBFBR) proved to be effective for sewage sludge 

minimization [1,2]. Reactions of organic matter degradation that occur in thermophilic conditions are generally 

exothermic. Therefore, this work aims to evaluate the amount of energy produced by the degradation of the sewage 

sludge taking into consideration organic matter removal, external apports of energy and heat losses. 

 

Materials and methods: Tests were conducted in a pilot-scale TBFBR (1 m3). The energy balance in Eq. 1 takes 

into account the heat loss from the main tank envelop (Qmaintank), the boiler tank (Qtank), the pipes (Qpipes) and the 

share due to the evaporation (Qevap.) flow rate and convection (Qconv.) from the free surface of the reactor. Finally, 

the energy from the exothermic reaction, Eq. 2, has been evaluated as a difference between total heat loss (QTOT) 

and the energy provided by the boiler to keep reactor temperature (Qboiler):  

                                                  QTOT = Qmaintank + Qtank + Qpipes + Qconv. + Qevap.                                                                                [1] 

                                                                            Qeso = QTOT - Qboiler                                                                                                           [2] 

The monitoring activity has been carried out for one month during winter period to evaluate the energy balance in 

worst external conditions. The heat loss through the reactor, the boiler tank and the pipes involved common 

conduction heat transfer. For the evaluation of the heat loss from the free surface of the sludge, the energy loss 

through evaporation has been determined with the evaporation flow rate based on the formula proposed by 

Asdrubali [3]. In the calculation, as the fluid is mainly made up of water, the relative enthalpy of vaporization Iwater 

has been assumed. The energy loss through convection between free surface of the sludge and the environment 

has been modelled adopting the following Eq. 3:  

                                                                             Qconv. = h·A· (Tp - Ta)                                                                [3]                                                                                 

where the convection heat transfer coefficient has been hourly determined as follows (Eq. 4): 

                                                                               h = 0.22 · (Tp - Ta)1/3                                                                [4]           

Results and discussion: More than 80% of COD fed were removed by the TBFBR (Figure 2). After about 30 

days, stable conditions were achieved. Considering the period selected in the analysis, the specific removal rate of 

organic matter was almost 1.4-3.4 kgCOD/m3 d. Results of energy balance showed an energy production of 1705 

kWh for the month of December. The trend, dominated by the conduction through the apparatus envelop, is almost 

flat, with an average heat loss through the envelop around 5 kWh, and a loss through conduction and evaporation 

of 0.008 kWh (Figure 3). 

 

Conclusions: In conclusion, TBFBR application for sewage sludge minimization allows to produce a surplus of 

energy thanks to high energetic exothermal reactions of organic matter degradation. This model helps to quantify 

the specific amount of energy produced associated to exothermic processes.  
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Figure 54. Concentration of COD in and out the TBFBR, and difference of organic matter load between the two streams (Δ). 

Yellow area represents the selected period (stable and cold conditions) in which the energy balance has been evaluated.  

 

 
Figure 3. Heat loss through the system envelop (a) and via convection and evaporation from free surface (b) 
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Abstract 

Activated carbon (AC) was prepared from date palm leaflets via KOH activation. Oxidized activated carbon 

(OAC) was produced via nitric acid treatment. OAC was converted to basic and hydrophobic activated carbons 

via surface functionalization using different amine and diamine surfactants (ethylene diamine, propylenediamine, 

ethylamine and aniline). Surface area of activated carbon (835 m2/g) has decreased on oxidation and surface 

functionalization. Acidic drugs (ibuprofen) and basic drugs (chlorpheniramine and diphenhydramine) were tested 

for their adsorption on acidic, basic and hydrophobic activated carbons. Drug adsorption was found to be faster on 

hydrophobic activated carbons than other carbons with data fitting the pseudo second order kinetic model. 

Activation energies were found to be in the range of physical adsorption. Langmuir adsorption model was found 

to fit well the sorption of methylene blue. Rising the temperature has shown better performance for drug removal 

with better performance for ethylamine functionalized activated carbon. Thermodynamic parameters were also 

calculated. 
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Arsenic and chromium contamination of groundwaters has triggered worldwide attention due to their toxicity and 

carcinogenicity. Arsenic and chromium usually coexist in natural waters, which are released through natural causes 

such as soil corrosion and anthropogenic activity such as mining and alloys industries [1]. In natural water, arsenic 

is primarily present in inorganic forms and exists in two predominant species, arsenate [As(V)] and arsenite [As 

(III)]. As(V) is the major arsenic species in surface water, while As(III) is the dominant arsenic in groundwater 

since it is favored under reducing conditions. As(III) is more toxic to biological systems than As(V). Chromium 

is found in the environment as both trivalent, Cr(III) and hexavalent, Cr(VI), although the toxicity of the hexavalent 

form is higher than that of the trivalent form. In aqueous media, arsenic and chromium can exist in several anionic 

species, mainly as chromate (CrO4
2− or Cr2O7

2−) and arsenate (HAsO4
2− or AsO4

3−) [1, 2]. Adsorption is an 

important treatment approach as it is easily operated with high efficiency and low cost [2] and there is an increased 

need for development of adsorbents, which could remove multiple contaminants from waters. In this direction, in 

our study, we prepared and used a silica-based material functionalized with polyethylenimine (SiO2-PEI) as an 

absorbent, which has been proved efficient in removing arsenate and chromate and cases are reported to be 

simultaneously present in waters. Coexisting anions in natural waters such as phosphates, sulfates and nitrates, 

might compete with arsenic and chromium oxyanions for active adsorption sites and significantly reduce their 

removal performance by the adsorbents [3].  

 

In our study we examined the effect of phosphate, sulfate and nitrate anions on chromium and arsenic adsorption 

by SiO2-PEI. The maximum uptake of arsenic and chromium on SiO2-PEI, in the presence of the other anions at 

different pH values were studied. Also, the effect of different concentrations of the anions and the effect of the 

increasing concentration of the adsorbent material were studied. The experiments were performed using a rotary 

stirrer. Total chromium and arsenic were determined by graphite furnace atomic absorption. Hexavalent chromium 

was determined by diphenyl-carbazide method, a colorimetric determination where the absorbance of the samples 

is measured on a spectrophotometer. Phosphates, sulphates and nitrates were determined by test kits. 

 

Initial results of the study on the effect of phosphate ions on Cr (VI) adsorption are presented in Figure 1. The 

removal rate of hexavalent chromium is over 90% with the presence of 4 mg/L of phosphate anions, for the initial 

Cr(VI) concentrations over 40 μg/L at pH 7 and a dose of 100 mg/L of the adsorbent, SiO2-PEI. At lower initial 

chromium concentrations, under 40 μg/L, the presence of phosphate anions had an adverse effect decreasing 

Cr(VI) removal efficiency. 

 

 
Figure 1. Effect of the presence of phosphate anions on hexavalent chromium adsorption by SiO2-PEI  

(Adsorbent dose 100 mg/L, pH=7, T=22°C) 
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Abstract text:  

The present study aims to investigate the use of advanced oxidation processes based on sulfate radicals production 

for oxidation of arsenic (III) to arsenic (V) and removal from water. As a solid matrix for the production of radicals 

will be biochar, produced by rice husk from the area of Thessaloniki. The ability of  biochars to form radicals 

when the water is spiked with some persulfate salts will be investigated. Initially, the oxidative capacity of plain 

biochar and persulfate radicals, will be studied, against arsenic [1], in order to study the oxidative pathways of 

arsenic(III) and evapuate the efficiency of the technology under different conditions (i.e., pH, temperature, 

catalysts, initial concentrations, water matrix compposition). Then, the oxidation methods will be optimized by 

modifying the oxidation conditions for each experimental route, and by synthesizing new oxidizing methods, such 

as biochar with properly modified surface area to generate persulfate radicals [4].  

 

The results of this study are expected to be of particular interest in the treatment of water, the quality of which is 

of great importance for the environment, which constantly receives large loads of pollutants due to human activity.  

 

Chemicals & Materials: 

▪ Rice straw biomass derived from Chalastra, Thessaloniki, Greece 

▪ GFX 

▪ KOH 

▪ HCl 

▪ Na2HAsO4*7H2O 

 

Experimental procedure: 

Different biochars were synthesized in different pyrolysis temperatures (300,400,500 °C) under N2 atmosphere 

with a hold time of 1 h, and a heating rate of 5 °C/min. The products were shieved using a mortar and a peste, The 

biochars underwent acidic, alkali, GFX or montmorillonite modification. After the modification the characteristics 

of our materials were studied using their FT-IR spectras, SEM micrographs, porosity measurement and their 

surface elemental composition. Thereinafter the ability of each one of the 12 biochar samples to oxidize different 

concentrations of arsenic, under different conditions, was tested and compared. Samples were extracted in different 

time intervals to study the kinetics of the reactions. Arsenic concentration in water was measured by Atomic 

Absorption Spectroscopy (AFS) coupled with Graphite Furnace. 
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Landfills are the final repository for a heterogeneous mixture of waste coming from urban, industrial, and 

commercial sources. Therefore, they possibly generate complex structure and variable content leachates containing 

thousands of contaminants of emerging concern, being thus one of the most difficult aqueous matrices to treat. 

Advanced oxidations processes (AOPs) are an effective process to treat this matrix. To this end, a novel, automated 

photocatalytic pilot-scale plant has been designed and evaluated. The plant has a maximum capacity of 100 L, 

maximum flow rate of 12 L/min of treated water, and 160 W of UV-C power, serving for heterogeneous 

photocatalysis employing dispersed TiO2 nanoparticles with UV irradiation. Pilot tests with different matrix of 

leachates under continuous operation were carried out for the assessment of the pilot unit performance. Different 

operating parameters and conditions were tested for the removal of emerging contaminants in leachates using 

benzotriazole (BZT), as a model contaminant molecule. Namely, the flow rate of the reactor (1, 5 and 10 L/min), 

the concentration of the model compound, the TiO2 loading and the UV-C irradiation dose were assessed to define 

the optimum parameters of the plant performance for both the degradation of BZT and TOC mineralization. 

According to the results, the removal of BZT was affected by the catalyst loading while the flow rate had rather a 

negligible effect. The identification of transformation products formed during the photocatalytic process was 

performed by using an Orbitrap Q Exactive Focus™ high-resolution mass spectrometry system. Thanks to the 

Compound Discoverer software (version 3.1), more than 12 TPs were identified with the view to untangle the 

possible reaction pathways involved with BTZ mineralization.  
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The search for advanced and sensitive methods for sensing chemical substances, namely cations and anions, is 

urgent and widely sought due to the enormous impact that these substances have on human health and on the 

environment. Here we offer an efficient solution for the colorimetric and fluorescent detection of Li+ and CN- ions 

based on the displacement mechanism using two new Cu2+-chemosensor complexes. For this purpose, two novel 

photoactive diketopyrrolopyrrole-rhodamine conjugates, chemosensors 1 and 2, were synthesised through the 

condensation of diketopyrrolopyrrole-dicarbaldehyde with one and two rhodamine B hydrazide moieties, 

respectively. The obtained chemosensors 1 and 2 were characterized by 1H, 13C NMR and high-resolution mass 

spectrometry, and their photophysical and ion-responsive behaviour were investigated by UV-Vis absorption and 

fluorescence measurements. Both chemosensors 1 and 2 display a rapid colorimetric response with a remarkable 

increase in the absorbance and fluorescence intensities upon addition of Cu2+, while other metal ions caused no 

significant effect. Moreover, the resulting Cu2+-chemosensor complexes can be used to detect CN- and Li+, with 

reversibility and low detection limits. The recognition ability of the chemosensors was investigated by adsorption 

and fluorescence titrations, Job’s plot and competitive studies. 

 

 

 

 

 
 
Figure 1. Structure of chemosensor 1 (left) and colorimetric response (right) of chemosensor 1 upon addition of Cu2+ (top) 

[Cu2+-chemosensor 1complex] upon addition of Li+ 1 and 2 equivalents (bottom). 
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Trichloroethylene (TCE) is a volatile chlorinated organic compound (VCOC) commonly used as an industrial 

solvent. Wastewaters contaminated with TCE come from automotive, metal, finishing, and textile industries. It is 

a pollutant of serious concern in groundwaters, as it is harmful to aquatic and surface ecosystems and to the human 

health. For instance, results of epidemiological research have shown a causal relationship for TCE overexposure 

and human organs cancer. There are various reported methods for the degradation of TCE in aqueous media, 

including the “air stripping method”, where the volatilization is often incomplete, and consequently a residual 

amount of TCE can still be found in the treated water. Moreover, gas-phase degradation of TCE produces toxic 

by-products such as phosgene and dichloroacetyl chloride [1]. 

 

Photocatalytic degradation of VCOCs in the aqueous phase using semiconductors such as TiO2 is well known and 

offers a promising alternative [2]. However, pure TiO2 can only absorb UV light, which accounts for only 2 ÷ 5% 

of the solar spectrum, thus restricting its practical application. In the present work, vanadium-doped TiO2 

nanoparticles with enhanced optical properties were prepared via a one-step hydrothermal method. These 

semiconductors display good catalytic activities in the photodegradation of TCE under visible-light irradiation 

(Figure 1) [3]. 

 
Figure 1. Proposed mechanism of photodegradation of TCE over Vanadium-doped TiO2 photocatalysts 

 

The catalysts were prepared by hydrothermal treatment (190 oC for 9.5 hours) of acidic NH4VO3 aqueous solutions 

(2.1×10-4 g.mL-1) mixed with a certain amount of TiCl4 (to achieve V/Ti ratios of 0%, 5%, 10%, 15%). The 

resulting precipitates were washed with water and ethanol and dried at 80 oC for 12 hours. The samples are 

respectively labeled as: Undoped TiO2, 0.05V-TiO2, 0.10V-TiO2, and 0.15V-TiO2. The catalysts were thoroughly 

characterized (Table 1) using powder XRD (Bruker D8 Advance, Cu Kα radiation), ICP-OES (715-ES ICP 

emissions spectrometer), BET surface area (Micromeritics ASAP 2020), XPS (Multilab 2000, Thermal Fisher, Al 

Kα radiation), UV-VIS DRS (Cary-5000, Agilent, BaSO4 used as a reference material), FT-IR ATR (Nicolet 330), 

and SEM EDX (Hitachi TM 4000 Plus). 

 
Table 1.  Physicochemical properties and the total V/Ti molar ratio of as prepared TiO2 samples   

Sample Aver. crystal size (nm) Phase content (%) SBET 

(m2
.g

-1) 

Pore 

volume 

Pore 

size 

ICP-OES 

(V / Ti) 

 A R B A R B  (cm3.g-1) (nm)  

Undoped TiO2 6.61 6.66 8.30 75.11 4.57 20.32 154.5 0.229 4.8 - 

0.05V-TiO2 6.19 7.27 7.69 76.82 10.54 12.64 - - - 0.055 

0.10V-TiO2 5.69 9.10 7.78 76.20 15.46 8.34 155.9 0.153 4.1 0.097 

0.15V-TiO2 5.82 10.40 6.24 74.93 16.74 8.33 - - - 0.141 

 

The hydrothermal process in the acid medium (pH = 3) tends to form the anatase phase TiO2, where HCl acts as 

an inhibitor preventing coalescence of the nanocrystallites to form larger particles, and increases the free energy 

of rutile and brookite phases [4]. With increasing dopant contents, the presence of lattice defects increases as Ti-

O bonds in the anatase or brookite structures are broken, allowing rearrangement of the Ti-O octahedra that causes 

the phase transformation from others to rutile. The existence of intermediate energy states due to the incorporation 
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of V species into TiO2 lattice results in a clear redshift to the visible light as well as narrowing the bandgap of 

doped TiO2 samples (Figure 2) [5]. 

 

 
Figure 2.  UV-Vis DRS (left) and the Tauc plot (right) of as prepared TiO2 samples 

 

Photocatalytic experiments were carried out under continuous magnetic agitation by mixing an aqueous solution 

of TCE (1000 ppm) with the catalyst (2 g.L-1) in a quartz tube under UV light (λ = 390 nm) or in a glass 

photoreactor under visible light (λ = 422 ÷ 700 nm) under oxygen atmosphere at room temperature (20 to 23 oC). 

Before and during illumination, samples were withdrawn from the reactor at certain intervals, filtered, extracted 

with CDCl3 and the amount of TCE was quantified by 1H-NMR spectroscopy (Bruker 400 MHz). 

In general, doped TiO2 samples show higher photocatalytic activities than undoped TiO2. Under the UV 

irradiation, catalyst 0.10V-TiO2 present the optimal activity for degradation of TCE, while the fastest degradation 

of TCE was obtained over 0.15V-TiO2 under the visible irradiation (Figure 3). 

 

 
Figure 3. Photocatalytic degradation of TCE in the solution with prepared TiO2 samples  

In summary, Vanadium-doped TiO2 nanoparticles with enhanced optical properties were prepared via a one-step 

hydrothermal method. The prepared samples show a promising performance for photocatalytic degradation of 

Trichloroethylene in aqueous phase under both UV light and visible light. This method represents a more 

sustainable alternative to other existing technologies for the remediation of waters polluted with VCOCs, as it can 

be performed under visible light and very mild reaction conditions. 
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Introduction: 

Climate change and environmental sustainability ask for a more efficient and circular waste management. In 

parallel, water and air purification is another major goal that challenges the scientific community to develop new 

materials,  techniques and strategies. Moreover, there is a growing interest to produce green energy with low-cost 

materials. In particular, in the last decade, halide perovskites have received considerable interest from the 

communities of physicists of matter, chemists and materials scientists for the many possible applications to replace 

the classic semiconductors for photovoltaics, optoelectronics and sensors [1, 2].  

 

Perovskites are a large class of compounds characterized by the formula ABX3, having the same structure as 

CaTiO3. The inorganic halide perovskites (HP) are constituted by a halogen (X), a divalent metal (B), and a 

monovalent metal (A). The main physical properties that make both organic and inorganic halide perovskites 

excellent materials for devices are: the high mobility of the charge carriers, the high absorption coefficient being 

direct band-gap semiconductors and the small cross section of the defects (mainly halogen vacancies). In 

particular, CsPbX3 (X=Cl, Br, I) is deeply investigated because the bandgap energy Eg can be finely tuned to cover 

the whole visible range, when alloying different halides. Typically, CsPbBr3 is studied for optoelectronic devices 

like lasers, light amplification system (resonators and waveguides) and other photonic devices. 

 

This research will show how halide perovskites can also be used as substrates for the absorption and catalysts for 

the photodegradation of pollutants. As an example, Methylene Blue (MB), a typical pollutant that can be found in 

water as waste of textile industry, has been considered. The final idea is the possibility to circularly reuse 

perovskites recovered from other applications, such as photovoltaics [3], and exploit their pollutant absorption 

properties. In this way it is possible to create a double advantage for the environment: reduce the amount of solid 

waste and improve water quality. 

 

Materials and methods: 

This research is focused on the use of CsPbBr3 as absorbers of 10^-5M aqueous solutions of MB, which simulates 

a typical range of concentration of organic dye pollutants in textile industry effluents. The CsPbBr3 was synthesized 

in powder form according to the following procedure: the precursor salts PbBr2 (0.17M) and CsBr (0.035M) were 

dissolved in DMF (Dymethylformamide) and Methanol (MeOH), respectively. Under magnetic stirring, the PbBr2 

was mixed with CsBr and the solvents were allowed to evaporate. Once the powdered perovskite was obtained, it 

was cleaned in 2-propanol, in order to eliminate any solvent residue.  

 

Four different molar ratios of PbBr2/CsBr salt precursors, namely 1; 1.9; 2.9 and 3.9, were investigated, leading to 

the systems called PVK 1, PVK 1.9, PVK 2.9 and PVK 3.9. The XRD analysis of the obtained powders confirmed 

the presence in all cases of the  CsPbBr3 phase, with a significant percentage of spurious phases for higher molar 

ratios. 

 

The analysis for the absorption of the MB and its photodegradation was carried out using a UV-VIS spectrometer 

and illumination was performed by a solar simulator. The study was carried out analyzing the percentage of MB 

absorbed by the CsPbBr3 nanopowders (NPs) as a function of time. 

 

In addition, to facilitate the manipulation of the CsPbBr3 NPs and reduce any eventual Pb release in water during 

their employment as adsorbents/catalysts, they were incorporated into millimiter-sized hydrogel bubbles made of 

chitosan (CH), a biopolymer extracted from the shell of waste shrimps. MB absorption experiments were also 

conducted for this hybrid hydrogel composites, and compared with the absorption of analogous systems made of 

chitosan alone. 
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Results and discussions: 

In order to investigate the capabilities of the different CsPbBr3 samples (PVK 1, PVK 1.9, PVK 2.9 and PVK 3.9) 

concerning the pollutant absorption, the synthesized powders were simply put in contact with a MB solution (10-5 

M). Two different adsorbent loadings were investigated: 1% and 10%. As shown in Figure 1, a very reduced 

contact time between the MB and perovskite NPs is needed to obtain significant MB absorption. In general, higher 

absorption is obtained when the perovskite powder loading is 10%. The absorption was confirmed both by the 

visual analysis, and by the UV-VIS analysis conducted through the spectrophotometer. The samples prepared  with 

a molar ratio of 1:1 between the precursor salts show a greater MB absorption capability than the other ratios. In 

particular, a complete absorption of the MB can be obtained in only five minute when the PVK system is composed 

of pure CsPbBr3. 

 

When CsPbBr3 is incorporated inside chitosan bubbles (CH-B), the adsorption capability of the system is reduced, 

as enlightened by the fact that complete MB removal cannot be obtained even after 5 hours. Anyway, it is 

noteworthy that the incorporation of the perovskite NPs enables to enhance the absorption capabilities of bubbles 

made of pure chitosan. Figure 2 shows MB absorption data related to various chitosan-perovskite bubbles, 

obtained by incorporating the different perovskite powders at 1%. In contrast to what occurs in the case of powders, 

the hydrogel systems that show best adsorption capabilities (removal of 70% of MB after overnight contact) are 

those containing perovskite systems 1.9 and 2.9 (Fig. 2). Furthermore, unlike the absorption of  MB by bare 

CsPbBr3 NPs, the absorption is greater and faster with a reduced percentage of perovskite inside the CH-B (best 

results in the case of PVK loading equal to 1%). 

 

These results open the way to the use of halide perovskite material as adsorbers for different pollutants in water. 

Interestingly, the use of chitosan allows to solve the already known stabilization problems of these materials in 

water [4]. 

 

 
Figure 55: Percentage of MB absorbed by perovskite grains after 5 min. 

 

 

  
Figure 56: Adsorption curve of MB by bubbles of CH+PVK (1% w/v). 
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Micropollutants proliferation in the aquatic environment is increasingly challenging for the water management 

industry. As analytical methods for trace substances are continuously developed, the extent of the distribution of 

xenobiotics in European waters becomes more evident. One of the most important entry pathways of anthropogenic 

trace substances are municipal wastewater treatment plants, which are unable to completely remove such 

substances from wastewater [1]. Therefore, research on a fourth purification stage for wastewater treatment plants 

has been conducted for several years and is still being realized. One of the focuses are oxidative processes that 

enable the trace substances to be degraded as effectively as possible [2]. Nevertheless, oxidative processes, such as 

ozonation, may generate transformation products that are more toxic than their parent substance themselves, which 

suggests the development of post-treatment of these is essential [3]. 

 

In nature, oxidative degradation processes take place by oxidoreductases, including laccases. These enzymes 

oxidize various aromatic and non-aromatic compounds by a radical reaction mechanism using molecular oxygen 

(Figure 1) [4]. It has already been shown that laccases are able to degrade a wide variety of trace substances [5]. 

Therefore, laccases could be used as a biological alternative for oxidation processes. In the present study, the 

toxicity of chemical oxidation by ozonation as well as biological ozonation by laccase is investigated by means of 

the toxicity test with A. fischeri using diclofenac and acetaminophen as model compounds. 

 

 
Figure. 1 Reaction mechanism laccase 

 

Ozonation of diclofenac (20 mg/L) rsp. acetaminophen (20 mg/L) was performed in a 0.5 L batch-reactor with an 

oxygen flow of 25 L/h and a generator power of 2.8% for 60 min at room temperature. Degradation of diclofenac 

and acetaminophen by laccase T. versicolor was performed over a period of 48 h under continuous stirring. The 

toxicity test with A. fischeri in accordance with DIN EN ISO 11348, but the bioluminescence was measured in 

24- well plates in Tecan Reader Spark 10 M. Degradation kinetics and transformation product formation were 

analyzed with the Accurate-Mass Q-TOF LC/MS 6530 from Agilent Technologies and the MassHunter 

Workstation Software Qualitative Analysis Version B.06.00 was used for the evaluation. All investigations were 

performed in ddH2O at 20 °C. 

 

Figures 2 and 3 show, respectively, the inhibitory effect (H15) during the degradation of diclofenac and 

acetaminophen by ozonation (A) and by the laccase T. versicolor (B). In addition, the formation and degradation 

of the transformation products during ozonation are shown. Significantly more toxic products are formed during 

ozonation than during the degradation by laccase. In both treatments, acetaminophen degradation leads to greater 

inhibitory effects than diclofenac. After an ozonation time of 10 min, the inhibitory effect of treated acetaminophen 

is above 90% while for diclofenac it is ca. 50%. In the ozonation of diclofenac, the formation of several 

transformation products seems to cause an increase in toxicity, whereas for acetaminophen, the formation or 

degradation of the product with [M+H]+ 168 (C8H9NO3) correlates with the course of toxicity. During the 

degradation of these compounds with laccase, the polymerization of diclofenac and acetaminophen were the major 
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degradation products. Due to the lower toxicity of the degradation with laccase, this can be used as a possible post-

treatment for trace substances in wastewater. 

 
Figure. 2 Degradation of diclofenac through ozonation (A) and laccase digestion (B).  

(A) Relative evolution of the normalized peak areas of the ozonation by-products ([M-H]-) during ozonation of 

diclofenac analyzed by LC-MS. (B) Relative evolution of the normalized area of diclofenac ([M-H]- 294.01, blue 

dots) during the degradation of laccase. Acute toxicity evolution after 15 minutes contact time with A. fischeri  

(H15 grey bars) 

 

 

 
Figure. Degradation of acetaminophen through ozonation (A) and laccase digestion (B).  

(A) Relative evolution of the normalized peak areas of the ozonation by-products ([M+H]+) during ozonation of 

acetaminophen analyzed by LC-MS. (B) Relative evolution of the normalized area of acetaminophen  

([M+H]+ 152.07, blue dots) and formation of dimer/trimer during the degradation of laccase. Acute toxicity 

evolution after 15 minutes contact time with A. fischeri (H15 grey bars) 
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Dyes are believed to be used since the Neanderthals, when they were extracted from plants, Nowadays, more than 

1 million tons of dyes are annually industrially produced and used mainly by textile industries [1]. One of the 

major problems concerning the use of dyes is that 10 to 15% are discharged to the environment [2]. Polymeric 

Ionic Liquids (PILs) have already been tested for the extraction of acid, basic and azo dyes such as bromo phenyl 

blue, methyl blue, orange II, sunset yellow or amaranth, mainly through the use of imidazolium based PILs [3-4]. 

This work aims to further evaluate the real potential of PILs as sorbent materials for removal of dyes, direct red 

80 and reactive blue 5, from aqueous solutions. For that purpose, poly(diallyldimethylammonium TFSI) was 

synthesized and subsequently tested as dye adsorbent. The experimental parameters were optimized so maximize 

the extraction efficiency. Several geometries such as coated stir bar, solid phase extraction cartridge or dispersed 

powder were explored. The results of the adsorptions are very promising (Figure 1) with extraction efficiencies 

reaching values higher than 90%. 

 

 
Figure 1 –Schematics of the adsorption experiments, where  the initial and final aspect of the  PIL and the 

aqueous dye solution can be observed.  
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Abstract 

This research project aims to remove the sulfuric acid (H2SO3), which is formed as a result of the reaction of sulfur 

dioxide gas passing from the atmosphere to the water, from fresh and salty water. Sulfuric acid is the main 

component of acid rain that is known for its detrimental effect to aquatic life [2]. This study is significant in terms 

of its contribution to the literature on removing the side effects of sulfur dioxide to the hydrosphere. For this 

purpose, a chemical molecule named piperonal piperidine (piperine) was extracted from piper nigrum L, and used 

to start a synthetic reaction inside various aqueous mediums. Piperine is the alkaloid responsible for the pungency 

of black pepper and long pepper [1]. It is an organic compound and the primary alkaloid of Piper nigrum L. 

(Piperaceae) (black pepper) and Piper longum L [3]. The hypothesis was “The effect of sulfur dioxide gas passing 

from the atmosphere to surface water resources can be purified by using the active ingredient piperine in black 

pepper”. For this reason, different solutions of different molarity containing basic piperonal piperidine 

(C17H19NO3) extracted from black pepper, got into acid-base reactions, where pH change is an indicator of. There 

were four steps in the experiment which were: extraction of piperine from black pepper, obtaining sulfur dioxide, 

preparing piperine solutions with different concentrations and measuring the pH, and mixing piperine solutions 

and sulfur dioxide containing solutions to observe pH difference. The extraction of piperine can be made by using 

a wide variety of solvents such as diethyl ether, alcohol based solvents, and ionic-based solvents [1]. This research 

utilized ethanol and potassium hydroxide in order to extract piperine from black pepper. The equipment used for 

measurements were a pH sensor, electronic thermometer, electronic balance and wide range pressure sensor. In 

total, 16 solutions and 6 iterative experiments were designed in either distilled, fresh, or salty water resources. The 

first three experiments were made in distilled water, to distinguish the influence of temperature and molarity. The 

fourth experiment was made in seawater and the final two experiments were in lake water. The reaction that was 

observed is C17H19NO3 (aq) + H2SO3(aq)  → C17H19NO3H+ (aq) + HSO3
- (aq). The expected result of the experiment 

could not be seen in seawater since the pH change was measured as zero. (Henderson Hasselbalch Equation was 

used to prove it). However, the results were as expected in the trials with lake water. These differences are the 

concrete results of the neutralization reaction as more H2SO3 decreased with C17H19NO3 and evidence that the 

water was purified.  
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Graph 1: The average pH changes of the six experiments 
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Catalytic combustion of methane has been extensively investigated for emission control and power generation 

during the last decades. The alumina-supported palladium catalyst is widely accepted as the most active catalysts 

for catalytic combustion of methane. The activity of Pd/Al2O3 decreases during time on stream, especially under 

water vapor. The following order of activity in the reaction of complete oxidation of methane was established: 

Co3O4> CuO>NiO> Mn2O3> Cr2O3 [1]. It may be expected that the combination between Pd and these oxides 

could lead to the promising catalysts in reaction of complete methane.  

 

In the present work, we investigate the activity of Pd/Al2O3 catalysts promoted with other metal oxides (MOx; M= 

Ni, Co, Ce). The Pd-based catalysts modified by metal oxide were prepared by sequential impregnation of Al2O3 

with aqueous solutions of Me(NO3)2.6H2O and Pd(NO3)2H2O and next calcination. All samples were characterized 

by XRD (X-ray diffraction), TPR (temperature-programmed reduction), EPR (electron paramagnetic resonance) 

and XPS (X-ray photoelectron spectroscopy). An improvement of activity was observed after modification with 

different oxides.  

 

 

 

Figure 1. Temperature dependencies of the methane combustion over the different catalysts. 

 

The results demonstrate that the Pd/Al2O3 catalysts modified with Co exhibit the most promising catalytic activity 

for methane oxidation. According to the XRD data finely dispersed palladium particles were formed on the surface 

of all samples. XPS analysis shou the present ff both Pd2+ and Pd4+ on the surface of the fresh catalysts modified 

with Co and Ni only, while the modification with Ce before Co or Ni increases the Pd0 on the surface. The EPR 

data also suggest the presence of Pd+ or Pd3+ forms on the surface of the monocomponent Pd/Al2O3. 

 
Figure 2. TPR profile of studied samples before catalytic reaction 

 

The reduction behavior of the synthesized catalysts was investigated by means of TPR (Figure 2). Several 

reduction maxima were observed. The hydrogen consumption in the interval 70-103 °C is attributed to the 

reduction of PdO [2]. The peak at 350 °C in Ni modified catalyst is ascribe to the reduction of finely divided NiO 
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particles [2]. The modification with Ce shifts this peak to the low temperature. The reduction peaks at 387 and 500 

°C in Pd/Co/Al2O3 catalysts are ascribed to the two-step reduction of Co3O4. The hydrogen consumption above 

500 °C in all samples is attributed to the reduction of Ni-Al or Co-Al oxide phases [2, 3]. 

The results from different physicochemical characterization indicate the present of cobalt as Co-Al spinel like 

phase on the catalyst surface. We suggest that occurrence of Co-Al phase plays a significant role for the 

stabilization of the palladium as PdO, leading to high activity and stability in methane combustion. 

It is very likely that, Ce is deposited before the Co deposition, the formation of cobalt surface phase is hindered as 

well as the further stabilization of PdO phase. The Pd+CoOx/Al2O3 sample demonstrates remarkable stability after 

ageing.  
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Abstract: 

Up to now, the research has been mostly devoted to the photocatalytic removal of individual pollutants. As in real 

situations, the pollutants are always presented in a mixture, it is crucial to know whether there is some sort of 

interference, which can influence the efficiency of the whole photocatalytic degradation process. Here, we 

investigated the ability of two commercial coatings (binder-containing FN NANO®2 and binder-free 

AEROXIDE® TiO2 P25) to abate ozone, nitric oxide, and acetaldehyde separately and in their mixtures. Both 

photocatalysts effectively removed the pollutants present separately in the air stream, achieving conversions of 

30−60 % (at an inlet concentration of 0.1 ppmv), even at the UV-A irradiation intensity as low as 0.05 mW cm−2. 

Furthermore, the use of binder-containing coating provided stable ozone conversions (30–40 %) in the full range 

of relative humidity, which is extraordinary in comparison with published data. The kinetic analysis indicates that 

the degradation mechanisms of nitric oxide, acetaldehyde, and ozone considerably differed. While for nitric oxide 

the reaction in the adsorbed state played a crucial role, for acetaldehyde and ozone that was marginal. Importantly, 

owing to the differences in degradation mechanisms, no mutual interference occurred when pollutant mixtures 

were treated. This finding is of major importance for the application of photocatalysis as environmental 

technology. 
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Abstract text:  

Food safety is a priority in one aspect of sustainable agriculture. However, this is difficult to achieve in practice, 

especially in developing countries, including Indonesia. The agricultural sector tends to only think about profit 

without caring about social aspects and the environment. Globally, there is a maximum residue limit (MR) allowed 

to be in food, including rice [1]. Many countries apply residue limits in their territory because of the impact of 

pesticide residues still in food when consumed by humans, which can cause poisoning on human health effects 

[2][3] to become carcinogenic [4-6]. This study aimed to reveal the active ingredients of pesticides used by farmers 

in a food center in Riau, Indonesia. In this study, the data collection method used was a questionnaire, which was 

used to record the types of pesticides used by 63 farmers from 250 farmers in Buantan Lestari Village, Riau, 

Indonesia, for one year; and reviewed the literature. This study revealed that in the last year, various pesticides 

had been used with 33 active ingredients categorized from extremely hazardous, viz. abamectin (8.2%), to not 

included in the list based on WHO categories [7], such as 2,4-D dimethylamine, dimehypo, and thiophanate-methyl 

with the total 7.8%. A preliminary study (unpublished) found that rice from paddy fields grown according to Good 

Agricultural Practices (GAP) did not contain more than 500 active ingredients of pesticides. On the contrary, rice 

from paddy fields that used excessive pesticides found seven active ingredients of pesticides, i.e., propiconazole, 

chlorpyrifos, bifenthrin, azoxystrobin, tebuconazole, tricyclazole, and difenoconazole), which are two pesticides, 

tricyclazole and propiconazole, were detected exceeding the globally established máximum residue limits two 

times higher. Surprisingly, there were two active ingredients of pesticides that were not included in the 33 active 

ingredients of pesticides used by farmers in the past year, bifenthrin and tebuconazole. The rice that contains both 

active ingredients of pesticides might come from the farmers' rice fields, which were dominated by peatlands. 

Various parties can use the results of this study in making decisions regarding commitments to realize sustainable 

agriculture in Indonesia, especially in peatlands. 
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Abstract 

The rising packaging industry combined with global demand for sustainable production has increased the interest 

towards the development of biodegradable packaging materials. Biopolymers like polysaccharides, proteins and 

lipids can replace the use of petroleum-based plastics as a green solution. Food-grade components can be used for 

the development of edible packaging materials. Plastic wastage is growing at an annual rate of 9%. In 2020, in 

Europe, 40.5% of plastic waste was referred to the packaging field [1].  

 

Among biopolymers, pectin, gelatin and hydroxypropyl methylcellulose (HPMC) have been reported as effective 

raw materials for food packaging products due to their non-toxic, sustainable, biocompatible, and biodegradable 

properties. Pectin is a structural polysaccharide from representing one of the main constituents of the cell walls of 

plants. Pectin is extracted from citrus peel and is water-soluble but insoluble in organic solvents. The main 

structural compound of pectin is galacturonic acid (70%). The main chain of pectin is a linear anionic backbone 

with no side parts and regions with non-anionic parts. Pectin has also free carboxyl groups in its structure which 

give in pectin solutions acidic pH. In the food packaging industry, pectin is used for films mainly because it is 

compatible with other natural polysaccharides, proteins or lipids [2]. 

 

Edible films made from gelatin have already been tested in the literature for food preservation and shelf-life 

extension. Gelatin is considered as an alternative biopolymer that can be used for food packaging to improve the 

functionality of the products. Gelatin is a water-soluble protein that comes from partial hydrolysis of collagen. 

Due to the hydroscopic properties of gelatin, the produced films have the tendency to dissolve when coming in 

contact with moisture. The properties of gelatin films depend on molecular weight distribution and amino acid 

synthesis. These two characteristics depend on different sources and the conditions of gelatin extraction [3]. 

 

Cellulose is the most common polysaccharide which is used in the food industry and specifically in food 

packaging, to replace plastics derived from petroleum. HPMC is produced by modification of cellulose in alkali 

treatments. Sodium hydroxide solution at a concentration of 18% is used in purified wood pulp to obtain HPMC. 

Methyl and hydroxypropyl ether groups get into the cellulose, as alkali cellulose reacts with methyl chloride and 

propylene oxide, respectively. HPMC is odorless and tasteless and HPMC-based films exhibit neutral sensory 

properties (aroma and taste) [4]. 

 

Zein is the main storage protein of corn and consists of 80% of the whole protein of corn. Inside the zein, the 

endosperm tissue of corn can be found. Materials based on plasticized zein or blended with zein have good 

mechanical properties and the ability to form films. More than 50% of amino acids in zein structure are 

hydrophobic. However, glutamine, which is a hydrophilic amino acid, is in a percentage of around 25%. Zein is 

not soluble in water but it is soluble in alcohol and it has been already widely tested in edible films and coatings 

[5].  

 

The aim of the study was to synthesize edible films using pectin, gelatin and HPMC. Each biopolymer was at a 

percentage of 2% and films were produced by solvent casting method. The solutions were mixed in proportions of 

1:1, and three additional types of films were produced: pectin – gelatin, HPMC – pectin, and HPMC – gelatin. All 

six types of films were tested for their mechanical properties, water permeability, optical properties and UVA 

barriers. Zein solution was incorporated onto the surface of the developed films in order to reduce their water 

permeability, by spraying in a proportion of 1:2 zein:hydrocolloid solution.  

 

The water vapor transmission rate (WVTR) is an important property of films, as food packaging may be used to 

control the exchange of humidity between the environment and the food. WVTR was determined gravimetrically, 

according to ASTM E96 method with slight modification. Films were sealed on top of glass vials. Vials contained 

2 g anhydrous CaCl2 in order to achieve 0% RH and were placed into a desiccator with BaCl2 (90% RH). Desiccator 

was isothermally stored at 40 oC for 10 days. WVTR was calculated according to the equation: WVTR =  
𝛥𝑊

𝛥𝑡
 * 

A, where 
𝛥𝑊

𝛥𝑡
is the measuring weight of the vials per day (g/day) and A is the surface of the film (m2). The units 

of WVTR are  
𝑔

𝑑𝑎𝑦
 * m2. An average of 5 measurements of each film were used.  
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The bilayer coatings with zein exhibited lower WVTR, because of its hydrophobic nature of zein (Table 1).  

 
Table 1.  Water Vapor Transmission Rate of the films based on pectin, gelatin HPMC, with and without zein-based coating.  

 
Water Vapor Transmission Rate (

𝑔

𝑑𝑎𝑦
 * m2)   

 Without Zein coating With Zein coating 
Pectin Control 4307.28 ± 382.22 3762.21 ± 81.33 
Gelatin Control 3064.33 ± 437.36 2866.24 ± 602.45 
HPMC Control 3671.72 ± 1153.65 2752.02 ± 137.59 
HPMC – pectin  3778.03 ± 506.11 3208.15 ± 227.52 
HPMC – gelatin  3659.66 ± 731.83 2296.31 ± 533.10 
Pectin – gelatin  5439.86 ± 763.48 2955.41 ± 972.69 

 

The color parameters (L, a, b) were defined by CR-400 Minolta colorimeter (Minolta Camera, Co., Ltd., Osaka, 

Japan) with D65 illuminant and 10◦ observer angle. Calibration of the instrument was executed with white standard 

(L* = 99.36, a = - 0.12 and b = -0.06). The total color variation (ΔE) of all films was calculated according to: ΔΕ 

= √𝛥𝐿2 +𝛥𝑎2 +𝛥𝑏2 where ΔL, Δa and Δb are the differences between the value of the film and the white 

standard. An average of 12 measurements of each film were used. Lightness is represented by L value. In this 

study, L value varied from 97.87 to 99.18, which means that all films were bright even after the addition of zein. 

The a parameter expresses the red–green shade of film. The value a ranged from -0.17 (HPMC control) to -0.33 

(Pectin–Gelatin) before adding zein, without statistically significant differences (P>0.05). By adding zein, the 

value of a decreased, which indicates the increase of green shade. The b parameter expresses the blue–yellow 

shade of film. Films based on pectin had higher b value 2.15 ± 0.61 and 4.21 ± 0.48 with and without zein, 

respectively. The ΔΕ was slightly decreased by adding zein which means that the color changes were not visible 

to the naked eye.  

 

The UV-Vis barrier properties were measured by spectrophotometer (VWR ® Douple Beam UV × Vis 6300 PC 

spectrophotometer, China) at 190-800 nm wavelength range. The value of transmittance at 200 nm was lower the 

0.1% for all films, which indicates great barrier properties at UVC. By adding zein, all the films showed lower 

transmittance at 280, 350, and 400 nm wavelength which indicates lower value for UVA and UVB wavelength. 

The transmittance in the visible wavelength range (400-800nm) was higher for the films without zein, which means 

that films were more transparent. Specifically, for pectin control and gelatin control films, the transmittance was 

higher than 70%, which means that all the films were clear and transparent.   

 

In this study, the thickness of the films ranged from 31.72 to 48.69. The mechanical properties of the films that 

will be used as packaging materials are important in order to stand any external stress. Elastic modulus, tensile 

strength and elongation at break are the three more important parameters. Elastic modulus shows the flexibility of 

the films. Higher values of elastic modulus show less flexible biopolymers [6]. HPMC–gelatin films with zein had 

the highest elastic modulus (939.45 MPa), whereas gelatin films with zein had the lowest (396.19 MPa). Tensile 

strength shows how a film responds when it strengths. Pure HPMC with and without zein films showed the highest 

values without statistically significant differences (26.92 MPa and 21.63 MPa, respectively). Pure gelatin films 

and Pectin–Gelatin films had the lowest value (̴ 3.95 MPa). Elongation at break (%) determines the flexibility and 

the stretchability of the films. Pectin–HPMC and HPMC–gelatin showed the lowest values of elongation at break 

(less than 5 %), while pure gelatin films and pure HPMC films showed the highest values ( ̴ 37 %). By combining 

the different types of polymers, the intermolecular forces are stronger and the free volume in the matrix is lower, 

thus, the flexibility is increased [6]. 

 

The aim of the study was to develop and synthesize edible packaging materials, as alternative food packaging 

systems to the conventional petroleum-based polymers. When a zein-based hydrophobic coating was used, the 

films showed lower water vapor permeability rates retaining the mechanical properties of the films. All the tested 

films showed excellent barrier properties in the UVC wavelengths and good performances in the UVA and UVB 

wavelengths range. The obtained results showed the potential of bilayer polysaccharide- and protein-based edible 

films with zein as green environmentally friendly packaging materials.  
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Abstract text:  

 

Quinic acid (QA) is a widely occurring metabolite in plants and microorganisms1.The synthesis of Oseltamivir 

(Tamiflu)2 and Bactobolin A3 are probably the most distinct uses of QA in total synthesis. Exploration of 

stereoselective metal-free deoxygenation is a recent example of QA’s synthetic value4. Additionally, the O,O-silyl 

group migration on a quinic acid-derived cyclitol gives suitable intermediate for the synthesis of a vitamin D 

receptor modulator (VS-105)5 Photoredox catalysis is a known sustainable alternative to the use of less 

environmentally superstoichiometric oxidants and reductants. Ruthenium and iridium complexes, in combination 

with visible light, are efficient photocatalysts when strong reductants or strong oxidants are needed, however, their 

toxicity and scarcity are a drawback for the evolution of photocatalysis to the next level. Organic dyes represent a 

good alternative to these metal complexes6.  

 

The functionalization of QA and its derivatives via photoredox catalysis will be presented. Organic dyes under 

visible light irradiation can generate radical intermediates from QA under mild conditions. This radical generation 

unravels innovative ways for the synthetic modification of QA. 
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Phenol-formaldehyde (PF) resins are currently among the most widely used thermosetting materials, due to their 

excellent properties and relatively low production cost [1]. PF resins are characterized by high crosslinking density 

and high content of aromatic rings which are responsible for their superior thermal, chemical and mechanical 

stability, as well as moisture resistance and good mechanical strength. For these reasons, their fields of application 

include wood composites, isolating materials, adhesives and binders [2]. Since PF resins are obtained by 

polycondensation of phenol and formaldehyde, which are both fossil-based and toxic precursors, the need of 

employing more environmentally friendly, renewable and less hazardous raw materials for their production has 

recently emerged [1,3]. In this regard, lignin can be a promising alternative to oil-derived phenols, thanks to its 

polyphenolic structure [1,4]. Lignin is the most abundant natural aromatic polymer on Earth, largely available as 

by-product of the paper production process. The current limitations in its exploitation within the polymer industry 

are due to its large molecular weight, complex structure, and presence of few reactive sites. In light of this, different 

studies have focused on lignin functionalization/modification with the aim to increase its reactivity in polymeric 

systems [5,6]. In this work, the esterification of lignin with succinic anhydride (SAn) is proposed as a strategy to 

improve its reactivity, with the purpose to incorporate it in PF formulations, as a partial replacement of a novolac 

resin, up to 30% wt.  

 

The softwood kraft lignin (KL) Indulin AT used was supplied by MeadWestvaco. For the functionalization 

reaction, SAn, 1-methylimidazole (1-MI) and tetrahydrofuran (THF) were used as received from Sigma Aldrich. 

The commercial PF resin formulation employed, provided by Camfart S.r.l, was composed by the novolac 

Bakelite® PF SM 1112, containing phenols and hexamethylenetetramine (HMTA) at 8.5-9.5% wt., in form of 

powder, and the liquid resole Bakelite® PF 2770, consisting of phenols and maximum 1% wt. of free 

formaldehyde. Before performing the SAn-based functionalization reaction, a THF-soluble fraction of KL (SKL) 

was obtained via Soxhlet extraction (24 h at 85 °C - 4 g of lignin per 150 ml of THF) to ensure the complete 

solubilization of KL in the reaction medium (THF). For the esterification reaction, SKL and SAn (SAn/lignin -OH 

molar ratio=2) were dissolved in THF in the presence of 1-MI as catalyst (0.2 mL/g of SKL) in a three-neck round-

bottom flask and allowed to vigorously stir for 8 h at 60 °C in nitrogen atmosphere. The completion of the reaction 

was assessed by means of nuclear magnetic resonance (31P-NMR) and infrared spectroscopy (FT-IR). At the end 

of the reaction, the solvent was removed by rotary evaporation and the reaction products were washed with distilled 

water to remove the unreacted anhydride and then dried under vacuum for 24 h. Lignin-based PF resins (LPF) 

were produced employing 15% wt. of resole and 85% wt. of a combination of novolac resin and succinylated 

lignin (SAn-SKL) in 100/0, 95/5, 90/10, 80/20, 70/30 novolac/SAn-SKL wt. ratios. The three components were 

mixed and cured in a hydraulic press (50 bar) by means of the following thermal cycle: 15 min at 85 °C, 30 min 

at 150 °C and another 30 min at 180 °C. The curing activation energy, gel content, glass transition temperature 

(Tg) and Vickers hardness were evaluated for all LPF thermosetting systems obtained. 

 

FT-IR and 31P-NMR analyses were used to characterize the esterification reaction product. Data obtained from 
31P-NMR (Table 1) show that the functionalization of SKL with SAn has effectively led to an increase of lignin 

COOH functionalities, with a consequent reduction in the abundance of aliphatic OH groups. In accordance with 
31P-NMR, FT-IR spectra (Figure 1) show that the signal related to OH group stretching vibrations in lignin (3400-

3000 cm-1) broadens and decreases in intensity after the reaction with SAn, while a new band appears at 1730 cm-

1, attributable to the stretching vibration of C=O carboxylic groups formed upon esterification [6]. 

 

Table 12 Concentration of lignin functionalities obtained by 31P-NMR of SKL and SAn-SKL 

Sample 
Aliphatic OH 

[mmol/g] 

Aromatic OH 

[mmol/g] 

COOH    

[mmol/g] 

SKL 1.50 4.02 0.43 

SAn-SKL 0.42 4.27 2.86 

 
Figure 57 FT-IR of KL, SKL and SAn-SKL. 
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The main findings obtained from the characterization of the PF and LPF resins are reported in Table 2. 

The curing activation energy (Ea) of LPF systems was studied by applying the Ozawa model. To this end, 

differential scanning calorimetry (DSC) analyses were carried out on the uncured lignin-resin blends at three 

heating rates (β=5, 10, 20 °C/min, from room temperature to 300 °C) to detect the temperature of the exothermal 

peak (Tp) associated with the crosslinking reaction. The activation energy of the systems corresponds to the slope 

of the straight line obtained by interpolating (-log β) vs. (1/Tp) [7]. The results reported in Table 2 show that lignin-

substituted samples are characterized by a higher Ea compared to the pristine PF resin. Actually, the kinetic 

parameter increases as the lignin content increases, meaning that lignin introduction in the PF formulation leads 

to an enhancement of the energy required for the LPF resin crosslinking reaction. These results can be attributed 

to two different aspects. On the one side, the different ortho and/or para vacant sites in the aromatic rings of phenol 

vs lignin, which are responsible for reacting with HMTA, yield different reaction mechanisms in the two systems. 

On the other side, the lignin complex and bulky polyphenolic structure may be held accountable for the lower 

lignin reactivity compared to that of the commercial novolac [8]. 

 

After the curing step, the amount of crosslinked material in resin samples was assessed by solvent resistance (gel 

content) tests submerging the cured resin samples in dimethyl sulfoxide for 24 h and evaluating the extracted sol 

fraction by gravimetry. Results show that lignin is well incorporated in the resin, which have a gel content value 

>95%, also in the case of high content of substituted lignin (i.e. 30% wt., Table 2). 

 

DSC analyses were carried out on the resin samples to determine their Tg. Results reported in Table 2 show that 

the material results homogeneous with a single Tg, even for the highest amount of lignin substitution. Up to 10% 

wt. of substituted SAn-SKL, Tg of the PFL resins results unaffected by the lignin presence. On the contrary, for 

higher lignin content, Tg is reduced by up to 30 °C, highlighting the plasticization effect provided by the SAn-

SKL system, the latter exhibiting a Tg at around 70 °C.  

 

Microindentation tests were used to determine the Vickers surface hardness (HIT) of the PF and LPF resins. 

Analyses were performed in controlled-force mode, loading the samples at 5 mN for 30 seconds, while the test 

force and the corresponding indentation depth were recorded. The surface behaviour of a thermoset is highly 

influenced by its degree of crosslinking and Tg. Indeed, high hardness values are in general recorded for polymeric 

materials showing a high crosslinking degree and high Tg [9]. Data recorded and collected in Table 2 show that 

the Vickers indentation hardness of all LPF samples is comparable or even slightly higher than PF resin. These 

results represent further evidence of the high crosslinking degree reached in the lignin-substituted samples. 

Interestingly, despite the lower Tg values recorded for LPF samples substituted with 20 and 30 % wt. of SAn-

SKL, their surface hardness remains in line with that of the pristine PF resins, demonstrating the optimal 

incorporation of high lignin content in the PF systems. 

Table 13 Ozawa curing activation energy, gel content, glass transition temperature and Vickers hardness of PF and LPF resins. 

Substituted          

SAn-SKL [% wt.] 
Ozawa Ea [kJ/mol] Gel content [%] Tg [°C] HIT [N/mm2] 

0 145 99 179 741 ± 140 

5 148 97 176 712 ± 109 

10 164 96 176 798 ± 129 

20 165 96 157 831 ± 99 

30 174 96 148 779 ± 60 

 

Based on the results obtained, lignin functionalization with SAn can be considered as a successful strategy to 

introduce lignin in PF resins formulation. Indeed, functionalized lignin resulted well incorporated in the resins, 

leading to a thermosetting material characterized by optimal crosslinking degree and high surface hardness.  
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The employment of renewable resources as feedstock for polymeric materials represents nowadays a valid way to 

reduce the environmental impact associated to plastic production [1]. Lignin is one of the most abundant natural 

biomasses on Earth that, at present, is mainly considered as a side-product of the paper industry [2]. Its large 

availability together with its excellent characteristics as high thermal stability, antioxidant activity and 

biodegradability, make lignin of great interest for high-value product applications [3]. Among these, polymer 

blending can be an attractive cost-effective method to produce new well-performing lignin-based materials [4]. In 

the field of polyolefins, a variety of works have already studied polypropylene-lignin composites [5]. However, 

no work to date has dealt with the production and comprehensive characterization of high-lignin content 

composites (up to 25% wt.) in which the thermoplastic matrix consists in commercial post-consumer 

polypropylene without using a compatibilizer. In view of this, in the current work, the effect of the introduction of 

kraft lignin in different amounts in second-life polypropylene compounds will be assessed from a morphological 

and thermo-mechanical point of view, with the twofold aim of valorizing the waste biomass by reducing the total 

amount of polypropylene employed. 

 

The polypropylene used in this work (rPP), supplied by Electrolux S.p.A, is a post-consumer blend of 

polypropylene and a small fraction of polyethylene containing different inorganic filler (i.e. calcium carbonate, 

talc, alumina) recovered from food packaging recycling cycle. Kraft lignin Indulin AT (KL), by MeadWestvaco, 

was employed in this work after ball milling, in order to reduce its granulometry to few micrometers. Lignin was 

compounded with rPP at 5-10-15-20-25% wt. in a twin-screw extruder Process 11 by Thermo Fisher Scientific. 

The mechanical properties of the blends were assessed by tensile test, performed according to standard ISO-527-

A. Rheology tests were carried out to study the viscoelastic behavior of the materials. Differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA) were used to determine the thermal properties and 

thermal stability of the blends, respectively. Finally, in order to study their morphology, fracture surface of samples 

was analyzed by scanning electron microscopy (SEM). 

 

Results of tensile tests are reported in Table 1. As expected, the tensile modulus increases with increasing lignin 

content. The stress at yield, which is of major importance in engineering applications, remains almost unchanged 

in the presence of lignin, while the tensile stress results moderately reduced. Both the strain at yield and the strain 

at break tend to decrease increasing the lignin percentage. Relying on literature, these outcomes are remarkable. 

Indeed, in various published works the maximum elongation of lignin-filled polypropylene is often not even 

reported [6] or, when reported, it turns out to be drastically reduced by lignin, due to lack of compatibility with PP 

[7]. On the contrary, the inorganic phase (i.e. oxides) contained in rPP seems to well interact with lignin, improving 

lignin-matrix affinity and allowing for larger deformations compared to those of virgin PP-lignin composites. 

 

Table 14 Tensile modulus (Et), stress at yield (σy), stress at break (σb), strain at yield (εy) and strain at break (εb) of rPP-lignin 

blends. 

Sample Code Et [MPa] σy [MPa] σb [MPa] εy [%] εb [%] 

rPP 0 1118.6 ± 79.8 26.0 ± 0.7 32.0 ± 0.3 12.7 ± 0.9 820.7 ± 35.2 

rPP KL 5 1255.5 ± 145.3 26.8 ± 0.4 30.0 ± 0.2 10.7 ± 0.6 673.3 ± 37.7 

rPP KL 10 1383.2 ± 42.8 25.9 ± 0.2 26.3 ± 0.2 8.9 ± 0.2 560.2 ± 20.4 

rPP KL 15 1414.6 ± 107.6 24.7 ± 0.6 24.3 ± 0.3 8.4 ± 0.9 551.5 ± 28.4 

rPP KL 20 1548.0 ± 41.3 24.6 ± 0.2 19.4 ± 2.1 6.9 ± 0.4 514.4 ± 14.5 

rPP KL 25 1688.6 ± 52.6 25.2 ± 1.4 19.0 ± 2.3 5.4 ± 2.1 362.0 ± 147.3 

Frequency sweep tests were performed with a rotational rheometer at 180 °C, from 1 Hz to 100 Hz, imposing a 

deformation of 1%, to evaluate the effect of lignin on rPP relaxation time. Results are summarized in Figure 1. 

Relaxation time increases with lignin content, for both lignins, up to 20%. The increase in relaxation times 

observed could be associated with longer chains in the polymer blends. In this case, the stabilizing effect in 

presence of lignin can be explained with an inhibition of molecular weight loss caused by thermal degradation 

during blend formation in the extruder. What is observed in the case of blends with 25% of lignin can be instead 

related to the non-perfect miscibility between lignin and rPP. Indeed, the high biomass content could lead to 

formation of voids and aggregates within the rPP matrix. The presence of voids allows the rPP chains to flow more 

easily, causing a decrease in the relaxation time of the material.  
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DSC was used to study the influence of lignin on the melting and crystallization behavior of rPP. Unfilled rPP 

shows two melting peaks: the first one around 130 °C, associated with the PE fraction contained in the recycled 

compound, and the second one around 165 °C, related to melting of the crystalline PP fraction. According to 

Mourad et al. [8], the degree of crystallinity of starting rPP is estimated to be 25%. In this case, rPP thermal 

properties are not significantly affected by the addition of lignin: both the melting temperatures and the degree of 

crystallization of the material remained almost unchanged, independently on lignin content. 

 
Figure 58 Relaxation times of rPP-lignin blends. 

 

TGA were performed from 25 °C to 800 °C, at 20 °C/min, to understand how the presence of lignin affects the 

thermal degradation behavior of rPP. In Table 2 the temperature at which the highest weight loss is observed 

(DTGmax) and the temperatures at which 5%, 10% and 50% of weight loss occurs (T5%, T10%, T50%) are reported. 

Data show that the presence of lignin up to 20% wt. is able to stabilize rPP, in accordance with the results obtained 

from rheology tests. Indeed, all the characteristic mass loss temperatures shift at higher values and, in particular, 

they are found to increase as the lignin content increases, up to 20% wt. This effect is related to the well-known 

antioxidant effect of lignin, whose structure is characterized by hindered phenolic hydroxyl groups able to act as 

stabilizer for reactions induced by oxygen and its radical species [9]. 

 

Table 15 TGA characteristic temperatures of rPP-lignin blends. 

Sample Code DTGmax (°C) T5% (°C) T10% (°C) T50% (°C) 

rPP 0 411 313 338 399 

rPP KL 5 429 332 356 414 

rPP KL 10 431 326 351 413 

rPP KL 15 440 320 347 416 

rPP KL 20 437 322 354 419 

rPP KL 25 417 308 333 398 

 

SEM confirmed that the blends rPP-lignin containing up to 20% of lignin show a sufficiently smooth and 

homogenous surface, where it is difficult to distinguish lignin particles (Figure 2a). On the contrary, samples filled 

with higher lignin content (e.g., 25% wt.) show the presence of voids in the bulk and a more evidently rough 

fracture surface (Figure 2b). 

 
Figure 59 SEM images of (a) rPP KL 10 and (b) rPP KL 25. 

This work represents the first example of the incorporation of high lignin loadings into polyolefin blends to achieve 

increased thermo-oxidative stability while maintaining excellent thermo-mechanical response without using a 

compatibilizer, and provides a demonstration of the potential of lignin as valuable biobased filler for post-

consumer recycled thermoplastics. 
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Limonene is a monoterpene which is renewable feedstock. This terpene can be used in fine chemistry industries 

[1,2]. Etherification reactions of limonene are paths to synthesis of ethers with commercial value. These ethers can 

be applied in food, pharmaceutic industries [1-3]. Figure 1 shows a simplified scheme of limonene transformation 

in ethers [4-6].  

 

 

 
 

Figure 1. Scheme of limonene alkoxylation 

 

Traditionally, limonene transformation in ethers have been performed using sulphuric acid, as homogeneous 

catalyst. However, this catalyst has some problems associated. Sometimes, they are used in stoichiometric 

quantities and the separation from reaction mixture is difficult. The heterogenous catalyst have some advantages 

over homogenous ones. The separation from reaction mixture it is easy (by decantation and filtration). These 

materials are reused, and they are more environmentally friendly. 

 

The etherification of limonene to terpinyl ether have been done using beta zeolite, in batch and continuous reactors 

[7]. The methoxylation of limonene produced the main ether with yield of 85%. The methoxylation of limonene 

have been also carried out over heteropolyacid supported on silica. The selectivity to terpinyl methyl ether was 

about 81% (limonene conversion: 60%; temperature: 60ºC and catalyst loading: 1.0 g; time reaction: 50 h) [8]. 

 

In a previous work, the methoxylation of limonene was carried out over composite catalysts (Chitosan/MCM-41-

SO3H) [9]. 

 

In this work, we study the alkoxylation of limonene over chitosan with sulfonic acid groups. The sulfonic groups 

were introduced by reaction with chorosulfonic acid or sulfosuccinic acid. 

 

The catalysts were characterized by CHNS Elemental Analyzer 1112 (Thermo Finnigan) was used to determine 

the sulphur. Also, the acid capacities of the materials were determined by ion-exchange with sodium chloride 

(NaCl)]. XRD spectra were recorded on a Brucker AXS-D8 Advance diffractometer. Zeiss Auriga scanning 

electron microscope was used to obtain SEM of composite.  

 

The etherification of limonene with alcohol were performed using a batch reactor. The reactor was loaded with 3 

mmol of limonene, 30 mL of alcohol and 0.1 g chitosan with sulphonic acid groups. The reaction was carried out 

at 60ºC.  

 

The catalytic activity of the materials was also studied.  

 

During the reactions, some samples were pick up. The nonane was used as internal standard. It was used a KONIK 

HRGC-3000C gas chromatography. The column used is a DB-1. 

 

It was observed that the catalytic activity increased with the amount of sulfonic acid groups present on polymeric 

matrix. High selectivity to alpha-terpinyl methyl ether was obtained. 
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Abstract 

A large part of the vegetation on the earth is unsuitable for human consumption but is fairly consumed by grazing 

and herbivorous animals. Cattle convert straw and stover into their rumen and the excreted waste from their body 

like dung and urine are subsidiary. Cattle-dung fiber is a lignocellulosic material abundant and sustainable non-

wood source of polymeric components, which can be converted into high added-value products [1]. Increased 

urbanization and industrialization result in environmental degradation and increasing deforestation. Nowadays, 

although the utilization of wood is increasingly widespread, non-wood pulp production is also crucial in countries 

that do not have enough trees for the pulp industry such as China, India, Pakistan, Egypt, and Columbia. The 

authors have explored the potential and alternate sources of industrial pulp through ruminant animal dung, which 

is widely available as a rural and natural resource in India. Three types of undigested animal dung fibers from the 

Indigenous cow (IDF), Jersey cow (JDF), and Buffalo (BDF) were taken. Wheat straw (WS) was the main diet of 

all animals. The cellulose, hemicellulose, and lignin content for all animal dung samples were found in a range of 

(29-31.50%), (21-23.50%), and (11-13%), respectively [2].   

 

The use of biomass by removing lignin and hemicellulose for paper production and packaging has become a subject 

of current attention due to the increased demand for green energy content and environmental protection. The 

proposed hydrothermal treatment is environmentally friendly because there was no chemical involvement during 

the cooking process [3]. The hydrothermally treated process valorizes the hemicellulose fraction of dung fiber but 

the delignification appeared to be done mildly. The objective of this research was to optimize the delignification 

parameters for waste cattle dung (or raw dung fibers) by using a central composite design (CCD). In this paper, 

the effect of independent factors viz. temperature and time on dependent variables viz. yield, cellulose 

hemicellulose, and lignin of dung fiber were investigated. The optimum conditions to produce maximum yield 

(78.15±1.5%), cellulose (48.08±0.96%), and lignin (30.05±1.83%) were obtained at 160℃, cooking time 5 min, 

and solid to water ratio 1:10. The paper sheet was prepared by using hydrothermally treated (HT) dung material 

and an additional blending material (paddy straw pulp and waste cotton rag material pulp) for various proportions. 

The paper was tested for physical and mechanical properties. Results show that (C50) a blend of 50% of dung 

fiber in waste cotton rag pulp exhibits maximum tensile and bursting index. But the quality of the paper obtained 

can be adjusted somewhere for single-use packaging according to the end-use application [4]. The main advantage 

of the proposed processing scheme is environmentally friendly, valorizes the hemicellulose fraction of dung fiber, 

and exhibited more yield.  

 

Agricultural crop residues can be used directly as food for livestock, not directly in biorefinery or for energy 

generation. On the other hand, by separating the dung produced from livestock and setting aside undigested fiber, 

it can be further used as a non-wood material for various applications. This is a win-win situation to sustain the 

livestock of our large population and to meet other demands like energy, pulp, etc. from dung fiber without 

disturbing their existing uses. Cattle dung manure (or dung fiber) is an abundant, promising sustainable raw 

material, which will help in reducing deforestation [5]. 

 

Keywords: Cattle dung, Cellulose, Non-wood pulp, Pulp and paper, Response surface methodology (RSM), 

Ruminant animal, Tensile index. 
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Abstract 

Marble is a material that has been used since antiquity as a building material, with a range of uses that extends 

from small structures to grand monuments that exist for centuries. Despite its particularly good properties, marble 

is vulnerable to various corrosive environmental factors (e.g., acid water and solvents) and it is necessary to protect 

it with anti-corrosion agents. Another problem in marble industry is the breaks and other types of damages that 

occur during the processing or transporting of the material, resulting in significant financial losses. 

 

To prevent marble damaging during processing, transporting, and exposure to the environment, the use of 

protective agents has been implemented, which are either impregnated into the marbles to increase the consistency 

of the structure or used as coatings for corrosion protection. In their majority, the protective agents are epoxy 

resin/hardener systems, which have very good to excellent properties (thermal mechanical, dimensional stability, 

processing time, etc.) [1]. Despite the exceptional properties of epoxy polymers, there are some points in their use 

as protective agents of marble that could be improved, leading to a significant increase in the quality and 

commercial value of marble products. The most important of these points are color resistance due to UV 

radiation/oxidation, resistance to corrosion and chemicals, appropriate rheological properties for better penetration 

into the structure imperfections, reduction of liquid and gas permeability. 

 

Aiming at addressing the aforementioned points, the present work focuses on the production of epoxy/cellulose 

composites and the study of the effect of cellulose addition on the properties of final composites. Concerning the 

composites production, initially, various cellulose micro- and nanoparticles were produced from biomass derived 

cellulose after treatment with different, environmentally friendly, physical or chemical methods, such as ball 

milling, ultrasonication, high shear blending, and acid hydrolysis. These cellulose micro- and nanoparticles were 

dispersed mechanically in diglycidyl ether of bisphenol A (DEGBA) type epoxy resin, and then the mixture was 

crosslinked with a polyether diamine curing agent. The thermal, mechanical, and thermomechanical properties of 

the epoxy/cellulose composites were determined via differential scanning calorimetry (DSC), tensile strength 

testing, and dynamic mechanical analysis (DMA), respectively. Finally, the effect of cellulose addition on the 

resistance of epoxy composites to yellowing was tested by applying UV radiation on the samples under a controlled 

environment of temperature and humidity.  
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Xerogels are defined as dried gels that retain, at least in part, their porous texture after drying. They are advanced, 

functional, porous materials consisting of ambient, dried, cross-linked polymeric networks. Xerogels can be 

characterized by high porosity, great surface area, and an affordable preparation route. Nowadays, they are 

considered as new sustainable and eco-friendly materials with diverse potential applications. Xerogels based on 

agar and gelatin can be demonstrated as an example for this approach [1,2,3].  

 

Numerous research articles considering the synthesis and utilization of hydrogels and corresponding xerogels in 

different fields have been published, and still restless labor is giving for the betterment of the product quality. The 

mechanism governing pore formation in xerogels is not well understood, limiting any control over pore size or 

distribution. The detailed investigation on xerogels considering current environmental issues will reach to its target 

of making the greener solution of sustainability [4,5,6,7].  

 

In this research work to obtain the xerogels the previously obtained gels were drying. Traditional drying was 

preceded by the use of solvent exchange. Water and glycerol were replaced by ethyl alcohol and acetone.  Surface 

morphologies of obtained xerogels were evaluated by scanning electron microscopy (SEM) and Fourier-transform 

infrared (FTIR) analyses. The main aim of our research was understanding the role played by the 

breaking/reforming of specific intermolecular H-bond interactions involving water molecules and the chemical 

groups present in the polymer network on their structures. By doing this, it is hoped that knowledge is gained 

regarding the structural features and stability of agar and gelatin based xerogels. Better understanding of structural 

and morphological properties will contribute to the improvement of their performance in various fields of 

application. 
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Lignin, one of the component of lignocellulosic biomass, is produced mainly as a byproduct of the papermaking 

industry only <2% of it is recycled toward preparation of value-added products [1]. Therefore, high-valued 

utilization of lignin is very important for biomass utilization and environmental protection. Utilization of lignin 

not only avoids environmental pollution, but also provides a potential alternative for reducing our dependence on 

fossil fuel resources.  

 

Lignin is considered as a perfect candidate for the development of polymer materials due to the presence of various 

functional groups in its structure - phenolic hydroxyl groups, alcoholic hydroxyl groups, and carboxyl groups, 

which can react with other polymers to form hybrid composites, making it a good source for the synthesis of 

various materials, e.g. polymer coatings. Lignin is frequently being used for the development of different types of 

coating materials due to its UV protection properties. Lignin has a remarkable ability to act as a blocker of 

ultraviolet radiation due to the large number of phenolic units, ketones, and other chromophores presents in its 

structure, which combined with the aromatic rings, are capable to form large conjugated π systems, which are 

capable of absorbing UV radiation. This property can become especially interesting for its use as a potential 

additive for epoxy resins, which are susceptible to degradation when exposed to UV radiation and have their 

durability substantially reduced when used in outdoors environments [2,3,4,5,6].  

 

In this work unmodified kraft and organosolv lignin as well as methacrylated lignin were used in the 

polymerization process of coatings preparation. Commonly applied in industry Epidian 5 epoxy resin, 

triethylamine as a crosslinking agent and different amount of lignin (up to 50 wt.%) were applied. The 

spectroscopic characterization (ATR/FTIR) as well as thermal resistance (thermogravimetry) were studied in 

detail. The influence of lignin isolation process (kraft and organosolv), its chemical modification (methacrylation) 

on the properties of obtained polymer coatings will provide valuable information for the further development of 

this type of materials.  
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Vitrimers have been defined as polymers with associative, dynamic covalent bonds which undergo exchange 

reactions upon an external stimulus [1]. Vitrimers are able to change their topology through thermoactivated bond 

exchange reactions: they behave like viscoelastic liquids at high temperature and like classical thermosets at low 

temperatures [2]. Transesterification reaction rate can be tuned by changing the amount and nature of the catalyst 

leading to the new possibilities in applications such as self-healing or processability in a wide temperature range 

[2]. Due to dynamic nature vitrimers can have unique properties such as recyclability, weldability, malleability, 

reshaping (shape-memory), and the ability for self-healing [3]. Consequently, they can be easily recycled and used 

again leading to environment protection. A huge increase of scientific publications with bio-based vitrimers has 

been observed during the last five years [4]. This intrigues to combine the attractive features of bio-based 

monomers and the properties of vitrimers for the synthesis of high-performance and sustainable materials. 

Biodiesel production from vegetable oils and animal fats generates about 10% (w/w) of glycerol as the main by-

product which is a starting material for synthesis of various glycerol-based monomers [5]. Glycerol is attractive 

for synthesis of vitrimers as has properties such as low volatility, hygroscopicity, plasticizing effect, high 

miscibility, compatibility with a wide range of materials, stability, high viscosity, nontoxicity, [6] and has been 

used for the production of biodegradable plastics already [7-9]. 

 

The aim of this work was to combine the properties of glycerol and vitrimers for the synthesis of sustainable 

materials towards environmentally friendly strategy. Consequently, functionalized glycerol was used as a 

monomer in the UV-curable resins for synthesis of vitrimers with the other bio-based monomers at different ratios. 

A MCR302 rheometer from Anton Paar was used to monitor the evolution of photocross-linking and for stress 

relaxation experiments by real-time. The rigidity of the vitrimers decreased slightly and the viscosity of the resin 

was reduced with increasing the amount of functionalized glycerol. The dynamic networks were able to rapidly 

undergo thermo-activated rearrangements of their network topology as the resins had optimal amount of functional 

groups that were beneficial for transesterification reactions. The tensile test was performed to investigate the 

mechanical properties of glycerol-based vitrimers. The elasticity of vitrimers increased with the increase of the 

amount of functionalized glycerol. The synthesized vitrimers showed recyclability, shape memory and self-healing 

properties. 

 

 
Figure 1.  Properties of glycerol-based vitrimers. 
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Selective oxidative cleavage of unsaturated bonds such as carbon–carbon double bonds is a synthetically important 

reaction to introduce oxygen functionality into molecules or to degrade complex compounds, especially those from 

natural sources and biomass. The production of aromatic compounds from biomass resources could provide a 

sustainable alternative to conventional methods. Thus, oxidative cleavage of olefins represents one of the most 

important reactions in organic chemistry. It is also a very fundamental reaction in industrial organic synthesis, as 

it can provide several important products, such as vanillin, benzaldehydes, and aromatic carboxylic acids. [1,2]  

 

The standard methods for the conversion of cinnamic acid derivatives into corresponding carboxylic acids are 

oxidation with Oxone, m-CPBA, NaClO2, PIDA, O2 and H2O2/OsO4.  Several methods are also known for the 

conversion of ferulic acid to vanillin using various microorganisms (bacteria, microbial strains, fungal strains, 

enzymes, etc.), metal oxide catalysts, TiO2, WO3-loaded TiO2 … [3] 

 

Herein, we have developed simple and cost-effective method for the conversion of ferulic acid related compounds 

to corresponding aromatic benzaldehydes, benzoquinones, or aromatic carboxylic acids. The reaction of oxidative 

cleavage of the carbon-carbon double bond takes place under mild reaction conditions with the green and 

environmentally friendly oxidant hydrogen peroxide. The choice of solvent significantly influences the course of 

the reaction. The process also offers a simple and cost-effective alternative for the conversion of natural compound 

ferulic acid to vanillin in high yield. 
 

 
Figure 1.  Oxidative degradation of the C-C double bond and conversion of ferulic acid and lignin into aromatic molecules. 
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Grease industry extensively uses non-renewable, non-biodegradable, and toxic entities as ingredients that satisfy 

the performance goals and jeopardize the environment simultaneously. Several environmentally benign 

ingredients have been tried to formulate eco-friendly greases; however, a potential alternative is not yet reached.  

The present study explores, for the very first time, an effort to enhance the performance of eco-friendly greases 

(based on vegetable oil and organoclay) using biopolymers as additives. Two different series of greases containing 

0 - 10 %w/w of two biopolymers (B1 and B2) are developed and evaluated for anti-wear (AW), and extreme-

pressure (EP) tests as per ASTM standards.  

 

B1-based greases displayed superior AW (upto ≈ 22% enhancement), frictional (upto ≈ 42% enhancement), and 

EP response (upto ≈ 60% enhancement). Whereas B2-based greases displayed superior EP characteristics (upto ≈ 

60% enhancement), however, inferior AW response. The formation of an in-situ polymer-layered silicate 

nanocomposite film at the interface is attributed to the superior EP properties. The contradictory AW behavior of 

biopolymers is attributed to their distinct interfacial interaction tendencies (synergistic or antagonistic) with 

organoclay.  

 

 
 

 
 

 

Figure 1. (a) Anti-wear (AW), (b) frictional, and (c) extreme-pressure (EP) performance characteristics of the formulated 

greases (WL: Weld load, and PWL: Pre-weld load) 

 

 

This research is a step ahead in pursuing a sustainable solution of providing an efficient and thus commercially 

viable eco-friendly alternative to long-established harmful greases. The study explores and recommends 

biopolymers as performance additives to greases based on vegetable oil and organoclay.  
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Active and intelligent systems produced from renewable biodegradable polymers for food packaging applications 

are increasingly attracting research interest because of the widespread concerns about the environmental problems 

caused by conventional plastic food packaging and food waste and the consumers demand for safe, functional, and 

convenient packaging to respond to their modern lifestyle [1]. 

 

 Intelligent food packaging systems have the ability to track and record critical parameters for the food quality 

during transport and storage. One of the most used components in intelligent systems are indicators which can be 

incorporated into the matrix of the packaging materials and respond to different stimuli usually through a visual 

change. pH indicators are used in food packaging materials because food spoilage is often accompanied by pH 

changes, they are generally based on pH-sensitive dyes incorporated into a solid support [2]. 

 

One of the most used class of pH-sensitive dyes for pH indicator development are anthocyanins, which have the 

benefit of being safe and ecofriendly, with antioxidant and antimicrobial properties that make them suitable for 

active food packaging also [3]. However they have some significant disadvantages: their extraction, separation 

and purification imply high costs and time-consuming and laborious procedures, their stability and coloring 

properties are affected by their high sensitivity to degradation by temperature, light, oxygen, pH. To overcome 

some of these disadvantages bio-inspired synthetic dyes are developed [4]. 

 

In this work the synthesis of a new bio-inspired dye which was incorporated in renewable biodegradable polymeric 

matrices to develop pH indicators for food packaging applications is reported. The synthetic 3-deoxy-

anthocyanidin was characterized by UV-Vis, FT-IR, 1D and 2D NMR spectroscopic analysis. An UV-Vis 

spectroscopy study proved that the dye exhibits halochromic properties that make it suitable as a pH-sensitive dye 

for pH indicators. The bio-inspired dye was used for the fabrication of  intelligent systems based bio-polymers, 

namely chitosan, PVA and starch. The obtained polymeric films were characterized by FT-IR and UV-Vis 

spectroscopy. Their response to pH variation in buffer solutions was evaluated and color changes were observed.  

The pH indicator films were tested on food matrices stored in improper temperature conditions to evaluate their 

sensitivity to food spoilage, color changes were observed in these cases also. 
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Applying renewable materials for efficient thermal insulation can both reduce the carbon footprint and lower the 

energy demand of buildings. Anisotropic nanocellulose-based foams can display a lower thermal conductivity than 

air (~26.2 mW m−1 K−1) but the mechanical strength is sometimes low. (1) In this study, air-and ice templated 

plant-based hierarchical foams (AITCNF-MC-TA) were produced by directionally freezing an aqueous foam consisting 

of: cellulose nanofibrils (CNF), methylcellulose, and tannic acid. The foams displayed a high stiffness both along 

and perpendicular to the ice-templating direction: this foam was indeed as stiff as nanocellulose–clay composites 

along the ice-templating direction. (2) The AITCNF-MC-TA foams are superinsulating, i.e. displayed a thermal 

conductivity of λr < 25 mW m-1 K-1 for a relative humidity (RH) up to 65%, and the thermal conductivity was 

maintained at λr < 30 mW m-1 K-1 at 80% RH perpendicular to the ice-templating direction.  

 

This work shows how the combination of two practical techniques, wet foaming and directional freezing can be 

used to produce a low-density anisotropic material that is plant-based, stiff and thermally insulating. The 

manufacturing strategy could be applied to other foam-forming aqueous systems. 

 

 

 
Figure 60: Properties of the air and ice templated foam. Digital photos of AITCNF-MC-TA as a) wet foam b) dried foam c) dried 

foam with a mass of 72.3 mg carrying a weight of 500 g. d) Compressive Young’s modulus as a function of density of the ice 

templated CNF foam (ITCNF) and AITCNF-MC-TA along the direction of ice growth. e) Radial thermal conductivity r of ITCNF 

and AITCNF-MC-TA foams as functions of relative humidity. 
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Controlled drug delivery is a blooming field, promising to improve the efficacy of pharmaceutical treatments and 

alleviate their secondary effects, while decreasing the administration frequency. Owing to their good compatibility, 

aliphatic polyesters have attracted much attention in the biomedical field. Among them, poly(lactic acid) (PLA) 

and poly(lactic-co-glycolic acid) (PLGA) stand out and have already been approved by the FDA for use in several 

biomedical commercial products. Besides biocompatibility, biodegradability is an important criterion to select a 

polymer for drug delivery. Indeed, biodegradability is a crucial issue, as the accumulation of the polymeric carrier 

in the body can pose significant health risks. PLA is a linear biodegradable aliphatic polyester that can be derived 

from renewable biological resources such as rice and wheat through fermentation and polymerization. Despite the 

good biocompatibility of PLA, its slow biodegradability is a significant drawback, limiting its application for drug 

delivery.  

 

In the present study, PLA/poly(ethylene adipate) (PEAd) copolymers were prepared to modulate PLA 

biodegradability. PEAd polyesters were synthesized by bulk polycondensation and two PLA/PEAd copolymers 

with different ratios were further prepared via reactive melt mixing. The copolymers were structurally 

characterized by infra-red and nuclear magnetic spectroscopy. The impact of the PLA/PEAd ratio on the enzymic 

hydrolysis of the newly synthesized copolymers was studied, while their cytocompatibility was also assessed. 

Finally, nanoparticles were further prepared to evaluate the performance of the PLA/PEAd copolymers in the 

delivery of paclitaxel. Smooth spherical nanoparticles were obtained via oil/water emulsification/solvent 

evaporation method, and the in vitro dissolution analysis of the paclitaxel-loaded nanoparticles showed a biphasic 

release of paclitaxel, dependent on the PLA/PEAd ratio of the copolymers. 
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High-density polyethylene (HDPE) is one of the most common-used synthetic polymers covering a wide spectrum 

of applications (e.g. packaging, pipping, construction, fabrics, toys, etc.), due to its numerous advantages, such as 

its low cost, light weight, easy processing, high mechanical resistance, and durability. Nevertheless, the poor 

degradability of synthetic polymers in the natural habitats, in combination with the inadequate waste management, 

provokes their accumulation in the environment and especially in the marine ecosystems, leading to environmental 

pollution. As for the available literature data, approximately 13 Mts of these plastics end up in oceans, where they 

degrade further into smaller plastic particles under the action of several environmental stresses, called 

microplastics (plastic items with diameters ≤5mm), which are characterized today as emerging contaminants. 

These microplastics, pose threat to aquatic and land-living organisms, whereas their consumption through the 

trophic chain and their effects on human health are still under severe examination. Nowadays, concentrated efforts 

toward the development of more eco-friendly materials and treatment processes have already been launched. In 

this framework, the recycling of HDPE and the exploitation of recycled HDPE (r-HDPE) has been a spot of great 

interest. Hemp fiber is one of the dominant classes of bast natural fibers, commonly derived from the hemp plant 

with the species of Cannabis. The common features of natural fibers along with the inherent mechanical, thermal, 

and acoustic properties of hemp fibers make them beneficial components for reinforcements in polymer composite 

materials.  

In the present study, in order to exploit the use of r-HDPE and investigate the potential hemp fibers for its 

reinforcement, four composite materials with different filler concentrations (10-75 %wt. in hemp) using 1% wt. 

polypropylene-g-maleic anhydride as compatibilizer were prepared via melt-mixing. The structural properties of 

the r-HDPE/hemp composites were investigated using infra-red spectroscopy (ATR) and X-ray diffraction (XRD), 

while the dispersion of the fibers was examined with the implementation of stereomicroscopy and scanning 

electron microscopy (SEM). Finally, as the mechanical properties affect the final application of the materials, 

tensile and impact strength experiments were performed. 
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Abstract  
Wine lees are one of the most common by-products of wine industry. They are defined as the remaining residues 

at the bottom of wine barrels during storage or ageing, and consist of a liquid and a solid fraction [1], [2]. Wine 

lees are mainly containing dead yeast cells, carbohydrates, proteins, inorganic and organic compounds, tartaric 

acid and high amount of phenolic compounds [1], [3]. Moreover, the low pH values, the high levels of biochemical 

and chemical oxygen demand (BOD & COD), and the high content of phenolic compounds make this by-product 

an environmental pollutant [4].There are several methods that have been developed for phenol removal, like 

extraction, biological treatment, or use of adsorbents [5]. The enzymatic treatment of industry by-products has 

gained great interest as an environmentally friendly procedure. Oxidoreductases, such as, laccases can be used for 

wastewater treatment trough oxidation of a variety of organic compounds, leading to their degradation and/or 

polymerization [5], [6]. Laccases are multi-copper oxidases that catalyze the one electron oxidation of a variety of 

substrates coupled with the reduction of molecular oxygen to water [6]. 

 

In the current study, ethanolic extract of red wine lees was prepared and the total phenolic content (TPC) was 

evaluated by the Folin–Ciocalteu assay. A variety of laccases, such as laccase from Trametes versicolor (TvL) and 

Aspergilus sp., were used for the enzymatic treatment of the polyphenol extract, as well as, for the treatment of the 

raw wine lees. The remaining phenolic content was measured after the treatment, and the decrease of the TPC was 

expressed as dephenolization yield.  

 

The early findings of the current study showed that several commercial laccases were able to efficiently catalyze 

the phenol removal of wine lees extract and raw wine lees. 

 

Methods 
Red wine lees (WL) were provided by a winery located at regional unit of Ioannina, Epirus, Greece. Laccases from 

Trametes versicolor (TvL), Rhus vernicifera (RvL) and Aspergilus sp. (AsL), and Folin Ciocalteu reagent were 

purchased from Sigma-Aldrich. White rot fungi laccase (WrfL) was purchased from Creative enzymes and laccases 

Novozym 51003 and Suberase, were kindly provided by Novozymes. Histanol 70 (70% ethanol) was purchased 

from Biognost. 

 

In order to prepare the wine lees extract (WLE), WL were centrifuged at 9,500 rpm for 10 min. The precipitate of 

the WL (40 g) was placed in a round bottom flask (250 mL) containing a 70% ethanol solution (200 mL) (solid to 

solvent ratio, 1:5), and placed for 20 min into a sonication bath. The sample was then centrifuged at 9,500 rpm for 

10 min. The supernatant was filtered through a simple filter paper, rot evaporated to remove ethanol, and finally 

freeze-dried to remove water. 

 

The enzymatic treatment of WLΕ, was carried out in 1 mL buffer solution, containing 2.5 mg of dry WLE and a 

certain amount of laccase, and the mixture was incubated at 30°C and 140 rpm, for 24 h. A same procedure was 

carried out for the enzymatic treatment of WL, but in this case, the reaction was performed in 1 mL of raw WL, 

instead of buffer solution. The TPC of WL and WLE before and after enzymatic treatment was determined by 

Folin Ciocalteu assay with some modifications [4]. 

 

Results 
Laccases from different origin were used for the dephenolization of WL and WLE. For the WL treatment, 

preliminary results showed that TvL and AsL were able to remove 41 and 5%, respectively, of the TPC of the raw 

wine lees. The results regarding the dephenolization of WLE are presented in Table 1. As it can be seen, most of 

the laccases that were used, were able to efficiently reduce the TPC of WLE. The highest dephenolization yield 

was achieved by TvL at 72%, while WrfL, Novozym 51003 and AsL were also able to catalyze the reduction of 

TPC in a high extent. On the contrary, it was shown that RvL and Suberase were not able to catalyze the 

dephenolization of WLE. 
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Table 1. Dephenolization capacity of different laccases on WLE. 

 

 

 

 

 

Conclusions 

The present study reports the ability of different kind of laccase to catalyze the removal of the total phenolic 

contentment in raw wine lees, as well as, wine lees extracts. The results showed that the enzymatic treatment 

reduces the phenolic content in most cases, indicating that this procedure can be effectively applied in waste-

treatment applications. 
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Laccases (EC 1.10.3.2) are multi-copper polyphenol oxidases that can be used for several biotechnological 

applications due to their high catalytic activity toward a broad range of aromatic substrates. Pleurotus ostreatus, 

one of the most cultivated fungi species in the world, belongs to a subclass of lignin-degrading microorganisms 

with a decoded genome that contains a laccase multi-gene family and could be characterized as a biotechnological 

model for the production of laccase[2,3]. Submerged cultivation of mushrooms is a method for rapid production 

of industrial enzymes. Different growth media and culture conditions could affect laccase production by mushroom 

mycelia [1]. 

Wine lees are wine industry wastewaters that are collected after the end of the fermentation, contain dead 

yeasts, grape skins, seed stems and are rich in phenolic compounds such as tartaric acid. Laccase induction using 

wine lees by submerged cultivation of fungi is something that is not been extensively studied until now[4].  

In this study, we examined the effect of adding wine lees to the growth medium on laccase production by 

Pleurotus ostreatus strain. Different culture conditions, such as cultivation's initial pH, wine lees concentration, 

carbon, and nitrogen sources, on laccase production, were studied. Laccase activity, residual sugars, phenolic 

compounds consumption and decolorization were measured at various time intervals during fermentation. 

According to the results, wine lees are a promising inducer for laccase production in contrast to a glucose 

basal medium by submerged cultivation of Pleurotus osteatus. After the optimization of cultivation conditions, 

laccase production reached more than 70.000 Units/L. In addition, phenolic compounds consumption and 

decolorization reached a value up to 90%. In conclusion, a bioprocess using wastewater to produce a high-value 

enzyme used by industry could contribute to circular economy that is crucial nowadays.  
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Agricultural production and agro-food industry generate not only solid residues but also large volume of liquid 

wastes, severely determining pollution problems if not properly managed or treated. Indeed, the large amount of 

organics contained in the wastewaters can really represent a “fresh” energy resource suitable to be upgraded to 

alternative fuels, according to a bio-refinery approach [1]. Gasification in condition of supercritical water (SCWG) 

has received in the last years particular attention since it could offer the possibility to treat aqueous streams 

containing organic compounds without any preliminary expensive pre-treatment (i.e., drying). Depending on the 

reaction conditions, a CH4-rich stream can be produced, which can undergo a sequential methanation step to 

deliver a grid-grade CH4 stream, compatible with the injection in pipelines for energy purposes. 

 

In this work, a catalytic process based on supercritical gasification of aqueous organic solutions coupled with a 

sequential methanation reactor is proposed. Preliminary experiments in SCWG were carried out by using acetone 

and cyclohexane as model molecules representative of some organic components, in order to investigate how 

activity and selectivity of the investigated catalysts could be changed as a function of the organic substrate 

employed. Regarding the solid catalyst, the identification of the key gasification features was made by considering 

the need of favoring the achievement of equilibrium for the water gas shift reaction and the hydrogenation of CO 

and CO2 to CH4 [2,3]. On this account, metal-supported catalysts were considered as suitable systems for the 

SCWG process, able to deliver high conversion level of organic compounds at relatively low temperature [2,3]. 

As regards the methanation reaction, recently a renewed attention has been paid in an attempt to develop new, 

more active and more stable catalytic systems. Indeed, methanation is an exothermic reaction because of the 

presence of carbon oxides in the feed gas [4,5]. So, the heat of reaction can induce metal sintering, which lowers 

the overall metal surface area and thus leads to poor activity. Moreover, catalytic deactivation can also occur 

through coking, which blocks the metal surface due to accumulated carbon [5]. Therefore, developing an efficient, 

low-temperature methanation catalyst with high thermal stability and coke resistance is necessary. 

 

A customized 200 mL batch reactor Inconel 625 was used during SCWG experiments maintaining the catalyst 

fixed in a basket. The reactor was provided with valves for draining the liquid phase from the bottom, while 

sampling the gas phase at the end of reaction through a 1000 mL stainless steel tank AISI 316L. A 3-way valve 

located on the top of the vessel was used for introducing H2 into the autoclave, as a sweep gas or catalyst pre-

treatment prior to the run. The reactor was first fed with water and heated at supercritical temperature (374 °C); 

afterwards, organic model molecules (i.e., acetone or cyclohexane) were quickly pumped (in 3 min) and the end 

of charging was considered as the starting time of reaction. Reaction was stopped after 20 min and the reactor was 

cooled down to room temperature by an ice bath. On the basis of the residual reactor pressure, the gas phase was 

transferred in the stainless-steel tank, in order to store the reaction stream for GC analysis. The liquid phase was 

drained from the bottom of the reactor and analysed. 

 

The methanation runs were carried out in a micro-laboratory plant operating at atmospheric pressure, entirely 

realized in stainless steel AISI 316 and equipped with a tubular fixed bed reactor (i.d., 6 mm; l., 200 mm). The 

reaction stream was on-line analyzed by using the same GC apparatus for gaseous mixtures from SCWG. The 

catalytic tests were carried out under the following operating conditions: a) activation procedure in-situ at 500 °C 

for 1 h under pure H2 fed at a space velocity of 22,000 mlN/gcat/h; b) catalytic testing at atmospheric pressure in 

the temperature range 200-350 °C and space velocity of 12,000 mlN /gcat/h, using two simulated mixtures at 

different H2/CO2 volume ratios: 

1. H2/CO2/CH4 (10/40/50); 

2. H2/CO2/CH4 (20/30/50). 

To perform the catalytic tests in both the experimental devices, a series of differently loaded Ru and Ni systems 

differently supported were used (see Table 1). 
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Table 1. Physico-chemical properties of the investigated SCWG and methanation catalysts. 

SAMPLE 
Metal loading [a] SABET MSA [b] DMe

[b] dMe
[b] 

(wt%) (m2/g) (m2/g) (%) (nm) 

1Ru/Al2O3 0.9 150 1.4 41.7 3 

5Ru/Al2O3 4.7 100 3.1 16.8 8 

15Ni/Al2O3 15.2 45 7.9 7.9 13 

60Ni/Al2O3 60.1 198 28.0 7.5 14 

Ni/MgO 48.0 31 18.1 11.9 9 

Ni/HT 70.0 130 30.1 6.4 16 
[a] From XRF analysis 
[b] From TPD measurements 

 

In Figure 1 the catalytic behaviour of “noble” and “non-noble” metals has been compared under supercritical water 

gasification of acetone. 
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Figure 1. Relative activity during SCWG of acetone (acetone: 7.14 vol%; reaction time: 20 min; Rcat/org: 0.3 wt/wt). 

 

The results obtained clearly demonstrate that, with an appropriate catalyst, the gasification of diluted organic 

solutions allows to obtain an outlet stream containing about 50% CH4 / 40% CO2 /10% H2. In particular, what 

emerged is that the specific activity of Ru in the formation of methane was significantly higher than Ni, 

notwithstanding MSA values of the Ni/Al2O3 samples significantly higher than Ru/Al2O3 catalysts.  

On the contrary, during methanation runs the Ni-based catalysts exhibited a superior behaviour than Ru catalysts 

in the entire temperature range investigated (225-350 °C). In particular, the Ni catalysts showed the maximum H2 

conversion (88-95%) at 275 °C, while at the same temperature the 1% Ru/Al2O3 reached a conversion close to 

20%. In Figure 2 some methanation results obtained over Ni catalysts in terms of H2/(H2+CH4) ratio are shown. 
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Fig. 2. Catalytic behavior of the Ni catalysts during methanation (PR = 1 atm; GHSV: 12,000 mlN/gcat/h; feed: H2/CO2/CH4 

(20/30/50 vol%). 

 

Despite a Ni loading lower than Ni/Al2O3, Ni/MgO allowed to obtain mixtures richer in CH4 even from streams 

with higher concentrations of H2, reaching a final H2/(H2+CH4) ratio less than 2 vol.%, clearly suggests that 

reaction is also affected by the metal carrier. 
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On the whole, these results demonstrate the feasibility of a two-step process based on gasification in supercritical 

phase of aqueous organic residues followed by selective conversion of the gas phase in grid-grade biomethane. In 

particular, using a Ru-based catalyst, a mixture containing 10% by volume of organic residues (alcohols, ketones, 

cyclic organics, etc…) can be converted into a gaseous stream containing approximately 

60% CH4/30% CO2/10% H2. In the subsequent methanation step, using a Ni-based catalyst, it is possible to 

minimize the hydrogen concentration to get a CH4-rich mixture usable for energy purposes. 
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Background: The global production of fresh fruit for the year 2021 was estimated to be around 870 million metric 

tons1. Approximately 20% of the total fruit produced are wasted due to post harvest losses2. Furthermore, 

processing of fruits by food industries generates a significant amount of waste as well, amounting to about 25-

30% of the total product3.  At the same time, there is a growing need for versatile, robust polymer-based hydrogels 

for applications in drug delivery, food preservation, biological implants etc4,5. in the current food and 

pharmaceutical industry. Pectin, a natural bio-polymer is a significant component in this waste, particularly in 

fruits. Pectin is a very viable component that could serve the growing need for versatile, robust polymer-based 

hydrogels for applications in drug delivery, food preservation and biological implants 4,5. thus  providing viable 

solutions for addressing the dual problem of food wastage and preservation6. 

 

Rationale: Pectin is a natural polysaccharide derived from fruit peels that has been used extensively as a thickening 

agent for jams and jellies7. While it is able to dissolve in water and form hydro-films upon drying, the films 

themselves are of poor quality with low tensile strength. In order to improve the physico-chemical characteristics 

of the films, the pectin films were modified by blending with a complementary bio-polymer, carboxymethyl 

cellulose and a polyethylene glycol based cross-linker. The current work is aimed at using green approaches in the 

fabrication biodegradable pectin films from renewable fruit waste feedstocks for various applications. xxx 

 

Experimental: Pectin from citrus peels (galacturonic acid content 84%) was obtained from Sigma Aldrich and 

combined with the sodium salt of carboxy methyl cellulose (Na CMC) and polyethylene glycol diglycidyl ether 

(PEGDE) obtained from Loba Chemie. Hydro films were prepared by mixing the components in water overnight. 

Three different pectin: CMC ratios were fabricated and characterized for a number of parameters such as solubility, 

Tensile strength and IR Spectral characteristics. 

 

 
Image 1: Behavior of modified pectin films in water 

 

Results: Depending upon ratio of polymers, the properties of the films were significantly different. The use of 

CMC and cross-linker led to the formation of films that were insoluble in water due to the high molecular weight 

of the polymer complex formed. This was also evident in the tensile strength of the films which were higher than 

that of standard pectin only films.  

 

 

 
 

Image 2: Tensile strength of different pectin films tested. 

 

Conclusions: A novel polymeric matrix with a unique cross-linked system was fabricated using green methods. 

The properties of the system are tunable based on the ratio of polymers used and could thus, have various potential 

application in diverse fields such as drug delivery, wound healing and active anti-microbial packaging. 
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Abstract text:  

 

The generation and accumulation of municipal solid waste (MSW) is one of the fastest growing environmental 

problems worldwide [1]. MSW is produced in large quantities, it is one of the least exploited sources of 

lignocellulosic biomass [2]. In a circular economy the organic fraction of municipal solid waste (OFMSW), which 

accounts for nearly half of MSW [3], is used as a resource to produce secondary products such as biofuels. The 

main components of biomass that can be used for biofuel production are sugars (starches, simple sugars, and 

lignocelluloses) and lipids. These components are present in the OFMSW such as food waste (FW) and can be 

converted by hydrolysis to release smaller monomeric sugar compounds such as glucose, xylose, and arabinose.  

To improve the utilization of FW, which accounts for 90 percent of the Danish OFMSW [4], the optimization of 

enzymatic hydrolysis was investigated, focusing on the enzyme combination and addition modes of two enzyme 

complexes (Cellic® CTec3 HS - cellulase and hemicellulase complex & AMG 300L - glucoamylase complex) 

which are shown in Table 1. Various experiments were performed to characterize the FW after performing 

enzymatic hydrolysis at 50°C for 24 hours. The characterization included performing strong acid on the solid 

fraction as well as weak acid hydrolysis and free sugar analysis on the liquid fraction of the food waste. 

Furthermore, the Klason lignin and the free acids content was determined. 

Table 1.  Enzyme combinations and addition modes of the performed enzymatic hydrolysis experiments 

 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp.5 

CTec3 x 
 

x x (first) x (second) 

AMG 300L  x x x (second) x (first) 

 

The analysis showed a high sugar content in the raw FW (82g/ 100g dry matter), with a greater proportion in the 

solid fraction. After enzymatic hydrolysis with several enzyme combinations and addition modes of CTec3 and 

AMG 300L, differences in the sugar content were observed in the liquid and solid fraction, resulting in different 

enzymatic hydrolysis yields (see Figure 1). The analysis showed that the addition of CTec3 alone is the least 

efficient, while the enzyme combination of CTec3 and AMG 300L releases the largest amount of monomers that 

entered the liquid fraction. This indicates that this enzyme combination is the most optimal. However, due to the 

high starch content in the FW, the slightly less efficient enzyme combination AMG 300L could be chosen from 

an economical point of view.  

 

 
Figure 1.  Diagram showing the enzymatic hydrolysis yield for all free sugars for the 5 different conducted 

experiments 
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Abstract text:  

With the growing demand for alternative and more sustainable energy sources, biomass-based energy has received 

a great deal of attention. Promising feedstock OFMSW is currently investigated for bioenergy production as it is 

a cheap, renewable, abundant source of biomass that has been, to a large extent, unexplored for biotechnological 

applications compared to other traditional feedstocks. The main challenge for the application of OFMSW as a 

feedstock is the requirement to combine several preprocessing methods such as mechanical, physical, chemical, 

and biological in order to release a substantial amount of fermentable biomass components. 

 

The composition of raw OFMSW was examined and found to have high sugar content, corresponding to 52 g of 

sugars/100 g DM of OFMSW, of which 15,4 g is starch. The starch gelatinization process was investigated at 

different reaction times and temperatures, and it was discovered that prolonging the reaction time and/or increasing 

the temperature results in a higher liberation of starch into the liquid fraction. The different heat pretreatment 

temperatures were investigated on sugar recovery and yield. The condition at 100℃ for 4 hours resulted as the 

most promising one due to the fact that yields for higher temperatures were not statistically significant, and sugar 

recovery was the highest compared to other temperatures. Further, the composition of beechwood pulp was 

identified, corresponding to 84 g of glucose/100 g DM of beechwood pulp, and the remaining matter was classified 

as lignin. Enzymatic hydrolysis was conducted with a high enzymatic dosage of Cellic® CTec3 HS (Novozymes) 

and AMG® 300 L BrewQ (Novozymes) on raw OFMSW, beechwood pulp, and their mixtures. Analysis showed 

that hydrolysis of raw OFMSW and mixtures resulted in 90-100% yields. This brings an opportunity to 

enzymatically preprocess OFMSW and beechwood pulp together in a single step. 

 

Materials and methods: 

Two methods investigated gelatinization of starch in OFMSW: 1) Iodometry method, which applies iodine reagent 

to form a colourful iodine-starch complex that can be detected by spectrophotometer; 2) Megazymes Total Starch 

HK Assay Kit is an enzymatic kit that was used to investigated total and liberated amount of starch in the OFMSW. 

 

Heat pretreatment of OFMSW was further investigated on glucose, xylose, and arabinose content by HPLC. Raw 

and pretreated materials were separated into liquid and solid fractions by centrifugation. Liquid fractions were 

directly analyzed on HPLC for free sugar, weak acid, furfural, and HMF content as well as they underwent weak 

acid hydrolysis (8 w/w % H2SO4) for HPLC analysis of total sugar content. Solid fractions prior to HPLC analysis 

were acidly hydrolyzed (72 w/w % H2SO4) to completely liberate sugars from the majority of fibers.  

 

For enzymatic hydrolysis Cellic® CTec3 HS (Novozymes) 6 w/w DM % and AMG® 300 L BrewQ (Novozymes 

2 w/w DM % were used on heat pretreated OFMSW, cellulose fraction from beechwood, and their mixtures. 

Liquid fractions of enzymatically hydrolyzed samples were directly analyzed on HPLC for free sugar, weak acid, 

furfural, and HMF content as well as they underwent weak acid hydrolysis (8 w/w % H2SO4) for HPLC analysis 

of total sugar content. Cellulose fraction from beechwood was hydrolyzed by strong acid (72 w/w % H2SO4) and 

examined by HPLC on the total amount of sugars. 

 

Statistical tests such as ANOVA, Tuckey’s HSD test, and the MLR model were performed by applying R. 

 

Key results: 

The investigation of starch gelatinization revealed that the amount of liberated starch continuously rises with 

increasing reaction time (0-4 hours) and temperature (70-130°C). The analysis of heat pretreatment (100-130°C) 

showed that with increasing reaction temperature, the total sugar recovery decreases due to sugar degradation, but 

the difference in the total sugar yield was statistically insignificant for all reaction temperatures. The enzymatic 

hydrolysis of heat pretreated OFMSW, cellulose fraction from beechwood, and their mixtures showed that 

pretreated OFMSW and mixtures could be successfully hydrolyzed, resulting in 90-100% of the free sugar yield. 

On the other hand, enzymatic hydrolysis of cellulose fraction from beechwood resulted in lower performance of 

hydrolysis, corresponding to 50% of the free sugar yield.  
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Figure 1. Recovery and yield of sugars, more specifically glucose, xylose, and arabinose, after heat pretreatment of OFMSW. 

The total sugar recovery is decreasing from 100°C to 130°C but for the total sugar yield there are not significant differences 

between reaction temperatures. 

 

 
Figure 2. Yields of free and total sugars after enzymatic hydrolysis of heat pretreated OFMSW, cellulose fraction of beechwood, 

and their mixtures. All sample compositions, except the cellulose fraction of beechwood, showed high yields of 90-100% for 

the free and total sugar yield. The cellulose fraction of beechwood resulted in a 50% yield for the free sugars and over 80% for 

the total sugars. 
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Rice production reaches more than 500 Mt annually. It represents 20% of the dietary energy intake of the global 

population and is the major source of carbohydrates, protein, vitamins, and minerals. Rice bran is an important 

byproduct of the rice milling industry and it is gaining attention due to its nutrient-rich composition, easy 

availability, low cost, and promising health benefits. Several bioactive components have shown antioxidant, anti-

inflammatory, anti-cholesterolemic, anti-diabetic, anti-cancer activities and heart-related health benefits.1-4 

 

We present an efficient supercritical fluid extraction (SFE) process to obtain bioactive phytochemicals from rice 

industry by-products (Figure 1). The effect of different process parameters on the extraction performance 

(extraction yield and chemical composition) were evaluated and optimized, including operating temperature and 

pressure, in order to maximize the extraction of high valued nutritional compounds (such as γ-oryzanol and fatty 

acids). 

 

 
Figure 1.  Bioactive extraction from rice by-products. 

 

After a central composite design of experiments in which the raw material weight (20 g), flow rate (20 g/min), and 

extraction time (3 h) were fixed, temperature and pressure were varied (40-80 °C, 200-500 bar). The extraction 

yield obtained by the optimized SFE method was comparable to conventional Soxhlet extraction with n-hexane 

(~18 gextract/100graw material) and it was 2 times more selective for the γ-oryzanol extraction. Moreover, the fatty acid 

profile obtained by both methods were similar and the most abundant compounds were palmitic, oleic and linoleic 

acid. 

 

 This approach allows the isolation of γ-oryzanol rich extracts avoiding the use of organic solvents, which 

contributes to the valorization of food industry waste streams.   
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The valorization of wastes rich in valuable compounds is one of the most relevant biorefinery and circular economy 

topics. Kiwifruit industry wastes are a potential source of bioactive compounds, such as phenolic compounds, 

which, in turn, exhibit many biological activities with potential health benefits. With the aim of developing a green 

approach for the valorization of kiwifruit waste, a study combining biobased solvents and alternative extraction 

techniques for the recovery of phenolic compounds from kiwifruits (Actinidia deliciosa) 'Hayward’ by-products 

are presented. First, a pre-selection of the most suitable by-product for the recovery of phenolic compounds from 

kiwifruits was done, with kiwifruit peels being the most promising. After a screening of the most suitable biobased 

solvents to be used as mixtures along with ethanol and/or water was carried out. Gamma-valerolactone (GVL) 

mixtures yielded the highest phenolic compounds and antioxidant activity levels. The composition of GVL 

mixtures was optimized to GVL:ethanol in a ratio of 7:3 (wt/wt). Response surface methodology was used to 

optimize the operating conditions of different extraction techniques, namely, conventional extraction (CE) and the 

alternative techniques of ultrasound-assisted extraction (UAE) and microwave-assisted extraction (MAE), with 

MAE being identified as the most promising technique to obtain an extract with high levels of phenolic compounds 

(mainly epicatechin, caffeic acid and quercetin derivates) and antioxidant activity, in a shorter extraction time. 

However, UAE demonstrated to be the preferable extraction technique, considering the estimated costs of the 

studied extraction processes. The obtained results showed for the first time the high potential of using GVL 

mixtures to extract phenolic compounds from biomass, while their combination with alternative extraction 

techniques could be the basis for the development of more effective extraction platforms. 
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Abstract text: 

 

Poly(ethylene terephthalate) (PET) is a widely used plastic for water and soft-drinks bottles, mainly because PET 

combines good  mechanical properties with the excellent barrier properties to oxygen, carbon dioxide and humidity 

[1]. The high consumption of PET packaging combined with its non-biodegradability makes the recycling of this 

material essential to prevent its accumulation in the environment [2-3]. Usually, PET is mechanically recycled, 

where the original polymer structure is preserved. The recycled PET (RPET) may have lower mechanical 

properties, which may limit its application in certain types of packaging. These changes become more noticeable 

as the material recycling cycles increase [3]. These lower mechanical properties may result from chain scission 

reactions that decrease the polymer molecular weight [2-3]. To address this limitation, chemical recycling can be 

used. Here, PET is depolymerized into monomers, dimers or oligomers [4-5]. Then, high-quality materials can be 

produced using these lower molecular weight products as raw materials [4]. Based on the chemical agent used to 

break the polymer chains, chemical recycling can be achieved through methanolysis, glycolysis, hydrolysis, 

aminolysis or ammonolysis [4-5]. In glycolysis, it is employed an excess amount of glycol to perform the PET 

transesterification and produce bis(2-hydroxyethyl) terephthalate (BHET). Also, it is possible to separate the 

BHET monomers from the BHET dimers/oligomers. Due to its simplicity, broad range of operation conditions 

and lower reaction time, glycolysis is one of the best and most used methods to perform the PET depolymerization 

[5-6]. The main goal of this work is to valorize the PET residues by performing their chemical recycling by 

glycolysis and use the byproduct to synthesize a compatibilizer to use in the mixtures of immiscible polymers, 

such as poly(butylene adipate terephthalate) (PBAT) and poly(lactic acid) (PLA) blends. The compatibilizer needs 

to have a molecular structure that can physically interact with both polymers. For this, it was decided to synthetize 

the oligomers based on bis(2-hydroxyethyl) terephthalate lactic acid and lactic acid (BHET-LA) (Figure 1). The 

BHET-LA, due to the presence of LA moieties, can interact with PLA, and also with PBAT, due to the presence 

of aliphatic-aromatic moieties in the BHET dimers/oligomers. In this work, two approaches were studied: i) the 

BHET-LA was synthesized with only BHET dimers/oligomers and lactic acid, and ii) BHET-LA was end-capped 

with a branched aliphatic chain (Isofol32), as a way to counterbalance the rigidity of PLA in the chain and to 

increase the thermal stability of the BHET-LA oligomers.  

 
Figure 61 – BHET-LA molecular structure. 

The synthesis of the BHET-LA is divided in two steps: PET glycolysis and obtainment of BHET-LA. In the first 

step, ethylene glycol and PET are placed in a three-neck round-bottom glass flask in a 3:1 molar ratio with 0.02% 

of Zn(Ac)2 as the catalyst. The depolymerization was performed for 4 hours at 196 ºC, in a nitrogen atmosphere. 

The solution is first filtered to retain possible PET pellets that do not depolymerize. To separate the BHET 

dimers/oligomers from the BHET monomers, boiling water was added to the liquid recovered from the filtration. 

This separation is possible due to the differences in the precipitation temperatures between the dimers/oligomers 

and the monomers. The solution was filtered and the precipitated was expected to be mainly constituted by BHET 

dimers/oligomers. Finally, the liquid part of the last filtration step was placed at 4ºC to allow the precipitation of 

the BHET monomers. The products of the PET glycolysis were characterized by proton nuclear resonance (1H 

NMR). In the second step, the BHET-LA was synthesized through a bulk polymerization. The amount of acid 

lactic and BHET dimers/oligomers added to the reactor was calculated to have a polymer with a theoretical average 

molecular weight of 5000 g/mol. The reaction is performed in a nitrogen atmosphere at 180 ºC with mechanical 

stirring. The reaction advance is inferred by measuring the reaction medium acid value following the European 

Standard norm ISO 2144. In the case of the BHET-LA with Isofol32, this compound was placed in the reactor 

during the reaction in function of the acid value. The products obtained were characterized by 1H NMR, differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA). 
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Through the 1H NMR analysis of the two products obtained in the PET depolymerization was possible to confirm 

that the 1st and 2nd precipitate are mainly constituted by BHET dimers/oligomers and BHET monomers, 

respectively. From the 1H NMR analysis was possible to identify the chemical structure of the BHET-LA in both 

products, that confirms that is compound was successfully synthetized. In the TGA analysis, it was verified that 

the BHET-LA has a very low thermal stability, presenting a T5% of about at 132ºC. On the other hand, the BHET-

LA with Isofol32 presented an improved thermal stability, with a T5% values of 288ºC. This indicates that BHET-

LA with Isofol32 is more suitable to be used as a compatibilizer in PLA and PBAT blends because does not 

thermally degrade at the processing temperature of these two polymers. The DSC analysis verified that BHET-LA 

has an amorphous morphology and BHET-LA with Isofol32 has a semicrystalline morphology. 
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Abstract text:  

Municipal solid waste generation is continuously increasing worldwide, reaching 489 kg per capita in 2018 in EU-

28 [1]. The organic fraction of municipal solid waste (OFMSW) contains high amounts of lipids, protein, pectins 

and polysaccharides [2]. Valorisation of OFMSW through a biorefinery approach could lead to the production of 

value-added bio-based products. Hydrolysis of OFMSW results in the production of a carbon and nutrient rich 

fermentation medium. A potential biorefinery concept focuses on the valorization of the OFMSW for the 

fermentative production of succinic acid from the sugar-rich OFMSW hydrolysate. The fermentation products and 

the remaining OFMSW fractions (e.g. protein, lipids/fats) are subsequently used for the production polyurethanes 

(PUD) and biosurfactants. The optimal results of the proposed biorefinery concept are evaluated via process 

design, techno-economic evaluation and Life Cycle Assessment (LCA).  

 

Process design of each stage of the proposed biorefinery is carried out in order to estimate material and energy 

balances including validation using the process simulator UniSim (Honeywell). The developed inventory is used 

for the techno-economic evaluation and LCA study. Preliminary techno–economic evaluation (accuracy up to ± 

30%) is carried out for the estimation of the fixed capital investment (FCI) and the operating costs using literature-

cited methodologies [3-4]. A discounted cash flow analysis is carried out to estimate important techno-economic 

indicators, namely net present value (NPV), minimum selling price (MSP) and discounted payback period (DPP). 

The environmental performance of the processes is assessed via LCA using the ISO 14040:2006 and the LCA 

software GaBi to construct the LCA model and perform the impact assessment calculations. The estimated results 

are compared to the environmental performance of the current OFMSW management practices. 

 

FCI and COM for PUD production are calculated considering the following processes: the pretreatment process 

of OFMSW for succinic acid production, the succinic acid production, the polyester polyols formation and the 

polyurethane urea dispersions production process. Moreover, when the biorefinery approach is implemented, the 

economics of biosurfactants production are also considered. The values of FCI and COM per kilogram of produced 

PUD without the biorefinery development are $0.85/kgPUD and $2.18/kgPUD, respectively, while the same values 

with the biorefinery employment are $1.41/kgPUD and $2.43/kgPUD, respectively. After the discounted cash flow 

analysis, the MSP of the product is equal to $2.15/kgPUD without the biorefinery development and $1.75/kgPUD 

with the biorefinery approach for biosurfactants selling price equal to $4.10/kg. The current selling price of PUD 

is approximately $3.50/kgPUD, and when this price is implemented in the biorefinery concept, the payback period 

of the investment is 5 years. The most common environmental metrics of the PUD production process is the global 

warming potential (GWP) and is equal to 2.78 kg CO2-eq/ kgPUD. Succinic acid production has the lowest 

contribution to the final results, although it can be characterized as the main component of the PUD, while 

polyester polyols production is the main stage that affects environmental impact due to the impact of the two diols 

that are used for their formation. Finally, when the PUD from OFMSW is compared to the current management 

technique of OFMSW, savings in GHG emissions can be achieved reaching a percentage of 40%. 
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Abstract: Increasing scarcity of water reserves with stringent restrictions on freshwater withdrawals have drawn 

thermal power plants attention towards alternate sources of water. The cooling towers contributing maximum to 

the water usage during electricity production process, provide significant opportunities to reduce the freshwater 

dependence and replace it with treated impaired water [1]. Secondary-treated municipal wastewater (MWW) 

available in adequate amount can be a promising alternative that can cater the cooling tower water demands. The 

major challenge associated with MWW reuse is its low quality due to presence of sufficient amount of dissolved 

solids, hardness, nitrate, and phosphate in comparison to freshwater [2]. Therefore, the utilization of MWW 

demands additional cleaning to remove these contaminants to mitigate corrosion and scaling of cooling tower 

infrastructure. In the present study, microalgae was utilized for tertiary treatment of MWW with an aim to remove 

contaminants and recover valuable biomass from it. Two algal species A1 (native consortium containing chlorella 

and scenedesmus sp) and PA6 (chlorella, phormidium, and navicula sp) were used to treat MWW collected from 

the sewage treatment plant of sector-50, Noida, Uttar Pradesh, India. The collected wastewater was found to be 

rich in nitrate-nitrogen (NO3-N: 9.5± 0.4 mg L-1), total dissolved phosphate (TDP: 12.7± 0.7 mg L-1), Ca hardness 

(352 mg L-1), Mg hardness (266 mg L-1), sulphate (272 mg L-1), and total dissolved solids (TDS: 2479 mg L-1). 1 

L shake flasks with continuous aeration of 2 L min-1 were utilized for the bioremediation in the batch mode. The 

flasks were incubated at T = 25±2°C and light intensity= 48±6.5 µmol m− 2 s-1 with light: dark cycle of 16:8 h. 

During the 10 days treatment cycle, native A1 consortium gave better nutrient removals in comparison to PA6 

consortium. With A1 consortium, the Ca2+ and Mg2+ hardness was reduced by 76.1% and 64.2%, respectively in 

comparison to PA6 which gave total hardness removal of about 20%. Interestingly, the sulphate (SO4
2-) was 

reduced by 98.6% and 82.9% in A1 and PA6 consortium. A1 further gave 99.2%, 85.1%, and 53% reduction in 

PO4
3-, NO3-N, and COD.  Though the removals were high, the TDS limit (<600 ppm) for make-up water in cooling 

towers was not reached. Overall, it was interpreted that the microalgae based bioremediation approach along with 

an integrated technology to reduce TDS could help to recycle treated MWW in cooling towers of power plants. 

The approach could significantly reduce the water footprint of thermal power plants along with the sustainable 

waste management.  
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Abstract text:  

In recent years, the amount of seaweed reaching the coasts of the countries that share the Caribbean has 

considerably increased. This macro-alga represents an environmental, economic disaster and threatens human 

health [1]. Marine algae represent a rich source of biomass and biopolymers that can be used for a variety of 

applications, for example, in the field of materials or energy. Among the most abundant polymeric components 

present in marine algae is alginate. Alginate is a branched polymer found in the cell wall of brown algae, its 

primary function being to give them strength and flexibility [2]. The industrial extraction of alginate generates an 

organic waste that is mainly used as a fertilizer [3, 4]. Therefore, due to the problems caused by the arrival of 

marine algae and the fact that such products, with a wide range of applications, can be obtained from them.  

 

The present work focuses on the extraction of sodium alginate from Sargassum spp. and its physicochemical 

characterization Also, on the use of by-product generated from the extraction as a substrate to produce biogas 

through anaerobic digestion.  

 

The samples were washed with tap water to remove sand residues. Subsequently, the algae were introduced into 

an ultrasonic washing machine with distilled water for 30 min. At the end of the washing, they were dried at 60 

°C for 24 h. Finally, they were crushed and stored in a plastic bag at 3 °C. For the first experiment, 10 g of sample 

were weighed and placed in a beaker containing a 4% formaldehyde (CH2O) solution, this mixture was kept in 

constant agitation at 350 rpm [5]. The solid phase was extracted by filtering under vacuum and washed three times 

with distilled water. Again, the solid was placed in a beaker which now contained a 0.2 M HCl solution. The 

samples were again vacuum filtered and washed with distilled water. The resulting solid was placed in a 2% 

sodium carbonate (Na2CO3) solution at variable temperature and time (Table 1). At the end of this time, they were 

filtered under vacuum and centrifuged at 4500 rpm for 30 min in a centrifuge to remove the supernatant. The 

solution obtained was mixed with 96% v/v ethanol to precipitate the sodium alginate. After this treatment, a 

vacuum filtration was performed to obtain the sodium alginate and washed with ethanol and acetone (1 x 100 mL). 

Finally, the product was dried at room temperature.  
Table 1.  Parameters for each of the experiments for alginate extraction. 

 

Samples 
CH2O HCl Na2CO3 

Time (min) Time (min) Time (h) Temperature (°C) 

1 30 30 5 60 

2 30 120 3 80 

3 1800 1800 3 80 

4 30 120 3 90 

 

For the anaerobic digestion of the waste, the experiments were performed in triplicate. The system consists of two 

reactors, reactor one (R1) contains the material and reactor two (R2) functions as a gas trap. R2 contained in all 

cases 100 mL of a 3% NaOH solution with 20 drops of phenolphthalein, which is used as a developer for the 

reaction of the base with the CO2 present in the biogas. In R1 the samples were deposited in triplicate as follows: 

1.- (B) Only 10 ml of brewing water was used in order to quantify the amount of biogas produced without any 

modification. Positive control (C+). In this condition, 1 g of sucrose was used as carbon source and 10 ml of 

brewery wastewater was added. The purpose of this experiment was to have a reference frame of biogas production 

that can be generated with a short carbon chain (disaccharide) and of easy acquisition. 3.- (S). In this condition, 1 

g of the alginate extraction residue from Sargassum spp. was used as substrate. The substrate was washed with 

distilled water and then dried at 60 °C for 48 h to finally be crushed. 

 

Sodium alginate was characterized by FTIR, X-ray diffraction and NMR. While the biogas was preliminarily 

characterized by infrared spectroscopy. Figure 1 shows the 1H NMR spectrum of alginate, in this spectrum the 

characteristic signals of the anomeric proton of guluronic acid are observed at 4.94 ppm, the H-5 of guluronic acid 

at 4.33 ppm and the anomeric proton of mannuronic acid at 4.72 ppm. 
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Figure 1.  1H NMR spectrum of sodium alginate. 

 
 

 
Figure 2.  IR spectrum of biogas. 

 

The residue of the extraction generated an average of 23.73 mL of gas, such sample presented a significant 

difference (Anova 1 wat, post hoc Tukey) showing that more biogas was generated in comparison with substrates 

like sacarose. 
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1. Abstract text:  

Plastics are ubiquitous materials that have greatly improved the convenience and standard of modern-day living. 

Due to their low production cost, light weight and versatile properties, they are extensively used in building and 

construction, automotive and agriculture, but are most pervasive in the packaging industry. The rapid increase in 

plastic production combined with a lag in developing matching waste management has resulted in low recycling 

rates and environmental littering. At least 8 million tons of plastic leak into the ocean every year, which is expected 

to increase five-fold by 2050 if nothing changes.[1] This has a detrimental effect on marine life and encourages 

the production and proliferation of microplastics that have been detected in living organisms such as animals and 

humans.[2,3] In addition, 99% of plastics are petroleum derived, so there is a strong link between the plastic and 

fossil industries which is not sustainable.[4] The 9% of plastic that is collected for recycling is processed through 

what is called mechanical recycling. while mechanical recycling is useful for energy and resource preservation, 

the mechanical and optical properties of recycled plastic is reduced, even if carefully sorted and washed. Therefore, 

it merely delays discard of plastic waste and a significant amount of fossil raw materials are still required for 

producing plastic needed for high specification applications. Poly(ethylene terephthalate) (PET) is the most 

commonly recycled plastic and accounts for 8.4% of global production.[5] Depolymerization is a promising 

chemical recycling option for polyesters such as PET, to complement mechanical recycling technology. 

The depolymerization of PET waste is an attractive process for the synthesis of terephthalic acid and ethylene 

glycol, the industrial monomers used in PET production. Ionic liquids are solvents composed of ions and have low 

melting temperatures, and have emerged as reactive solvents for PET depolymerization.[6]  However, there is a 

lack of quantitative data on the solubility of terephthalic acid in ionic liquids, especially as a function of water 

content and acid-base ratio and also reliable measurements to determine the purity of the recovered terephthalic 

acid. Herein, we report the method development for the detection and quantification of terephthalic acid, dimethyl 

terephthalate and BHET in the presence of ionic liquids. 

2. Materials and methods: 

Ionic liquids were synthesized following a previously reported procedure via an acid-base neutralization reaction. 

Samples containing potential internal standard and terephthalic acid were prepared and measured via HPLC over 

the course of 1 – 8 days to determine the chemical compatibility of internal standard and analyte. A stock 

containing a certain amount of internal standard was prepared. This stock was used to prepare a stock of 

terephthalic acid. HPLC standards were then prepared by diluting the terephthalic acid stock further with the 

original internal standard stock. Saturated samples of terephthalic acid in ionic liquids at specific water content 

and acid:base ratio were prepared and left to stir for some time. These were centrifuged and a 50 µL aliquot of 

supernatant was taken and 1 mL of internal standard stock added. This was run on the HPLC and the calibration 

curve used to determine concentration of terephthalic acid. 

3. Key results 

No new peaks were detected from stability test of 1,3,5-trimethoxybenzene with terephthalic acid, therefore it was 

selected as the internal standard for next set of experiments. A calibration plot of terephthalic acid (TPA) was 

prepared with 1,3,5-trimethoxybenzene (TMB) as internal standard. The R-squared value of the trend line from 

linear regression analysis was 0.99 which is acceptable, therefore will be used for TPA concentration 

determination. A preliminary test was done to determine qualitative, relative solubility of terephthalic acid in some 

protic ionic liquids at room temperature. [Hmim][OAc] appears to have the best solubilizing ability of the ionic 

liquids studied. This is just a preliminary test, quantitative determination experiments are currently underway and 

the protocol will be adapted for determining the purity of TPA obtained from hydrolysis of PET waste. 
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The globalized world and growing consumerism have led to the search for more sustainable alternatives, for 

example using low toxicity materials, managing and recycling waste. Based on this concept, the circular economy 

has as its main objective the restoration and regeneration of material cycles, i.e., closing the material cycle through 

recycling [1]. Particular attention is focused on the use and re-use of plastics due to the effect that plastic 

accumulation has on the Earth’s environment and in-particular wildlife and wildlife habitat. This has been the key 

objective for the TRANSFORM-CE project, led by Manchester Metropolitan University, which looked to take 

municipal plastic waste sources and repurpose it into high grade 3D printing feedstocks. This work included 

utilizing different plastic sources to create standard filament (PLA, ABS, PET, PETG, HDPE, LDPE, PE and PP), 

in addition to bespoke filament with interesting characteristics, such as electrical conductivity. 

 

Parallel to this, additive manufacturing (3D printing) can be an allied for the use of these recycled materials, 

obtaining objects and devices by using polymeric filaments with low cost, low waste, speed, versatility, 

reproducibility for large-scale production, and portability [2]. Additive manufacturing (AM) has been applied to 

several areas of scientific research, including electrochemistry, where the main focus is the development of 

conductive and non-conducive materials for applications in energy storage and sensors [3]. The use of additively 

manufactured electrodes (AMEs) allows for bespoke electrode shapes to be produced rapidly, reproducibly and 

with little material wastage; however, due to the need to activate surfaces before use and poor regeneration of the 

interfacial surfaces they are often disposed of after a single use. Thus, the combination of waste recycling and 

additive manufacturing is an interesting strategy for the circular economy approach toward both AM 

electrochemical platforms and general lab management. 

 

Based on this, we proposed recycling plastic waste to obtain new 3D printed electrochemical cells and sensors, 

and present two cases of fundamental research in this area. In the first instance, we utilize waste coffee cups based 

on the biopolymer polylactic acid (PLA), which were processed and re-extruded to manufacture both non-

conducting filaments applied for the 3D printing of electrochemical cells and conductive filaments used to make 

bespoke AMEs for the cell. The cycling lifetime of the PLA base was evaluated through 3D-printing the in-house 

filament, processing it through granulation and re-extrusion through our in-house filament line to observe how 

many iterations of the electrochemical cell could be produced (Figure 1).  

 

 
Figure 1. Scheme of the recycling of plastic materials for the in-house production of filaments for additive manufacturing 

 

Additionally, the loading (Fill Factor) of the conductive material carbon black (CB) was evaluated alongside the 

type and amount of plasticizer used to stabilize the loaded filament, being directly compared to commercially 

available filaments. This fully AM electrochemical cell was then evaluated electrochemically and applied to the 

electrochemical detection of key environmental analytes, where it exhibited a significantly enhanced performance 

compared to commercially available, non-recycled counterparts. This design of electrochemical cell utilizes 

independent prints for the electrochemical cell and AMEs, allowing for them to be separated after use. Crucially, 
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this allows for the cell to be reused, even when the electrodes require replacing, and makes the recycling of each 

component simple as they can be separated into pure PLA recycling and CB contaminated recycling. 

 

Secondly, we offer a solution to mixed material print recycling that allows for all prints to achieve at minimum 

one more life cycle. This builds on published work that highlighted the first single print fully AM electrochemical 

cell, where through the utilization of an independent dual-extruder 3D printer, it was possible to print the 

conductive electrodes embedded within the base of the cell [4]. Due to the electrodes being embedded within the 

non-conductive PLA cell, it is impractical to separate the two composites. Therefore, the production of new 

filament from a mix of these materials was shown. The electrochemical cells, comprising of ~90% pure PLA and 

~10% conductive PLA, were processed in batches together through granulation, re-mixing at a raised temperature 

and then extrusion along an in-house filament line to produce a new non-conductive filament. This new filament 

comprised of approximately 2 wt% CB, from the commercial conductive filament, which was not a loading high 

enough to induce conductivity. It was then shown that new electrochemical sensing platforms can be produced 

using this as the non-conductive casing, in addition to the commercial conductive filament being used for the 

electrodes. As the electrode material remained unchanged in this case, the performance of the electrochemical cell 

remained consistent. To take this work further, the original cells were used to make a new conductive filament 

through the granulation of prints and thermal mixing with high loadings of CB. This utilized the residual plasticizer 

from the commercial filament and allowed for an enhanced bespoke conductive filament to be produced. This was 

utilized alongside the recycled non-conductive filament to produce fully recycled electrochemical cells, which had 

an improved performance to the original due to the higher loading of CB in the recycled conductive filament. 

 

Thus, we present methods for the recycling of used municipal waste into 3D-printed electrochemical sensing 

platforms for the sensing and biosensing of environmental and biological species through the production of 

bespoke non-conductive and conductive filaments. It is shown how these platforms can then be recycled again into 

fresh electrochemical sensing platforms, completing the circular economy for these products. Additionally, 

evidence is provided that these bespoke filaments are an improvement on commercially available non-recycled 

filaments on the market. Finally, we highlight how mixed material electrochemical cells can also be recycled into 

the same product, in a circular approach, which can actually lead to enhancements over products made from 

commercially available filaments. This work overall highlights not only how AM can be used to create useful 

electrochemical platforms, but also suggests how research labs and companies can avoid unnecessary waste in 

their work by incorporating a circular economy approach. 
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Introduction 
Globally, around 1.6 billion tyres are sold annually and roughly an equal number of tyres enter the end-of-life tyre 

(ELT) category each year. ELTs are typically recycled into products that find applications in civil engineering or 

are used as fuel substitutes in kilns and boilers. However, there is currently an oversupply of ELTs and around 

50% of them are not recycled. Moreover, ELT recycling is currently not circular, as the recycling products are not 

re-used to produce new tyres. However, ELTs can be pyrolysed to produce liquid, solid and gas products. The 

solid pyrolysis product, can be used as a substitute for carbon black (filler) for the production of new tyres. The 

heavy aromatic compounds in the liquid product can be used as feedstock in a furnace process to produce virgin 

carbon black, which can also be used for the production of new tyres. The gas product can be burned to produce 

electricity or to provide heat for the pyrolysis process. In this work, we investigated the catalytic upgrading of ELT 

pyrolysis vapours with the aim to produce highly aromatic pyrolysis oils. ELTs were pyrolysed in a bench-scale 

fixed bed reactor and the produced pyrolysis vapours were catalytically upgraded using various catalysts. The 

produced pyrolysis oils were thoroughly characterized and the effect of each catalyst on the composition of the 

pyrolysis oils was investigated. The most promising catalysts were also tested in a medium-scale continuous 

catalytic pyrolysis unit with two cascading bubbling bed reactors. 

 

Experimental 
Two ELT feedstocks were used for the pyrolysis experiments and their properties are presented in Table 1. ELT1 

was described as “granules of multi-brand truck tyres” and ELT2 was described as “granules of multi-brand all 

tyre”. The main difference between the two feedstocks was the particle size. ELT1 was used in the bench-scale 

pyrolysis runs, while ELT2 was used in the medium-scale pyrolysis runs. The catalysts used were a Y zeolite-

based refinery equilibrium FCC catalyst (USY), a Y zeolite-based refinery catalyst poisoned with 1.6 wt% Ni 

(Ni/USY), a ZSM-5 zeolite-based refinery catalyst additive (ZSM-5), a ZSM-5 zeolite-based refinery catalyst 

additive wet-impregnated with 5.5 wt% Co (Co/ZSM-5) and a low-cost MgO catalyst derived from natural 

magnesite ore via simple calcination (MgO). The pyrolysis of the ELTs and the upgrading of the pyrolysis vapours 

were carried out at 500 °C. A detailed description of the bench-scale fixed bed reactor can be found at [1], while 

a detailed description of the continuous medium-scale catalytic pyrolysis unit can be found at [2]. The pyrolysis 

oils were thoroughly characterised by elemental analysis, simulated distillation, GC, GC-MS and HPLC to 

determine their elemental composition and content in aromatics. 

 
Table 16. Properties of the ELT feedstocks used in this work. 

Feedstock Supplier Particle size, mm Moisture, wt% Ash, wt% C, wt% H, wt% S, wt% O, wt%* 

ELT1 Aliapur 1-3 1.0 8.0 80.7 7.6 1.1-3.6 0.1-2.6 

ELT2 Michelin 0.2-0.8 0.5 6.1 81.2 7.7 1.2 3.8 

* by difference 

 

Results and Discussion 
The pyrolysis product yields from the bench-scale catalyst screening results are presented in Figure 1. The non-

catalytic pyrolysis of ELT1 yielded ~53 wt% pyrolysis oil, while the yield of the solid pyrolysis product was ~36 

wt% (not shown). The catalytic upgrading of the pyrolysis vapours resulted in increased gas yields at the expense 

of the pyrolysis oil. Increasing the C/F ratio resulted in further increase of the gas products and reduction of the 

pyrolysis oil yield due to the catalytic cracking reactions. The Ni/USY and Co/ZSM-5 catalysts yielded 

significantly more hydrogen gas than the other catalyst, which was attributed to dehydrogenation reaction 

promoted by the transition metals on the catalysts. Overall, the zeolite-based catalysts appeared significantly more 

active than the MgO. The aromaticity of the produced pyrolysis oils vs. the pyrolysis oil yield is presented in 

Figure 2, both compared to the non-catalytic run at 500 °C, as well as to non-catalytic runs at elevated pyrolysis 

temperatures (550 °C and 600 °C). It was observed that pyrolysis at increased temperatures resulted in a notable 

reduction of the pyrolysis oil yield due to the thermal cracking of the pyrolysis vapours, accompanied by a small 

increase in the aromatics and the C/H molar ration. On the other hand, when using catalysts for the catalytic 

upgrading of the pyrolysis vapours, a notable reduction in the pyrolysis oil yield was also observed, however, it 

was accompanied by a significantly larger increase of the aromatics content and the C/H molar ratio. The most 

effective catalysts were the USY, Ni/USY, ZSM-5 and Co/ZSM-5 catalysts. MgO also showed some promise 

regarding the increase in the C/H molar ratio, but exhibited comparatively lower activity. 
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Figure 62. Pyrolysis product yields from the bench-scale catalyst screening runs as a function of the catalyst-to-feed (C/F) ratio. 

 

 
Figure 63. (A) Aromatics in the pyrolysis oils determined by GC-MS analysis, (B) C/H molar ratio determined by elemental 

analysis and (C) Aromatics determined by HPLC analysis, vs. the pyrolysis oil yield (bench-scale runs). 

 

The pyrolysis product yields from the continuous medium-scale reactor tests are presented in Figure 3. The non-

catalytic pyrolysis of ELT2 yielded ~51 wt% pyrolysis oil and ~38 wt% solid pyrolysis product (not shown). In 

agreement with the results from the bench-scale, the catalytic upgrading of the pyrolysis vapours resulted in 

increased gas yields at the expense of the pyrolysis oil. The aromaticity of the produced pyrolysis oils vs. the 

pyrolysis oil yield from the medium-scale runs is presented in Figure 4, compared to non-catalytic pyrolysis at 500 

°C and 550 °C. In agreement with the bench-scale runs, increasing the pyrolysis temperature resulted in a decrease 

of the pyrolysis oil yield, accompanied by a small increase in the aromatics content of the pyrolysis oils and the 

C/H molar ratio. However, when using catalysts for the upgrading of the pyrolysis vapours, higher aromatics 

content and C/H molar ratios were achieved with a moderate reduction of the pyrolysis oil yields. The most 

aromatic pyrolysis oils in this work (up to 87 wt% aromatics) were produced with the Ni/USY and USY catalysts. 
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Figure 64. Pyrolysis product yields from the medium-scale runs as a function of the catalyst-to-feed (C/F) ratio. 

 

 
Figure 65. (A) Aromatics in the pyrolysis oils determined by GC-MS analysis, (B) C/H molar ratio determined by elemental 

analysis and (C) Aromatics determined by HPLC analysis, vs. the pyrolysis oil yield (medium-scale runs). 
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The majority of organic compounds, including polymers, will burn readily in air or oxygen. The flammability of 

polymers is a serious issue and limits their applications severely. The flame retardant additives are intended to 

inhibit or to stop the polymer combustion process acting either physically (such as cooling, fuel dilution, formation 

of a protective layer) or chemically (reaction in the solid or gaseous phase, the addition of flame retardant) [1]. 

 

As follows from the industrial practice, the phosphorous-containing flame retardants are used as an alternative to 

the commonly applied toxic halogenated flame retardants. These compounds  can suppress fire in a polymer in 

two ways. The first mechanism proceeds through the thermal degradation of phosphorus flame retardants into 

phosphoric acid which converts the polymer into carbon, whereas the other one is based on migration into the 

vapour phase and quenching the radicals [2, 3]. Organophosphorous compounds are good flame retardants for 

polymeric materials [4]. There are several reports on thermal or thermo-oxidative degradation kinetics of flame-

retarded polymeric materials [5]. The phosphorus-based flame retardants burn more intensively, especially when 

the conversion of both polymer and flame retardant into char decreases the formation of gaseous phase degradation 

products [1].  

 

 
 

Figure 1.  Fragment of composite structure. 

 

This study presents the preparation and flammability characteristics of polymeric composites based on the epoxy 

resin Epidian® 601. The triethylenetetramine (TETA) and commercial curing agents based on polyamines (IDA 

and PAC) were used as crosslinking compounds. Moreover, two flame retardant compounds were added to this 

composition, the commercial Fire Retardant (FR) and triphenyl phosphate (TP). The chemical structure of the 

composites and the course of curing processes were confirmed by the ATR/FT-IR (Attenuated Total Reflection-

Fourier Transform Infrared) analysis. The influence of different amounts of FR or TP on the flammability and 

thermal resistance was discussed in detail. After the flammability test the samples were also studied to assess their 

thermal destruction. In addition, the composites were subjected to the swelling tests, solvent resistance and 

microscopic observations. The DSC curves revealed that all materials were characterized by good thermal 

properties. All materials were temperature resistant up to 300 oC. Furthermore, the measurements of the composites 

hardness demonstrated that the material EP601+TETA+10% FR is the hardest. The addition of FR and RP 

influenced flammability of the composites increasing the thermal resistance. The ageing tests in methanol, acetone, 

hydrochloric acid and potassium hydroxide were also carried out. 
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Introduction  

A direct consequence of the increasing world population is the nonstop increment of food waste, which has a major 

impact not only on economy and society, but also on environment, as it severely contributes to greenhouse gas 

emissions. Nowadays, indeed, only 1% of the food waste is recycled for industrial uses [1]. At the same time, the 

supply of clean water to the growing population is becoming an urgent issue. 

In this work, we exploit the possibility to merge these two aspects developing all-in one systems, based on 

materials derived from food waste, which are able to capture, degrade, and remove environmental pollutants in 

water. 

 

Materials and methods 

Chitosan extracted from crustaceans' shells using chemical method with HCl and NaOH [2] is reutilized to obtain 

hydrogel bubbles, which act as adsorbents for organic dyes (e.g. methyl orange and methylene blue). The degree 

of deacetylation of the extracted chitosan, which is a key parameter for the preparation of the hydrogel bubbles, 

was characterized by IR and NMR spectroscopy and chemical titration. In order to enhance the adsorption 

capability towards specific class of pollutants and to exploit photo-catalytic properties, PEDOT:PSS, AuNPs, 

AgNPs and TiO2 NPs at different concentration were introduced into chitosan bubbles. 

Adsorption capability and photo-catalytic efficiency under direct sunlight irradiation were investigated by UV-Vis 

spectroscopy.   

 

Results and discussion 

Each hydrogel system was employed to remove methylene blue (MB) and methyl orange (MO), two of the most 

common organic dyes, characterized by opposite charge (positive and negative, respectively). The possibility to 

use chitosan allowed us to combine its great absorption capability with antibacterial properties. Moreover, the 

adsorption tests showed that by incorporating PEDOT:PSS into the chitosan bubbles the adsorption capability of 

the system significantly increases up to reach a removal of more than 80% within 1 hour (Fig.1 shows data obtained 

using MB as target pollutant). These results demonstrate that the adsorption capability does not depend only on 

the chitosan matrix, but can be trimmed and further improved by adding biocompatible, environment-friendly 

polymeric blends, endowed with an extended −conjugated system. This enhanced adsorption, combined with the 

natural antibacterial activity of chitosan, represents a major advancement with respect to our previous works on 

alginate bubbles [3,4]. 

 

 
Figure 66: Adsorption curve of MB treated with the studied systems. 
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On the other end, the binary system composed of chitosan and TiO2 Degussa P25 shows interesting photocatalytic 

properties that allow to eliminate the MB remaining into solution through photodegradation in less than 1 hour 

(Fig.2).  In this regard, we noted the unexpected activity of bubbles containing only chitosan in MB 

photodegradation, which is comparable to that of analogous bubbles loaded with AuNPs and even better than 

bubbles with AgNPs. These results are confirmed by mass-spectrometry data. The origin of this enhanced activity 

is currently under investigation. 

 
Figure 67: Photodegradation curve of MB treated with the studied systems under solar illumination. 

All of the systems investigated in this study were less efficient in removal of MO, which is an anionic dye, with 

the only exception of the bubbles loaded with TiO2, which result in a full degradation of the dye. 

 

This work demonstrates that food waste can be recovered and transformed into value-added materials for 

environmental remediation, whose functional properties can be rationally designed and controlled by a synergistic 

combination of individual, active components, such as polymer blends or photocatalytic nanoparticles. 
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Abstract 

Manure is one of the main organic residues generated in intensive livestock farming. This residue, together with 

others from the livestock and agricultural sector, can be treated through anaerobic co-digestion to obtain 

combustible biogas that could be used as energy source on the farm itself. However, the concentration of some 

biogas pollutants, such as H2S, should be reduced to limit gas emission and broaden biogas fuel applications [1]. 

For example, high H2S concentration hinders biogas use for internal combustion engines. The content of H2S in 

biogas is directly related to the amount of sulfur introduced into the digester, which varies according to the raw 

material to be treated [2]. In the case of manure, it might have high sulfur content due to the presence of this 

element in the proteins that take part in its organic structure. During anaerobic co-digestion, a solid by-product 

(digestate) is produced, which, up to date, has been mainly used as a fertilizer in agricultural soils. However, 

exceeding nitrogen intake in vulnerable areas soils generates serious environmental issues. Therefore, alternative 

management ways for these agricultural residues should be developed. For instance, the integration of 

thermochemical treatments, such as pyrolysis, together with the anaerobic digester, to obtain a low-cost adsorbent 

useful for cleaning biogas will contribute to sustainable waste management and circular economy in livestock 

areas. Through pyrolysis of the solid digestate of manure (SDM), the biomass is thermally decomposed in an inert 

atmosphere to obtain a solid (char) with suitable structural and textural properties for its use in capturing H2S [3, 

4]. The composition of SDM is highly variable depending on the type of farm, the residues co-digested with 

manure, animals feeding and even the season of the year in which it is collected. Therefore, it is necessary to 

analyze the effect of SDM composition on the preparation of the char and its capability to retain H2S. This study 

can be approached through the analysis of the H2S adsorption behavior of the carbonaceous solids obtained from 

the main organic components of SDM, such as cellulose, lignin and proteins. 

 

Pyrolysis experiments of SDM and of its main organic components have been carried out in a fixed-bed reactor of 

5 – 10 g capacity at two different temperatures (550 and 750 ºC) with a heating rate of 10 ºC/min and maintaining 

for 1 h the final temperature under 45 mL (STP)/min of N2. The H2S adsorption capacities of the produced 

pyrolysis chars have been studied in a fixed-bed reactor equipped with a mass spectrometer to monitor the effluent 

gas composition. In each experiment, 0.6 g of char was packed in the fixed-bed. The concentration of H2S in the 

gas was set at 1 % vol. The adsorption tests involved both an adsorption and desorption cycle of H2S. The H2S 

adsorption has been carried out during 3 h at 25 ºC with a gas mixture of Ar, N2 and H2S and the desorption process 

extended during 30 min at 150 ºC with Ar. The total flow rate of gas passed through the adsorbent bed at a rate of 

65 mL (STP)/min of gas. The content of sulfur remaining in the chars after the H2S adsorption – desorption cycle 

was analyzed (elemental analyzer LECO CHN628 with sulfur analyzer module) to quantify the sulfur chemically 

retained in the char. The adsorption capacity of each char was calculated by adding the amount desorbed, 

determined by the integration of the area below the desorption curve  

(mL (STP)/min of H2S leaving the reactor vs. time during the desorption step) and the S retained in the chars 

(expressed as H2S) after adsorption-desorption cycle. The breakthrough time was set as the time up to reaching a 

concentration of H2S in the exit gas of 1000 ppm, which represent 10 % of the inlet gas concentration.  

 

The specific surface area of the chars has been determined by adsorption and desorption tests with N2 at 77 K and 

CO2 adsorption at 273 K. Data from N2 adsorption isotherms have been analyzed according to Brunauer-Emmett-

Teller (BET) model, while data from CO2 isotherms have been analyzed with Dubinin-Radushkevich (DR) theory 

and non-local density functional theory (NLDFT), by assuming slit pore geometry, to determine the pore size 

distribution. 

 

Table 1 shows the adsorption capacity (mg H2S/g char) and the amount desorbed (mg H2S des/g char) for all the 

char samples obtained at both pyrolysis temperatures. The pyrolysis temperature had a significant influence on the 

H2S adsorption capacities of the produced biochars. When the pyrolysis temperature increased from 500 to 750 

ºC, both the H2S adsorption total capacity and the content of sulfur retained in the chars after desorption increased, 

except for soybean protein char. The results also showed that as pyrolysis temperature increased, the breakthrough 

time was longer, moving from 4 min to 9 min for cellulose char, and from 1 min to 4 min for SDM char. This 

suggests that higher pyrolysis temperatures improve anyway the adsorption properties of biochar. Lignin and 

soybean protein chars hardly showed breakthrough times in any case, as H2S concentration in the inlet gas 

exceeded 1000 ppm almost instantly. However, this does not mean that H2S adsorption has not occurred, but that 

it occurs slowly. In fact, lignin char showed the highest adsorption capacity (37.6 mg/g), followed by SDM char 

(25.3 mg/g), cellulose char (23.1 mg/g) and soybean protein char (2.9 mg/g).  
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Table 2. Adsorption capacity of chars at 1 vol. % of H2S in the gas 

 Char at 550 ºC Char at 750 ºC 

 mg H2S ads / g char mg H2S des / g char mg H2S ads / g char mg H2S des / g char 

Cellulose 14.6 12.6 23.1 19.7 

Lignin 29.1 11.2 37.6 15.1 

Soybean Protein 5.4 2.1 2.9 1.3 

SDM 12.2 2.2 25.3 5.8 

 

If H2S is chemisorbed over the different solids, their sulfur contents after the H2S adsorption-desorption cycle 

should be greater than before the cycle. Figure 1 reports the sulfur content of the chars before and after the H2S 

adsorption – desorption cycle. The chars produced from lignin and SDM showed a greater chemical retention of 

sulfur (once the desorption step had been conducted), containing 1.8 and 3.2 wt. % of sulfur in the chars obtained 

at 750 °C, respectively, while the sulfur content in the cellulose and soybean protein chars was much lower  

(0.4 wt. % in all cases). These results suggest that the lignin-derived fraction is the organic component that 

contributes the most to H2S retention in SDM char. Taking into account the lignin fraction contained in SDM  

(< 20 wt.%) and the significant increase in sulfur content found in SDM (from 1.5% in the pristine char produced 

at 750 ºC to more than 3% after the H2S adsorption-desorption cycle), it may be stated that other components in 

SDM, probably the ashes, may contribute greatly to the chemical retention of H2S. 

 
Figure 1. Sulfur content adsorbed on char before and after adsorption – desorption cycle of 1 % vol. of H2S 

Cellulose and lignin chars present higher H2S adsorption capacities, BET surfaces and micropore volumes than 

char from soybean protein. In the case of these materials, the analysis of their structural properties showed a direct 

relationship between the H2S adsorption capacity and both the surface area and the micropore volume. However, 

the soybean protein and SDM chars showed the same microporous volume, but not the same adsorption capacity, 

so any other characteristics in these chars seem to affect the H2S adsorption process.  

 

In summary, the results obtained show that chars from livestock waste, such as SDM, could be successfully used 

as low-cost adsorbent solids for the adsorption of H2S. Cellulose and lignin chars have higher adsorption capacities 

than soybean protein char, which barely retains H2S. Therefore, among the organic constituents, the lignocellulosic 

structure in SDM is the main responsible for its adsorption capacity. Moreover, lignin is the only one that produces 

a char able to retain chemically H2S in a significant proportion. Due to the presence of lignin, the H2S adsorption 

mechanism in SDM char combines physisorption and chemisorption processes. 
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Abstract 

This study aimed to determine bacterial growth in liquid soap produced from recycled cooking oil and different 

essential oils. The study further investigated the in vitro antibacterial effect of essential oils combined with the 

same liquid soap. The liquid soaps were made by a saponification reaction of KOH and recycled cooking oil. Three 

experimental groups of liquid soap containing clove, thyme, and peppermint essential oils were created along with 

a control group. Each sample was serially diluted properly with saline solution. The soap solutions were mixed 

with the gram-negative bacteria Escherichia Coli (E. Coli). These mixtures were inoculated into the agar medium. 

The streak plate method was utilized to see a possible bacterial growth in each soap sample, and the spread plate 

method was used to determine the antibacterial effect of the soaps at different concentrations and essential oils 

against E. Coli. A qualitative visual comparison of the plates was made to determine bacterial growth and the 

antibacterial effect of each sample. Overall, the results revealed no bacterial growth in the samples. The sample 

with the peppermint essential oil showed the highest antibacterial effect. 

 

Keywords: antibacterial effect; essential oils; recycled soap 

 

Introduction 

Soaps are cleaning agents which are essential for daily sanitary practices such as removing bacteria, foul odors, 

and stains. The antibacterial/antimicrobial property of soap signifies that it inhibits the growth of or kills bacteria, 

playing a significant role in human health. The main ingredients of soaps are oil, water, and lye. They are made as 

a result of a saponification reaction, consisting of the hydrolysis of triglycerides when they are reacted with an 

aqueous lye solution and the production of glycerol and a fatty acid salt, which is the soap. Besides the main 

ingredients, essential oils included in the final product may provide different properties to the soaps. In this 

investigation, recycled cooking oil, thyme, peppermint, and clove essential oils were utilized to produce liquid 

soap samples. Peppermint essential oil mainly contains menthol and menthone, showing significant antimicrobial 

and antiviral characteristics [4]. Thyme and its constituent thymol were also found to have an antibacterial effect 

against several bacteria [2]. Clove essential oil consists of phenylpropanoids such as carvacrol, thymol, eugenol 

and cinnamaldehyde, and it shows antibacterial activity [1]. 

 

Significance of the Study 

The aspect that distinguishes this study from other research with a similar objective is that recycled cooking oil is 

used when making the soap. While other research has determined the antibacterial effect of different essential oils 

with regular soap or different types of bacteria, the driving factor for this study was environmental concerns 

regarding waste management. Based on the literature, this study investigated the effectiveness of essential oils 

used as antibacterial agents in soaps made from recycled cooking oil and if bacterial growth is seen. 

 

Method 

The two research questions that guide this study are: (1) Is there bacterial growth in soaps produced by recycled 

cooking oil and different essential oils? (2) Is there a difference between the antibacterial effectiveness of the soaps 

produced by recycled cooking oil and distinct essential oils on Escherichia Coli in vitro conditions? For sampling, 

three experimental groups of liquid soap separately containing clove (Eugenia caryophyllus), thyme (Thymus 

vulgaris L.), and peppermint essential oils (Mentha piperita L.), and a control group were created. The control 

group had only the liquid soap made of recycled cooking oil, without essential oils. The liquid soaps were made 

by a saponification reaction: the aqueous solution of KOH and 1000 grams of recycled cooking oil were combined 

and blended thoroughly. The essential oils were added respectively in the samples in the same amount. All the 

equipment used, the agar, and the salt solutions were autoclaved at 121°C for 15 minutes. The sample groups were 

serially diluted until 10-3 with 0.85% isotonic sterile salt solution. The soap solutions were mixed with the gram-

negative bacteria Escherichia Coli (E. Coli). Then, these mixtures were inoculated into the LB-Broth agar medium 

using the streak plate method to see the bacterial growth in each sample and using the spread plate method to 

determine the antibacterial effect of the soaps at different concentrations and essential oils against E. Coli. The 

soap samples mixed with E. Coli were incubated at 37 °C for 24 hours [3]. All data was analyzed qualitatively by 

visual comparison at the end of the 24 hours. The conclusions made were based on the fact that the antibacterial 

effect is inversely proportional to the number of bacterial colonies counted on the plate. 

  

Results and Conclusion 

Overall, the results of the first research question of our study revealed no bacterial growth in the samples. All 

samples with different essential oils and the control group showed some antimicrobial properties. The liquid soap 

sample with the peppermint essential oil showed the highest antibacterial effect in higher concentrations, the 
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sample with clove essential oil exerted the second-highest, and the sample with thyme essential oil exerted the 

third-highest antibacterial effect. The control group showed an antimicrobial effect only in 10-1 concentration. The 

findings of this study support that peppermint essential oil can be effectively used as an antibacterial agent with 

recycled cooking oil in soapmaking.  

 

Table 1: The visuals of the E.Coli  and soap samples incubated at 37 °C for 24 hours. 

Sample Concentrations: 10-1 10-2 10-3 

The control group without 

essential oil 

  

 

 

 

Peppermint Essential Oil 
   

Thyme Essential Oil 

   

Clove Essential Oil 
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Abstract text:  

Pyrometallurgy and Hydrometallurgy are abundantly used technologies to produce metals from ores. With certain 

drawbacks in terms of toxic gases discharge and excessive aqueous waste generation has led to emerging of an 

alternative greener route1-3. Solvometallurgy, is a branch which deals with non-aqueous solutions mainly deep 

eutectic solvents or ionic liquids. High selectivity, low water consumption makes solvometallurgy a suitable 

process for low concentration ores and also for heterogeneous waste mixture4. 

 

Low grade ores or secondary urban mines are a challenging feedstock to extract out metals. Ores are present in 

various forms such as oxides, sulfides, carbonates, phosphates, silicates, etc. Oxide’s form of metals is soluble in 

either strong acidic solution or basic solution 4. In recent years, Ionic liquids has been explored as a potential 

solvent to recover metals but its highly complex synthesis process, high cost limits its use at industrial scale5. Deep 

eutectic solvents (DES) are simple mixture made up of cheap, readily available naturally occurring chemicals. 

DES is a mixture of Hydrogen Bond Donors which are generally alcohols, amides, organic acids and Hydrogen 

Bond Acceptors mainly ammonium salt. It can be tuned to certain property by varying molar ratio or altering 

Hydrogen Bond Donor. 

 

Chemicals used in this work is used as received without purification. Choline Chloride (99 wt %), Oxalic Acid (99 

wt %), Malonic Acid (99 wt%) were purchased from Merck. Copper oxide and silver oxide was purchased from 

Sigma Aldrich. Crushed printed circuit boards (PCB) are taken from Exigo India Pvt. Ltd. Change in viscosity of 

solvent was measured by Anton Paar MCR302 Rotational and Oscillatory Rheometer. Thermal degradation of 

solvents was studied by Thermo Gravimetric Analyser in range of 25°C to 800°C taking 10–20 mg of sample in 

nitrogen atmosphere. Infrared spectra were recorded on a Nicolet iS50 FTIR spectrophotometer equipped with 

ATR crystal detector. The metal concentration of the filtered sample was determined by Microwave Plasma 

Atomic Emission Spectroscopy (MPAES). The filtered sample were diluted by Millipore water. The samples were 

diluted upto 1000 times to have final metal concentration lower than 50 ppm. Triplicate experiments were 

conducted and was taken average to reach proper conclusion. 
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Figure 1. Metal extraction from waste PCB in Choline chloride: Oxalic acid and Choline chloride: Malonic acid-based DES 

0.2 g oxidized PCB in 20 ml solution; 24 h; 50°C; 200 rpm 

Figure 1 represents extraction of metals from oxidized printed circuit board into choline chloride dicarboxylic 

acid-based DES. It was observed that in malonic acid-based DES, 34 % extraction of iron took place, which is less 

as compared to oxalic acid extraction of 88 %. Copper extraction is 68 % in malonic acid-choline chloride DES 

while in oxalic acid-based DES, copper extraction is less than 40 %. Several factors plays a role in the difference 

in solubility prominent one is pKa value of oxalic acid which is lower as compared to malonic acid. 
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Abstract:  

Excessive CO2 emissions are a major cause of climate change, and hence reducing the CO2 levels in the Earth's 

atmosphere is key to limit adverse environmental effects. Capture and then conversion oArgyropoulos 

f CO2 to useful materials and fuels are the best ways to tackle these challenges. Our group has carried out several 

works in the field of catalysis & nanotechnology, such as DFNS1, Black Gold2, Defective Nanosilica3, Solid Acids4 

, LSN5 to combat climate change.  

 

Recently, we stumbled upon something truly unexpected and surprising. Magnesium Nanoparticles Convert CO2 

to Methane and Methanol using Pure Water as Hydrogen Source and at Room Temperature and Atmospheric 

Pressure (Figure 1).6 This conversion took place within a few minutes.  

 

Notably, no external energy (thermal, light or electric) was required, and reaction took place at room temperature. 

There was also no need of sacrificial reagent or co-catalysts for this conversion to proceed. Magnesium is the 

eighth most common element and the sixth most abundant metal, and hence this fundamental discovery has 

excellent potential to develop a commercial process for CO2 conversion.  

 

Although Magnesium is known as a powerful reducing agent but in the form of Grignard reagents and 

organometallic Mg-complexes. Pure magnesium was not used, and it was always assisted with a magnesium 

halide, hydride, and HgCl2, etc., for organic transformations.  Few reports are also found in the literature on studies 

of CO2 and Mg metal/metal oxide interactions, but no reports were found about Mg (metal, oxides or complexes) 

converting CO2 to methane using water at room temperature and pressure.  

 

 

 

Figure 1: CO2 Mitigation using Magnesium and water. 

Our mechanistic studies indicate a unique cooperative act of magnesium, basic magnesium carbonate, CO2 and 

water, to convert CO2 to methane, methanol and formic acid. In the absence of any one of these, no CO2 conversion 

takes place. Isotopic labeled 13CO2 experiment, PXRD, NMR, and FTIR studies allowed us to identify reaction 

intermediates and overall reaction pathway.6 

I will present this work in the oral talk. 
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White-rot basidiomycetes (WRB) are known to be efficient lignocellulose degraders and they are recognized for 

their unique capability to degrade lignin secreting lignin peroxidase (EC 1.11.1.14), manganese-dependent 

peroxidase (EC 1.11.1.13), and laccase (EC 1.10.3.2), which function together with hydrogen peroxide-producing 

oxidases. Besides their fundamental importance for efficient bioconversion of plant residues in nature, lignin-

modifying enzymes (LME) may have a large variety of biotechnological and environmental applications requiring 

huge amounts of these biocatalysts at a low cost. These demands have intensified the search for new potent fungi 

overproducing LME with industrially relevant properties. Various approaches and strategies, such as 

supplementation of nutrient media with food industry wastes/by-products, favourable carbon and nitrogen sources 

at an appropriate concentration and addition of effective inducers have been explored to accelerate the LME 

synthesis and increase their yield [1, 2]. Hence, the main objective of the present work was to elucidate the features 

and modulation of LME activity of recently isolated Georgian fungus Trametes lactinea in response to different 

lignocellulosic materials, nitrogen sources and inducers.  

 

The submerged cultivation of fungus was conducted in Innova 44 shaker (New Brunswick Scientific, USA) at 

27°C and 160 rpm. The homogenized mycelium (3 mL) was used to inoculate the 250-mL flasks containing 100 

mL of the basal medium (per litre): 1 g KH2PO4, 0.5 g MgSO4 · 7H2O, 0.07 g CuSO4 · 5H2O, 5 g glucose, 3 g 

peptone, 3 g yeast extract. Lignocellulosic materials in the amount of 40 g/L were used as growth substrates. All 

plant residues were dried at 50°C and milled to powder. Laccase activity was determined spectrophotometrically 

(Camspec M501, Cambridge, UK) at 420 nm as the rate of 0.25 mM ABTS (2,2′-azino-bis-(3-ethylthiazoline-6-

sulfonate)) oxidation in 50 mM Na-acetate buffer (pH 3.8) at room temperature. MnP activity was measured by 

oxidation of Phenol Red in the presence of 0.1 mM H2O2. LiP activity was determined spectrophotometrically at 

310 nm by the rate of oxidation of 2 mM veratryl alcohol in 0.1 M sodium tartrate buffer (pH 3.0) with 0.2 mM 

hydrogen peroxide. One unit (U) of LME activity was defined as the amount of enzyme that oxidized 1 μmoL of 

substrate per minute.  

 

Among twenty-four white-rot fungi belonging to different taxonomic groups and screened for the production of 

LME in submerged fermentation of mandarin pomace, Trametes lactinea appeared to be the best enzyme producer. 

This fungus was selected for subsequent study of the effect of chemically different lignocellulosic materials on 

LME production. Results presented in Table 1 show that this fungus is capable to secrete laccase activity in 

cultivation in a synthetic medium containing 0.5% glucose. However, supplementation of this medium with 

lignocellulosic substrates significantly increased laccase production. Especially mandarin pomace followed by 

wheat bran 13- and 9-fold stimulated this enzyme accumulation in the culture liquid. By contrast, vinasse was the 

poorest substrate for laccase production.  

 
Table 1. Effect of lignocellulosic substrates on T. lactinea enzyme activity. 

Carbon  

sources 

Laccase 

(U/mL) 

LiP  

(U/mL) 

MnP   

(U/mL) 

Glucose   3 ± 0.35 0 0 

Mandarin pomace  38 ± 4.75   0.57 ± 0.0814 0.29 ± 0.045 

Wheat bran 26 ± 3.45   0.16 ± 0.0212 0.10 ± 0.015 

Vinasse   4 ± 0.45   0.26 ± 0.0312 0.07 ± 0.015 

Rosehip residue 11 ± 1.75  0.11 ± 0.015  0.16 ± 0.0214 

Pomegranate residue  13 ± 1.65 0 0.90 ± 0.158 

Banana peels 12 ± 1.05   0.16 ± 0.0214 0 

Corn cobs   7 ± 0.65   0.12 ± 0.0114 0.10 ± 0.015 
⁕ The numbers indicate the days of the peak activity. 

 

No LiP and no MnP activities were detected in the fungus cultivation in the basal medium. In the same medium, 

supplemented with mandarin pomace the highest LiP activity was revealed. At the same time, no LiP was observed 

during 14 days of the pomegranate residue fermentation. On the contrary, it was this substrate that provided the 

highest MnP activity. Unexpectedly, no enzyme activity was detected during the entire period of fungus cultivation 

in the banana peels-containing medium. Then the effect of nitrogen sources was tested; organic compounds 

(peptone, casein hydrolysate, and yeast extract) favoured laccase, MnP, and LiP production. Among them, casein 

hydrolysate at a concentration of 80 mM as nitrogen ensured the highest laccase activity. 

 

Finally, the enzymatic activity of T. lactinea was evaluated in response to the addition of 0.5 mM of aromatic 

compounds to the optimised medium. All the tested aromatic compounds promoted the production of laccase 

(Table 2). Among them, 3,4-dimethyl benzene and xylidine appeared to be the most efficient inducers of laccase synthesis 
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(almost 10-fold increase in enzyme activity compared to control) while pyrogallol only weakly stimulated enzyme secretion. 

The effect of aromatic compounds on the fungus LiP activity varied depending on the nature of the chemical compound. In 

particular, guaiacol and dinitrotoluene two-fold increased the LiP activity of T. lactinea, other compounds inhibited the 

secretion of  

 
Table 2. Effect of aromatic compounds on T. lactinea enzyme activity. 

Aromatic  

compounds 

Laccase 

(U/mL) 

LiP  

(U/mL) 

MnP   

(U/mL) 

Control  67 ± 89 0.40 ± 0.059 0.50 ± 0.0414 

Catechol 104 ± 139 0.30 ± 0.0514 0.53 ± 0.0614 

Pyrogallol   87 ± 109 0.20 ± 0.029 0.48 ± 0.0614 

Dinitrotoluene 210 ± 279 0.78 ± 0.1114 0.57 ± 0.0714 

Guaiacol 244 ± 279 0.81 ± 0.1014 0.58 ± 0.0614 

Ferulic Acid 563 ± 709 0.27 ± 0.0414 0.54 ± 0.0714 

Xylidine 638 ± 819 0.19 ± 0.039 0.54 ± 0.0814 

3,4-Dimethyl benzene 672 ± 689 0.13 ± 0.024 0.55 ± 0.0614 
⁕ The numbers indicate the days of the peak activity. 

 

the enzyme to varying degrees. Such a reaction of a fungal culture to various aromatic compounds makes it possible 

to obtain enzyme preparations with different ratios of laccase and LiP activities. As regards MnP activity, the 

production of this enzyme did not significantly depend on the presence of an aromatic compound. Thus, the data 

received indicate that T. lactinea is a promising candidate for scaled-up production of LME. 
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Abstract 

Styrofoam™ is a petroleum-based material widely used in lightweight, protective packaging systems [1]. 

However, Styrofoam™ is made from non-renewable petroleum resources, is non-biodegradable, it is not 

recyclable in the vast majority of the existing recycling plants, and can cause chronic, low-level styrene migration 

into food [2]. As a result, to deal with the environmental pollution concerns, crude oil shortages, and possible 

serious adverse effects on human health, we propose as an alternative to Styrofoam™, biodegradable, naturally 

foamed soybean oil-based composites containing high amounts of agri-waste [3].  

Bio-based thermosets were synthesized from epoxidized soybean oil (ESO) cross-linked with PRIPOL 1040, a 

fatty acid trimer. Thanks to the liquid cross-linker, curing of the composites can be performed at relatively low 

temperature of 80 °C, in the presence of agri-waste, like carrot residue after juice extraction, spinach stems, or 

tomato peel, without degrading them. Moreover, moisture present in the agri-waste, evaporates during the curing 

process creating gas bubbles and providing a natural way of foaming. To give a second life to agri-waste in added-

value products, up to 50 % by wt. of vegetable waste was incorporated into the ESO-PRIPOL matrix, which in 

addition improved tensile and compression strength as well. Most importantly, the composites are biodegradable 

in marine environments preventing their long-term bioaccumulation in the ecosystem.  
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Abstract 

Polylactic acid (PLA) is a biopolymer obtained from renewable resources, with similar properties to several 

conventiolal synthetic polymers [1,2]. Polyhydroxybutyrate (PHB) is an aliphatic polyester, synthesized by 

microorganisms, with high biodegradability and biocompatibility [2]. PLA/PHB blends have gained significant 

interest, since the combination of the two biopolymers can create new biomaterials with interesting physical, 

thermal, and mechanical properties as compared to the single components [1,3]. Eugenol is the basic compound 

of clove essential oil, is “generally recognized as safe” (GRAS) and is known for its antimicrobial and antioxidant 

activities [4]. 

 

The objective of the study was to develop films by using a blend of PLA and PHB in a ratio 80/20 and glycerol 

monolaurate (GML) as a plasticizer (10% w/w of polymers). Eugenol was added as an active compound at different 

concentrations (0, 0.1, 0.25, 0.5 and 1.0% v/v). The films were evaluated regarding their mechanical properties 

(tensile strength, elastic modulus, elongation at break), optical (color, opacity value, light transmittance) and 

barrier properties (UV barrier), permeability properties (water vapor transmission rate, WVTR, and water vapor 

permeability, WVP), hydrophobicity (contact angle), and antimicrobial properties (in vitro testing & in vivo testing 

as packaging materials for fresh fish fillets). The overall aim of the study was to determine the optimum 

concentration of eugenol for the development of active packaging for food applications. 

 

The PLA (TotalEnergies Corbion, Rayond, Thailand)/PHB (Kaneka Biopolymers, Tokio, Japan)/GML (BASF, 

Bologna, Italy)/Eugenol (Sigma-Aldrich, Milan, Italy) blended films were produced by solvent casting method, 

and chloroform (MERCK, Milan, Italy) was used to dissolve all the materials (5% w/v sol.). All films were casted 

with the TQC Sheen, Automatic Film Applicator (Essen, Germany). The mechanical properties were determined 

using a dynamometer (Z1.0, Zwick/Roell, Ulm, Germany) according to ASTM standard method D882-02, and the 

software TestXpert®II (V3.31) (Zwick/Roell, Ulm, Germany) was used. The optical and UV barrier properties 

were estimated with the VWR®Double Beam UV-VIS 6300 PC spectrophotometer (China) and the CR-400 

Minolta colorimeter (Minolta Camera, Co., Ltd., Osaka, Japan). For the determination of the hydrophobicity of 

the films, Theta Flow Optical Tensiometer (Biolin Scientific, Gothenburg, Sweden) was used. The WVTR was 

determined gravimetrically according to the ASTM E96 method, while the WVP was calculated with the use of 

the appropriate equations. The antimicrobial activity was determined with a disk diffusion assay (P. fluorescens 

ATCC 13525, E. coli UNIMORE 40522). The applicability of the developed films for food packaging applications 

was evaluated for fresh fish (gilthead seabream) fillets stored at refrigerated conditions (2 ℃). 

 

The key results of this research are summarized below. Regarding the mechanical properties, the tensile strength 

and the elastic modulus decreased as the concentration of eugenol increased, while elongation at break increased 

(Figure 1). The total color difference increased in parallel to the concentration of the active compound (Table 1). 

Moreover, the transmitance and the absorbance of the films in the UV-vis spectrum (190-1100 nm) can be reported 

in Figure 2. The WVP calculated for the control film was 1,46 g∙mm/(m∙day∙ kPa), and it was increased in films 

with higher eugenol concentrations. The contact angle decreased as the concentration of eugenol increased (Table 

2, Figure 3), meaning that the addition of eugenol resulted in higher hydrophobicity of the films. The antimicrobial 

activity of the films against P. fluorescens was enhanced by increasing the concentration of eugenol, while eugenol 

was not effective against E. coli. 
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Figure 1. Mechanical properties of the films: i) tensile strength, ii) elastic modulus, iii) elongation at break. 

 

Table 1. Color parameters (L*, a* and b*) and total color difference (ΔE*) of the films. 

Film Sample 
Color parameters 

L* α* b* ΔE* 

PLA/PHB 99.34 -0.19 -0.22 0.14 

PLA/PHB 0.1% eugenol 99.28 -0.20 -0.10 0.13 

PLA/PHB 0.25% eugenol 99.40 -0.15 -0.11 0.16 

PLA/PHB 0.5% eugenol 99.28 -0.19 0.02 0.20 

PLA/PHB 1.0 % eugenol 99.23 -0.26 0.00 0.23 

 

 
Figure 2. (a) Transmittance (%) and (b) Absorbance of the films in the UV-vis. 

 

Table 2. Contact Angle of the films. 

Eugenol (%) 0% 0.10% 0.25% 0.50% 1.00% 

Contact Angle (°) 65.30 69.79 73.61 76.98 80.33 

 

 
Figure 3. Contact angle of the films with (a) 0%, (b) 0.1%, (c) 0.25%, (d) 0.5% and (e) 1.0% eugenol. 

(a) (b) (c) 

(d) (e) 

(b) (a) 
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The results of the study show the potential of the application of a bio-based PLA/PHB plasticized blend films with 

eugenol for the development of high-quality packaging materials, which can be used for the preservation of 

perishable food products such as fresh fish. 
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Food allergy is continually increasing problem nowadays. Up to 3.2% of children from USA and Western Europe 

have an allergy to eggs [1] also plant-based diet is getting more popular. Therefore, eggs in mayonnaise  

is replaced by plant protein isolates or soy drink [2,3]. In recent years, attention has been paid to sustainable 

development and “zero-waste” movement. Food industrial by-products like aquafaba can act as emulsifier  

in emulsions [4]. Also sesame and peanut meal milk was used as egg-yolk replacer in plant-based emulsions  

to improve nutritional value and rheological properties [5]. 

 

The aim of this study was to optimize production of low-fat plant-based mayonnaise based on rapeseed meal milk-

like beverage. The emulsions consisted of oil (50%), egg replacer – rapeseed meal milk-like beverage (6-18%), 

guar gum (0-0.6%), mustard (4%), vinegar (1%), water (25.4 – 38%), salt and sugar (>1%). Response surface 

methodology was applied to estimate the effect of two independent variables, the amount of egg replacer (x) and 

amount of guar gum (y), on prepared plant-based emulsion parameters associated with antioxidant activity and 

stability. Antioxidant properties and total phenolic content of emulsion were determined using QUick, Easy, New, 

CHEap and Reproducible procedures using 2,2-diphenyl-1-picrylhydrazyl (QUENCHER-DPPH),  

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (QUENCHER-ABTS) and Folin-Ciocalteu assay 

(QUENCHER-FC), respectively. The physical stability test was determined by the centrifugation method. 

 

Increasing rapeseed meal milk (beverage) from 6 to 18% enhanced the radical scavenging activity measured by 

ABTS and DPPH methods. Also, the amount of total phenolic content determined by the Folin-Ciocalteu assay 

increased. The addition of a higher amount of guar gum (0 – 0.6%) improved the physical stability of the prepared 

emulsions, but it had a negative influence on antioxidant activity and total phenolic content.  

To evaluate the sufficiency of the proposed mathematical models, verification experiments were carried out at the 

predicted condition (x = 18%; y = 0.051%). The predicted and experimental values are listed in table 1. The novel 

vegan emulsion based on rapeseed meal beverage can be an interesting alternative to traditional and plant-based 

emulsions. 

 
Table 1. Predicted and experimental values of the studied responses under the optimal conditions. 

Response variables 

Optimum ingredients amount 

Predicted 

values 

Experimental 

values ± SD 
Egg yolk replacer 

amount 

 (%) 

Guar gum 

amount (%) 

QUENCHER-DPPH 

(μmol TE/100 g) 

18 0.0051 

826.63 897.72 ± 2.4 

QUENCHER-ABTS 

(μmol TE/100 g) 
4335.58 4175.34 ± 1.68 

QUENCHER-FC 

(μmol TE/100 g) 
2014.61 1992.25 ± 1.91 

Physical stability 

(%) 
90.23 75.06 ± 0.74 
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