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Abstract 
Petrochemical industry has experienced huge development in the last century, dominating different 

sectors such as plastics, detergents, pharmaceuticals and fertilizers. While technologies for processing 

of fossil feedstocks are now well established with marginal room for improvements, biorenewable 

chemicals derived from biomass struggle to be commercialised at large scale due to strong barriers 

experienced in R&D. Much research is in place to develop catalysts which can achieve high turnover 

numbers and high yield which can compete with the traditional processes, but the usage of 

lignocellulosic biomass requires innovative approaches which combine catalyst and solvent design 

with optimal separation minimizing emissions and waste streams.  

In this work, we will investigate ionic liquids as valuable solvents for the synthesis of high value 

biomonomers such as diformylfuran (DFF) and 2,5-furandicarboxylic acid (FDCA) starting from 

sugars. So far, the synthesis of these chemicals has seen huge challenges due to the difficulties in 

isolating the intermediate 5-HMF derived from sugar dehydration, which is the key molecule to 

produce these monomers. The usage of ionic liquids as solvents can lead to multiple advantages 

which can allow the production of these molecules at large scale, simplifying process separation and 

favouring high yield of reaction.  

Other bioderived products such as humins and surfactants will be studied as potential applications in 

the wastewater treatment for removal of heavy metals and detergents industry. A new category of 

biosurfactants derived from furfural exhibits remarkable proprieties which can have a potential higher 

cleaning ability compared the current oil derivatives ones.  

This thesis copes different aspects for an efficient sugar biorefinery, focused to substitute oil 

derivative consumer products, such as plastic and detergents, with the aim to achieve the reduction in 

CO2 emissions.   
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Glossary 
5-HMF 5-hydroxymethyl furfural 

HMF hydroxymethyl furfural 

DFF   diformylfuran 

FDCA  2,5-furandicarboxylic acid 

FFCA   5-formyl-2-furancarboxylic acid 

HMFCA 5-hydroxy-2-furancarboxylic acid  

[bmim]             1-butyl-3-methylimidazolium 

[emim]   1-ethyl-3-methylimidazolium 

[bmpyr]  1-butyl-3-methylpyrolidinium 

[N(Me)Oct3]  trioctyl methyl ammonium 

 [OAc]   acetate 

[OTf]   triflate 

[NTf2]   bistrimlimide 

[PF6]   hexafluoro phosphate 

[BF4]   tetrafluoro borate 

PEF   polyethylene furoate 

PET   polyethylene terephthalate 

BTX   benzene toluene xylene 

LC   lignocellulose 

TA   terephthalic acid 

MEK   ethyl methyl ketone 

DMSO   dimethyl sulfoxide 

LC   liquid chromatography 

MS   mass spec 

HPLC   high performance liquid chromatography 

IR   infrared spectroscopy 

GPC   gel permeation chromatography 

WWT   wastewater treatment 

THF   tetrahydrofuran  

DCM   dichloromethane 
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MIBK   methyl isobutyl ketone 

PTSA   p-toluenesulfonic acid 

UV   ultraviolet spectroscopy 

NMR   nuclear magnetic resonance 

TEMPO  2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 

MBA   methoxybenzyl alcohol 

FA   furfuryl alcohol 

TPAP   tetrapropylammonium perruthenate 

DABCO  1,4-diazabicyclo[2.2. 2]octane 

DBU   1,8-Diazabicyclo[5.4.0]undec-7-ene 

XPS   X-ray photoelectron spectroscopy 

SEM    scanning electron microscope 

XRD   X-ray crystallography 

TGA   thermogravimetric analysis 

EDTA   ethylenediaminetetraacetate 

STPP   sodium tripolyphosphate 

LAS   linear alkyl benzene sulfonate 

SDS   sodium dodecyl sulphate 

KP   Kraft Point 

CMC   critical micelles concentration 

CSA   chlorosulfonic acid 

SDBS   sodium dodecyl benzene sulphonate 

 
  



6 

 

Acknowledgments 
 

It has been my biggest desire to contribute to chemical science in the field of sustainability and green 

chemistry. After my long education which involved one bachelor and two masters fulfilled in four 

different countries, I couldn’t not spend all my knowledge acquired to the scientific world.  

After finishing my masters, I spend a period in an engineering company as process engineer, but I 

immediately felt that the environment was not suitable for me. Many protocols and low critical thinking 

due to on working in well-established petrolchemical technologies let me feel oppressed and 

disappointed since I couldn’t give enough space to my ideas and I was not contributing in green 

technologies which could improve the chemical industry. Therefore, when I got my phd offer I didn’t 

think twice on it and I decided to leave my job to cope this new experience.   

Since I begin my studies in Chemical Engineering I realised that an understanding of Chemistry it is 

fundamental to have complete scientific profile and cope in a critical way different topics. While this is 

not true when working in some traditional engineering companies, I believe that this profile is very 

important in the academic world and in every field of chemistry involving innovative technologies. In 

this matter my former education that covered both chemistry and chemical engineering helped me a lot.  

I would like to thank: 

 My supervisors prof. James Wilton-Ely and prof. Jason Hallett to have given me the 

opportunity to join their group and contribute to my personal and professional development.  

 My colleagues in the Hallett Group. During these 3 years there was a big turnover of people 

and I was happy to meet different wonderful people from different part of the world. Some of 

them as Raul, Anthon, Francisco, Andreas will be life friends which I will never forget.   

 Aida, for being on my side in every moment during my whole PhD period and being a 

wonderful sister to share nice and bad moments together.  

  The male version of Aida….Coby. One of the persons that have been most comprehensive to 

me and a big chemistry head. One small suggestion by him could led to huge breakthrough in 

the experiment.  

 Last but not least… to my Mother ,my Angel on earth, for being always encouraging and 

comprehensive, to have put my happiness before everything else and show optimism in every 

moment. I am so lucky to have you as a mother, if I was able to achieve all these scores in my 

life is only thanks to you.   



7 

 

I dedicate this thesis to my parents.  

My father which personality and intelligence have fascinating me since I was kid and which he naturally 

inspired me in coping a scientific career.  

 

 
  



8 

 

Nothing in life is to be feared,  
it is only to be understood.  
Now is the time to understand more, so that we may fear less.  

 

Marie Curie 

  



9 

 

Contents 
Chapter 1 Introduction ................................................................................................................. 22 

Chemical Industry: Past and Present ............................................................................................ 24 

How the chemical industry is structured and the role of biomass .................................................. 27 

PEF, a green substitute for PET ................................................................................................... 33 

Green Processes: a critical approach to the 12 principles of green chemistry ................................ 36 

Solvents in the Chemical Industry ................................................................................................ 42 

Ionic Liquids a Replacements for Organic Solvents for Biomass Valorisation .............................. 45 

How “Green” is this thesis ........................................................................................................... 48 

Prospects ..................................................................................................................................... 50 

References ................................................................................................................................... 51 

Chapter 2 Stability of 5-HMF in Ionic Liquids: Characterization and Valorisation of the Humin 
Side Products ................................................................................................................................. 56 

Introduction ................................................................................................................................. 57 

Experimental Section ................................................................................................................... 60 

Materials ................................................................................................................................. 60 

Synthesis Ionic Liquids ............................................................................................................ 60 

Stability test of furanic compounds in the ionic liquids ............................................................. 61 

Synthesis of Humins ................................................................................................................ 61 

Metal Extraction ...................................................................................................................... 62 

Results and Discussions ............................................................................................................... 63 

Stability of HMF in the ionic liquids ........................................................................................ 63 

Characterization of humins ...................................................................................................... 65 

Morphology and molecular weight analysis ............................................................................. 71 

Application of humins in metal extraction from waste water .................................................... 73 

Conclusions ................................................................................................................................. 75 

References ................................................................................................................................... 76 

Chapter 3 Ionic Liquid as Green Solvents for the Separation of Sugar-derived Furanic 
Compounds .................................................................................................................................... 79 

Introduction ................................................................................................................................. 81 

Experimental Section ................................................................................................................... 87 



10 

 

Materials ................................................................................................................................. 87 

DFF sublimation ...................................................................................................................... 87 

Precipitation of FFCA and FDCA from ionic liquids by water addition. ................................... 87 

HMF extraction from a hydrophobic ionic liquid. ..................................................................... 87 

Analytical method.................................................................................................................... 88 

Calculation of the Solubility of Hydrophobic Ionic Liquids in Water ........................................ 88 

Esterification of FDCA with ethylene glycol in ionic liquids .................................................... 89 

Results and Discussion ................................................................................................................ 90 

Sublimation of DFF from ionic liquids ..................................................................................... 90 

Separation of FDCA and FFCA ............................................................................................... 91 

Energy analysis of drying [bmim]Cl and [bmim]Br .................................................................. 93 

Extraction of HMF from trioctylmethylammonium salts using water ........................................ 97 

Study of the interaction between HMF and ionic liquids by FT-IR ........................................... 99 

Study of ionic liquid miscibility with water ............................................................................ 100 

Solvent selection guidelines for product separation ................................................................ 100 

Conclusions ............................................................................................................................... 102 

References ................................................................................................................................. 103 

Chapter 4 Rapid High-Yield Fructose Dehydration to HMF in Mixtures of Water and the Non-
Coordinating Ionic Liquid [bmim][OTf] .................................................................................... 107 

Introduction ............................................................................................................................... 108 

Experimental Section ................................................................................................................. 111 

Materials ............................................................................................................................... 111 

Fructose conversion to HMF .................................................................................................. 111 

Partition coefficients between ionic liquid and diethyl ether ................................................... 111 

Results and Discussion .............................................................................................................. 113 

Stability of HMF in the ionic liquid under acidic conditions ................................................... 113 

Presence of intermediates ....................................................................................................... 114 

Effect of water content on the yield and rate of the reaction .................................................... 116 

Effect of fructose loading ....................................................................................................... 118 

Effect of temperature ............................................................................................................. 119 

Effect of the cation................................................................................................................. 120 

Extraction of HMF from Ionic Liquids ................................................................................... 121 



11 

 

Conclusions ............................................................................................................................... 124 

References ................................................................................................................................. 125 

Chapter 5 Catalytic Oxidation of 5-HMF into DFF in [bmim][OTf] with immobilized TEMPO-
pyridine ionic liquid and CuCl .................................................................................................... 130 

Introduction ............................................................................................................................... 131 

Experimental Section ................................................................................................................. 133 

Materials ............................................................................................................................... 133 

Oxidation Experiments .......................................................................................................... 133 

Synthesis of TEMPO-immobilized ionic liquid ...................................................................... 134 

Synthesis of bypyridine immobilized Ionic Liquid [bbpy][NTf2] ............................................ 135 

XPS analysis .......................................................................................................................... 136 

Results and Discussion .............................................................................................................. 137 

Screening of catalytic systems................................................................................................ 137 

Solvent and Ligand selection ................................................................................................. 139 

5-HMF and catalyst loading ................................................................................................... 141 

Investigation of recycling with immobilised TEMPO ............................................................. 143 

Synthesis of DFF from fructose in a two-step reaction............................................................ 144 

Study of the overoxidation of 5-HMF .................................................................................... 145 

Catalyst characterization ........................................................................................................ 146 

Conclusions ............................................................................................................................... 148 

References ................................................................................................................................. 149 

Chapter 6 Heterogeneous catalytic oxidation of HMF into FDCA in ionic liquids ................... 153 

Introduction ............................................................................................................................... 154 

Experimental Section ................................................................................................................. 158 

Materials ............................................................................................................................... 158 

Catalyst preparation ............................................................................................................... 158 

Catalyst characterization ........................................................................................................ 159 

Oxidation experiments with carbene ...................................................................................... 159 

Oxidation experiments at high pressure .................................................................................. 159 

Results and Discussion .............................................................................................................. 161 

Synthesis of FDCA through homogeneous catalysis ............................................................... 161 

Heterogeneous catalysis: Effect of solvent composition on reaction yield ............................... 162 



12 

 

Strategy for efficient oxidation of HMF to FDCA in ionic liquids .......................................... 163 

Characterisation of the Mn/Fe oxides support ......................................................................... 164 

Results of oxidation ............................................................................................................... 165 

Conclusion ................................................................................................................................ 168 

References ................................................................................................................................. 169 

Chapter 7 Biorenewable Anionic Surfactants as Valuable Replacements for Current Detergent 
Formulations ............................................................................................................................... 172 

Introduction ............................................................................................................................... 173 

Experimental Section ................................................................................................................. 179 

Materials ............................................................................................................................... 179 

Esterification reaction to produce the alkyl furoate ................................................................. 179 

Sulfonation with Chlorosulfonic Acid .................................................................................... 180 

Solubility studies ................................................................................................................... 181 

Resistance to hard water ........................................................................................................ 181 

Critical Micelle Concentration (CMC) ................................................................................... 182 

Results and Discussion .............................................................................................................. 183 

Synthesis of the Furoate Ester ................................................................................................ 183 

Synthesis of Sulfonated alkyl furoate ..................................................................................... 185 

Solubility studies ................................................................................................................... 186 

Resistance to hard water ........................................................................................................ 186 

Critical Micelle Concentration ............................................................................................... 187 

Summary of furoate sulfonated surfactants ............................................................................. 188 

Discussion of the biodegradability ......................................................................................... 189 

Conclusions ............................................................................................................................... 191 

References ................................................................................................................................. 192 

Chapter 8 Conclusions and Prospects ......................................................................................... 194 

Prospects ................................................................................................................................... 196 

Application of ionic liquids in enzymatic and electrochemical reactions ................................. 196 

References ................................................................................................................................. 198 

A. Appendix .............................................................................................................................. 199 

Characterization Ionic Liquids ................................................................................................... 199 

Ionic Liquid as Green Solvent for Separation of Furanic Compounds ......................................... 210 



13 

 

Rapid High-Yield Fructose Dehydration to HMF in Mixtures of Water and the Non-Coordinating 
Ionic Liquid [bmim][OTf] ......................................................................................................... 212 

Catalytic Oxidation of 5-HMF into DFF in [bmim][OTf] with immobilized TEMPO-pyridine ionic 
liquid and CuCl ......................................................................................................................... 215 

Biorenewable Anionic Surfactants as Valuable Replacement of Current Detergent Formulations 220 

  



14 

 

List of Figures 
Figure 1.1 Global fossil fuel consumption from Our World in Data https://ourworldindata.org/fossil-
fuels#coal ........................................................................................................................................ 24 

Figure 1.2 Crude Oil consumption by sector in 2012 (from 
https://www.globalpetrolprices.com/articles/39/) ............................................................................. 25 

Figure 1.3 ‘Chemical tree’ for the production of bulk chemicals from fossil fuel feedstocks ............. 28 

Figure 1.4 Twenty-five biobased chemicals which can substitute most of the oil-derived products and 
their development status24 ................................................................................................................ 30 

Figure 1.5 Chemicals that can be obtained from Furfural and HMF .................................................. 31 

Figure 1.6 Chemical route to arrive at FDCA and PEF from lignocellulosic feedstocks .................... 34 

Figure 1.7 CO2 emission associated with different organic solvents. Reproduced with permission from 
ref 44. ............................................................................................................................................... 43 

Figure 1.8 Method for the selection of a solvent for a defined application proposed by Jin et al. 
Reproduced with permission from ref 44. .......................................................................................... 44 

Figure 1.9 The most common cations and anions used for ionic liquid synthesis. ............................. 45 

Figure 2.1 Reaction scheme from sugars to 5-HMF with side reactions ............................................ 58 

Figure 2.2 Scheme of humins production in ionic liquid................................................................... 62 

Figure 2.3 Effect of temperature (9 h) and time (160 °C) on HMF degradation in different ionic 
liquids (10 % loading respect the solvent) ........................................................................................ 64 

Figure 2.4 FT-IR spectra of humins produced in different ionic liquids compared to the HMF spectra
........................................................................................................................................................ 67 

Figure 2.5 FT-IR spectra of humins from [bmim][OTf] degradation and monomeric units isolated 
from the THF soluble fraction.......................................................................................................... 68 

Figure 2.6 Proposed mechanism of HMF degradation in [OTf]- ionic liquids. Readapted from study in 
literature.25 ...................................................................................................................................... 69 

Figure 2.7 IR Spectra of humins formed by acid-catalysed dehydration of fructose and the proposed 
repeating unit of the humins ............................................................................................................ 70 

Figure 2.8 SEM of humins formed in different ionic liquids after 9 h at 160 °C. a) [bmim][OTf]; b) 
[bmpyr][OTf]; c) [bmim][HSO4]; d) dehydration of fructose in [bmim][OTf] with 10 % HCl. ......... 71 

Figure 2.9 Particle size distribution for the humins formed in the ionic liquid [bmpyr][OTf]. ........... 72 

Figure 2.10 Molecular weight distribution of humins produced in different ionic liquids. ................. 73 

Figure 3.1 System proposed by Wei and co-workers . 1) oil bath heater, 2) magnetic stirrer, 3) Two 
neck flask for vapor generator(organic solvent at its boiling point temperature),  4)Nitrogen cylinder, 
5) Ring type gas distributor, 6) Three neck flask (ionic liquid and HMF), 7) connector, 8) connection 
to vacuum oil pump, 9) Product collection , 10) ice bath. Reproduced with the permission of ref 12 .. 82 



15 

 

Figure 3.2 System of Shi and co-workers for the extraction of HMF from ionic liquid with a mixture 
of acetone and CO2 with continuous concentration. Reproduced with the permission from ref 14 ...... 83 

Figure 3.3 Reaction pathway to obtain FDCA from HMF ................................................................ 84 

Figure 3.4. Recovery of DFF in 3 h at different temperatures from [bmim][NTf2] under vacuum (20 
mbar). 10 % loading DFF respect the solvent Reproduced with the permission of ref 1 ..................... 91 

Figure 3.5. Solubility of FDCA and FFCA in ionic liquid - water mixtures of [bmim]Cl and [bmim]Br 
(left) and [bmim][OTf] (right) at room temperature; solubility expressed in terms of mg of compound 
per gram of solvent. Reproduced with the permission of ref 1 ........................................................... 93 

Figure 3.6 Equilibrium diagram [bmim]Cl/water estimated by COSMOSAC with the IULAM 
package ........................................................................................................................................... 94 

Figure 3.7 Multiple effect Aspen flowsheet for ionic liquid dehydration........................................... 94 

Figure 3.8 Yield of the diester as function of temperature and time for acid esterification with PTSA. 
Catalyst loading 10 % (mole) respect FDCA, FDCA loading 12 mg/g in ionic liquid. Temperature 
experiments done at 180 °C.  Time course experiments at 6 h. Ethylene glycol:FDCA ratio 100:1 
(mole). ............................................................................................................................................ 96 

Figure 3.9 Effect of different anions on the partition coefficient for the [N(Me)Oct3]+ salts (left) and 
the effect of the cation for NTf2

- salts (right). Reproduced with the permission of ref 1 ..................... 97 

Figure 3.10 On the left, water concentration to achieve 90% HMF recovery from [N(Me)Oct3]Cl at 
different phase ratios (R) and different HMF loadings at 20 °C. On the right, water concentration 
needed to achieve 90% HMF recovery from [N(Me)Oct3]Cl and [N(Me)Oct3][NTf2] ionic liquids at R 
= 2. Numbers next to the data points represent the number of washes required. Reproduced with the 
permission of ref 1 ........................................................................................................................... 98 

Figure 3.11 FT-IR spectra of the hydroxyl and carbonyl group of HMF with anions with different H-
bonding ability. Reproduced with the permission of ref 1 ............................................................... 100 

Figure 4.1 The cations and anions used in the ionic liquids in this chapter. Reproduced with the 
permission of Al-Ghatta et al. 2019. .............................................................................................. 110 

Figure 4.2. Degradation of HMF at 90 °C in [bmim][OTf] with a range of water contents and 10% 
PTSA loading (with respect to HMF) and 10% HMF loading (with respect to the ionic liquid). 
Reproduced with the permission of Al-Ghatta et al. 2019. .............................................................. 114 

Figure 4.3. Acid selection for fructose dehydration in [bmim][OTf]. Fructose loading = 14% respect 
the solvent, T = 90 °C, initial water content = 3.5%, acid catalyst loading 10% respect fructose, t = 10 
min. Reproduced with the permission of Al-Ghatta et al. 2019. ...................................................... 115 

Figure 4.4. Effect of water content on HMF yield from fructose in [bmim][OTf], fructose loading = 
10% respect the solvent, T = 90 °C, t = 10 min, 10 % acid catalyst loading (HCl) respect the substrate. 
Reproduced with the permission of Al-Ghatta et al. 2019. .............................................................. 117 

Figure 4.5. Effect of water content on the kinetics of HMF production from fructose in [bmim][OTf] 
at 100 °C, fructose loading = 10 % respect the solvent, catalyst loading = 10% (HCl) respect fructose. 
Reproduced with the permission of Al-Ghatta et al. 2019. .............................................................. 118 

Figure 4.6. a) The HMF yield from fructose in [bmim][OTf], at different fructose loadings and b) 
kinetic analysis of the same reaction at two fructose loadings (right). Reaction conditions: T = 90 °C, 



16 

 

3.5% water content, t = 10 min, 10% HCl loading respect fructose. Reproduced with the permission of 
Al-Ghatta et al. 2019. .................................................................................................................... 119 

Figure 4.7. Effect of temperature on HMF yield from fructose in [bmim][OTf], 10% fructose loading, 
10% HCl loading, 3.5% water content. Reproduced with the permission of Al-Ghatta et al. 2019. .. 119 

Figure 4.8. Kinetic analysis of the dehydration of fructose to HMF in [bmim][OTf] at two different 
temperatures and 14% fructose loading respect the solvent, 10% HCl loading respect fructose, 3.5% 
water content. ................................................................................................................................ 120 

Figure 4.9 Partition coefficient of HMF in diethyl ether and ionic liquid mixtures. ......................... 122 

Figure 4.10 Mass spectrometry of the side products in the DCM layer after washing. ..................... 123 

Figure 4.11 Proposed side-product from HMF dehydration in ionic liquid...................................... 123 

Figure 5.1 Synthesis of the ionic liquid immobilised TEMPO, [TEMPO-bmim][NTf2]. ................. 134 

Figure 5.2 Synthesis of the pyridine immobilised ionic liquid, [bbpy][NTf2]. ................................. 135 

Figure 5.3 Oxidation of 5-HMF with catalytic systems reported in literature. Conditions: 10% HMF 
loading (respect the solvent), 10% catalyst loading (respect HMF), 1 bar O2, 80 °C, 6 h. ................ 138 

Figure 5.4 Effect of different promoters on the yields and conversion of 5-HMF. Experiments 
performed for 6 h with O2 balloon at 80 ˚C, 200 mg [bmim][OTf], 20 mg 5-HMF, 
TEMPO/CuCl/promoter loading 5 mol% respect HMF. Reproduced with the permission from Al 
Ghatta et.al. 2020,ACS Sus. Chem. Eng., 2020 .............................................................................. 140 

Figure 5.5 Effect of different promoters on the yields and conversion of 5-HMF after 3 hours. 
Experiments performed with O2 balloon at 80 ˚C, 200 mg [bmim][OTf], 20 mg 5-HMF, 
TEMPO/CuCl/promoter loading 5 mol% respect HMF. Reproduced with the permission from Al 
Ghatta et.al. 2020,ACS Sus. Chem. Eng., 2020 .............................................................................. 141 

Figure 5.6 Influence of 5-HMF loading on conversion and yield in [bmim][OTf]. Higher 5-HMF 
loading slows down the reaction but retains high selectivity. Experiments performed for 6 h with O2 
balloon at 80 ˚C, TEMPO/CuCl/pyridine loading of 5 mol% respect HMF. Reproduced with the 
permission from Al Ghatta et.al. 2020,ACS Sus. Chem. Eng., 2020 ............................................... 142 

Figure 5.7 Yield of DFF and FFCA at different temperatures. Reaction conditions: 4 bar O2 partial 
pressure, 10% 5-HMF loading. 10% catalyst loading (CuCl/[bbpy][NTf2]/ TEMPO-[bmim][NTf2])
...................................................................................................................................................... 145 

Figure 5.8 XPS analysis of the catalyst. On the left, catalyst complex CuCl with different ligands. On 
the right, fresh and spent catalyst. .................................................................................................. 146 

Figure 5.9 XPS for C1s for fresh and spent catalyst ....................................................................... 147 

Figure 6.1 Mechanism of formation of carbene and its role with water in the oxidation of the aldehyde
...................................................................................................................................................... 162 

Figure 6.2 Oxidation of HMF to FDCA with two different catalysts and different solvent composition 
(50:50). O2 pressure 2 bar, 120 °C, 12.6 mg/g HMF concentration ................................................. 163 

Figure 6.3 SEM image of catalyst support at different Mn:Fe content. Left column 10 m. Right 
column 2 m. ................................................................................................................................ 165 



17 

 

Figure 6.4 Oxidation of HMF into FDCA with Ru supported by different mixtures of Mn and Fe 
(molar ratio). Temperature 120 °C, O2 pressure 10 bar, 12.6 mg/g HMF concentration................... 166 

Figure 6.5 Chemical path adopted to arrive at FDCA from glucose. ............................................... 167 

Figure 7.1 Typical surfactant formulation for LAS.Reproduced with the permission from ref6 ....... 175 

Figure 7.2 HMF-derived surfactants reported by Stensrud and Wicklund in 2016 (left hand side), Lee 
and co-workers (middle) and Hoffman and co-workers (on the right). ............................................ 176 

Figure 7.3 Reaction scheme of the proposed surfactants. ................................................................ 177 

Figure 7.4 Chemical path for the derivation of furoic acid and fatty alcohols. ................................. 178 

Figure 7.5 Structure of sulfonating agents. ..................................................................................... 185 

Figure 7.6 Measurement of surface tension at different concentrations of surfactant. ...................... 187 

Figure A. 1 1H NMR spectrum of [bmim]Cl in deuterated DMSO. ................................................. 199 

Figure A. 2  13C{1H} NMR spectrum of [bmim]Cl in deuterated DMSO. ....................................... 199 

Figure A. 3 Mass spectrum of [bmim]Cl. ....................................................................................... 200 

Figure A. 4 1H NMR spectrum of [bmpyr]Cl in deuterated DMSO. ................................................ 200 

Figure A. 5 13C{1H} NMR spectrum of [bmpyr]Cl in deuterated DMSO. ....................................... 201 

Figure A. 6 Mass spectrum of [bmpyr]Cl. ...................................................................................... 201 

Figure A. 7 1H NMR spectrum of [bmim]OTf in deuterated DMSO. .............................................. 202 

Figure A. 8 13C{1H} NMR spectrum of [bmim]OTf in deuterated DMSO ...................................... 202 

Figure A. 9 1H NMR spectrum of [bmpyr]OTf in deuterated DMSO. ............................................. 203 

Figure A. 10 13C NMR spectrum of [bmpyr]OTf in deuterated DMSO. .......................................... 203 

Figure A. 11 Mass spectrum of [bmpyr]OTf. ................................................................................. 204 

Figure A. 12 1H NMR spectrum of [bmim]Br in deuterated DMSO. .............................................. 205 

Figure A. 13 13C{1H} NMR spectrum of [bmim]Br in deuterated DMSO. ...................................... 205 

Figure A. 14 Mass spectrum of [bmim]Br. ..................................................................................... 206 

Figure A. 15 1H NMR spectrum of [bmim][NTf2] in deuterated DMSO. ........................................ 206 

Figure A. 16 13C{1H} NMR spectrum of [bmim][NTf2] in deuterated DMSO ................................ 207 

Figure A. 17 Mass spectrum of [bmim][NTf2]................................................................................ 207 

Figure A. 18 1H NMR spectrum of [bmpyr][NTf2] in deuterated DMSO. ....................................... 208 

Figure A. 19 13C{1H} NMR spectrum of [bmpyr][NTf2] in deuterated DMSO. .............................. 208 

Figure A. 20  Mass spectrum of [bmpyr][NTf2] ............................................................................. 209 

Figure A. 21 Cold finger apparatus for sublimation of DFF. ........................................................... 210 



18 

 

Figure A. 22 Sublimed DFF from the IL on the condenser tip (left) and collected DFF (right). ....... 210 

Figure A. 23 Comparison between the commercial DFF and the sublimed material (left) and 
comparison of the bulk IL after first sublimation and second sublimation (right). ........................... 211 

Figure A. 24 Crude 5-HMF product prior DCM washing with impurities in the furan region .......... 212 

Figure A. 25 H-NMR spectra for the purified 5-HMF after DCM washing ..................................... 212 

Figure A. 26 C-NMR spectra for the purified 5-HMF after DCM washing ..................................... 213 

Figure A. 27 H-NMR of recovered ionic liquid [bmim][OTf]......................................................... 213 

Figure A. 28 Mass spectra of isolated HMF ................................................................................... 214 

Figure A. 29 1H NMR spectrum of Intermediate A reduced with excess phenylhydrazine in deuterated 
CDCl3. .......................................................................................................................................... 215 

Figure A. 30 1H NMR spectrum of [TEMPO-bmim][NTf2] reduced with excess phenylhydrazine in 
deuterated CDCl3. .......................................................................................................................... 215 

Figure A. 31 13C{1H} NMR spectrum of [TEMPO-bmim][NTf2] reduced with excess phenylhydrazine 
in deuterated CDCl3. ...................................................................................................................... 216 

Figure A. 32 Mass spectrum of [TEMPO-bmim][NTf2]. ................................................................ 216 

Figure A. 33 1H NMR spectrum of DFF in deuterated DMSO. ....................................................... 217 

Figure A. 34 13C{1H} NMR spectrum of DFF in deuterated DMSO. .............................................. 217 

Figure A. 35 Mass spectrum of DFF. ............................................................................................. 218 

Figure A. 36 On the left, photograph of the reaction mixture after 6 h showing sublimed DFF (white) 
while further material precipitates from the reaction mixture. On the right,  DFF after vacuum was 
applied for 6 h at 80°C. .................................................................................................................. 218 

Figure A. 37 1H NMR spectrum of FFCA in deuterated DMSO. .................................................... 219 

Figure A. 38 13C{1H} NMR spectrum of FFCA in deuterated DMSO. ............................................ 219 

Figure A. 39 H-NMR octyl furoate ................................................................................................ 220 

Figure A. 40 C-NMR octyl furoate ................................................................................................ 220 

Figure A. 41 H-NMR Sulphonated Octyl Furoate .......................................................................... 221 

Figure A. 42 C-NMR Sulphonated Octyl Furoate........................................................................... 221 

Figure A. 43 H-NMR dodecyl furoate ............................................................................................ 223 

Figure A. 44 C-NMR dodecyl furoate ............................................................................................ 223 

Figure A. 45 H-NMR Sulphonated dodecyl furoate ........................................................................ 225 

Figure A. 46 C-NMR Sulponated Dodecyl Furoate ........................................................................ 225 

Figure A. 47 H-NMR Hexadecyl Furoate....................................................................................... 226 

Figure A. 48 C-NMR hexadecyl Furoate ........................................................................................ 226 



19 

 

Figure A. 49 H-NMR Sulphonated headecyl furoate ...................................................................... 227 

Figure A. 50 C-NMR sulphonated hexadecyl furoate ..................................................................... 228 

 



20 

 

List of Tables 
 

Table 2.1 Degradation of different furanic compounds in different [OTf]- and Cl- ionic liquids at 120 
°C (6 h) ........................................................................................................................................... 65 

Table 2.2 HMF assignments of the IR spectra peaks based on study reported in litterature.11 ............ 66 

Table 2.3 Extraction of Pb (100 ppm) from water with humins. Conditions: 20 °C, 0.1 % humins 
loading respect the solvent, pH 4. .................................................................................................... 74 

Table 3.1 DFF recovered by sublimation at 100 °C under reduced pressure, 10% DFF loading respect 
the solvent, 12 h. ............................................................................................................................. 90 

Table 3.2 Energy requirement for the drying of ILs until 1% water content in 4-stage evaporators with 
a final pressure of 0.01 bar. Calculations were performed using Aspen Plus 8.8V with the IULAM 
integrated package. .......................................................................................................................... 94 

Table 3.3 Esterification of FDCA with ethylene glycol using different ionic liquids and catalysts. 
Temperature 180 °C, FDCA concentration 12.6 mg/g in ionic liquid. Ethylene glycol to FDCA ratio 
100:1 (mole). Catalyst loading 10%. ................................................................................................ 96 

Table 3.4 Solubility of hydrophobic ionic liquids in water. ............................................................ 100 

Table 3.5 Solvent design guidelines for the separation of DFF, FFCA, FDCA and HMF from ionic 
liquid media. ................................................................................................................................. 101 

Table 4.1. Effect of the cation on HMF yield from fructose in different ILs. Reaction conditions: 14% 
fructose loading, T = 100 °C, t = 10 min, 10% HCl loading, 3.5% water content. ........................... 120 

Table 5.1 Different catalytic systems for alcohol oxidation reported in literature ............................ 137 

Table 5.2 Yield (HPLC) of the oxidation of 5-HMF at 40% (mass) loading in the reaction mixture 
using  TEMPO/CuCl/pyridine as the catalyst system. Data shown are the average of 3 repeat 
experiments. .................................................................................................................................. 142 

Table 5.3 Recycling experiment in [bmim][NTf2] with [TEMPO-bmim][NTf2] (5 mol% respect 
HMF), [bbpy][NTf2] (5 mol% respect HMF) at 40% 5-HMF loading respect the solvent and 5 mol% 
CuCl catalyst loading respect HMF. Conditions: 80 °C, O2 balloon, DFF separation through 
sublimation under vacuum. Results are an average of 3 experiments. ............................................. 144 

Table 5.4 Effect of time on product selectivity. Reaction conditions: 5 mol % loading of 
CuCl/[bbpy][NTf2]/TEMPO-[bmim][NTf2,] compared HMF, 10% HMF loading respect the solvent , 
80 °C, 1 bar. .................................................................................................................................. 145 

Table 5.5 Binding energies for different CuCl-ligand complexes. ................................................... 147 

Table 6.1 Result of the oxidation of DFF and FFCA in [bmim][OTf] at room temperature, 
atmospheric pressure and 10 min. Substrate loading 10% mass respect the solvent. Catalyst loading 
1% mol respect the substrate. ......................................................................................................... 162 

Table 6.2 Evaluation of the basic sites derived from TGA analysis ................................................ 165 

Table 7.1 Performance of different furan derivative surfactants evaluated by Daunhaur and co-
workers ......................................................................................................................................... 176 



21 

 

Table 7.2 Score corresponding to the appearance of the liquid. Opalescent is a non-clear solution but 
through which objects can be seen. Cloudy is a non-clear solution through which objects cannot be 
seen. .............................................................................................................................................. 181 

Table 7.3 Mean stability table. ....................................................................................................... 182 

Table 7.4 Physical properties of octanol and octyl furoate .............................................................. 184 

Table 7.5 Results of solubility tests for different surfactants ........................................................... 186 

Table 7.6 Results of hard water stability tests ................................................................................. 186 

Table 7.7 Calculated CMC for different surfactants. ...................................................................... 188 

Table 7.8 Comparison of the properties of tested surfactants and those of Dauenhauer and co-workers.
...................................................................................................................................................... 189 

 

 

  



22 

 

Chapter 1 Introduction 

 
Over the years the chemical industry has evolved to meet different social, environmental and economic 

needs which resulted in major investment in research and development focused on developing chemical 

processes at high yield, low energy and reasonable costs. Moreover, the occurrence of major incidents 

combined with the rising awareness of issues with CO2 emission in the last 30 years led to a strong 

involvement of governments and institutions which have implemented regulation on emissions, waste 

disposal and incentives for green technologies.  

To date, most chemicals and fuels are produced from fossil feedstocks with processes which 

are long established with little room for improvement in terms of process development. Environmental 

concerns have resulted in stricter legislation to encourage the usage of renewable feedstocks and the 

development of sustainable green processes. In this matter, huge challenges must be addressed to 

substitute efficient processes at large scale with new economically competitive ones that are 

simultaneously more environmentally friendly.  

This thesis will discuss different pathways to valorise biomass into valuable furanic chemicals 

which are outstanding candidates to replace a large variety of fossil derived ones, with applications in 
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plastics, detergents and adsorbents in wastewater treatment. The main focus will be on the biomonomer 

2,5-furandicarboxylic acid (FDCA), which represents the building block for the bioderived plastic 

polyethylene furanoate (PEF) as a replacement for PET in the food and packaging sector. Challenges 

will be described and potential solutions provided to current problems which have hindered the 

application of these biochemicals so far.  
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Chemical Industry: Past and Present 
 
The chemical industry has seen huge development in the last century, impacting on every type of 

application from everyday life to industry. Organic and inorganic raw materials are converted into 

products for consumers or intermediates for other industries. Organic material feedstocks belong to two 

different categories; fossil fuels and biomass. During the 1800s and 1900s, coal represented the main 

feedstock for fossil fuels, especially in Europe, and it was used mainly for energy production for 

transportation and mining. In the beginning of the 20th century, thanks to the development of novel oil 

extraction technologies, oil (also known as petroleum) started to be used as feedstock, proving to be 

more efficient than coal in terms of energy production and chemical synthesis, although coal processing 

continued to experience high activity by countries that couldn’t access oil reserves (e.g. Germany). 

Thanks to oil, the chemical industry experienced tremendous development by opening new areas (e.g. 

plastics and detergents) and innovation in the pharmaceutical industry, consumer products and 

agriculture.1 As can be seen in Figure 1.1 (left), coal consumption dominated until the 1950s when 

crude oil refineries started to be established worldwide; in the 1960s oil started to become the 

dominating feedstock over coal and natural gas. While the graph shows the total consumption of each 

category of feedstock, it does not elucidate how it is consumed. Indeed, of the total fossil fuel 

production, only a small fraction is not combusted. In the US, of the total amount of fossil fuel 

production, 93 % is used to satisfy heat and power demand for industry and consumers, while only 7% 

is intended for non-combustion uses.2 

Figure 1.1 Global fossil fuel consumption from Our World in Data https://ourworldindata.org/fossil-
fuels#coal  

Fossil fuels today represent 66% of the total electricity production (the remainder is supplied 

by nuclear and renewable technologies); of this share coal contributes more than half (45 % in 2014) 

with the major producer being China with over 50% of the coal demand. For electricity production, coal 

is followed by natural gas (22%) and finally oil (4%).3 Oil contributes only a small part to the global 
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electricity production since the greatest part is used in transportation where it is burned as heat source 

to produce power for the vehicles. As can be seen in Figure 1.2, over 60% of the oil consumption is 

intended for transportation, of which a negligible part becomes electricity and, considering that 

transportation is the primary energy consuming sector by volume, oil represents the most important of 

all the energy feedstocks.  

 

Figure 1.2 Crude Oil consumption by sector in 2012 (from 
https://www.globalpetrolprices.com/articles/39/)  

The reserves remaining for the future show a different trend. Coal reserves are projected to last 

for 107 years, natural gas for 35 years and oil for 37 years4 based on current consumption trends. 

However it should also be taken into account that natural gas reserves are affected by Exploration & 

Production investment, which has increased over the years and new large reserves are constantly being 

found (e.g. ENI’s Zohr field in Egypt) and new technologies implemented (shale gas technology) 

increasing drastically the prospects for the usage of natural gas.5Even if fossil fuels have contributed to 

developing the chemical industry and reducing the price of energy and many consumer products, their 

limited reserves and the concomitant CO2 emissions have illustrated the need to seek alternative 

resources that can partially replace fossil fuels. CO2 produced from burning fossil fuels accounts for 

about three quarters of annual greenhouse emissions (GHG). Uncontrolled use of fossil fuel with the 

consequent emissions of GHG can lead to drastic and dangerous consequences. Different scenarios have 

been studied, resulting in the Paris Agreement, where a commitment has been reached to limit the 

temperature increase below 2 °C by the end of this century, with efforts being made to limit it to 1.5 

°C.6,7 Moreover, further increase in energy demand by 50% in 2050 makes both environmental issues 
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and limited resources major concerns for sustainable economic growth.8 Alternative renewable sources 

and socio-economic models need to be studied to reduce the dependency on fossil fuels. Governments 

have devised incentives for the development and implementation of new green technologies. Important 

goals have been reached in Europe where in 10 years the renewable energy production increased by 

67% accounting today for more than 30% of the total energy production, shutting down many traditional 

fossil-based power plants.9 In the transportation field, bioethanol has become one of the major players 

as a fuel blend to increase the octane number of gasoline by replacing the oil-derived methyltertbutyl 

ether (MTBE).10  
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How the chemical industry is structured and the role of 
biomass 
 

In recent years, major concerns have been directed at the energy sector and no specific directives have 

been issued for chemicals even though partial replacement can provide a huge contribution to reducing 

carbon emissions.11 The potential to expand the biomass share in the energy and chemical sector relies 

on the facile growth of lignocellulosic plants and availability of waste biomass products in agriculture 

which do not impact the food chain.12 The US Department of Energy has seen in biomass a huge 

potential in replacing transportation fuels using its agricultural and forest resources without impacting 

the food chain.13 However, the sustainability of expanding biomass production to a large volume have 

to be taken into account since drastic impacts may be felt in water consumption and biodiversity.14 

In the beginning of the 20th century, biomass was one of the main feedstocks for energy and 

chemical production. Since the mid-20th century the development of technologies for chemical 

upgrading naphtha has completely overtaken the chemistry of other feedstocks and is still the 

dominating technology today.  

The large-scale synthesis of chemicals can be depicted in the form of a tree-type diagram. Over 

80% of chemicals are produced by base chemicals (in total there are around 20) produced from raw 

materials such as oil, natural gas and coal. Some of these base chemicals are directly produced in the 

refinery as ethene, propene and butadiene as distillation products of crude oil or by integrated catalytic 

processes such as steam cracking and dehydrogenation. Others, such as synthesis gas and ammonia, 

need further chemical processing to be obtained and they are usually produced in facilities outside the 

refinery (BTX, ammonia and methanol). From these base chemicals, over 300 chemicals can be 

synthesized as intermediates and these can be used as direct consumer products (acetic acid, 

formaldehyde, ethanol, etc) or intermediates for other products (terephthalic acid, ethylene oxide, urea 

etc.). These base and intermediate chemicals cover most of the chemical market and their process 

feasibility is strictly related to the volume produced; for this reason they are called bulk chemicals. The 

intermediates are further processed to produce speciality chemicals for specific applications such as 

solvents, plastics, detergents, pharmaceuticals and insecticides. In optimising the base chemical 

production, the choice of the feedstock plays a crucial role. Originally coal was the main source to 

produce aromatic base chemicals called BTX (benzene, toluene and xylene) through pyrolysis, while 

nowadays 96% are produced from petroleum feedstocks through catalytic reforming of C5-C10 oil 

fractions since this approach is more selective and less energy intensive.15  

An approximate idea of the large variety of chemical routes used is depicted in Figure 1.3. 
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Figure 1.3 ‘Chemical tree’ for the production of bulk chemicals from fossil fuel feedstocks 

The branches in Figure 1.3 are further developed through the production of many different 

chemicals for different applications as plastics, pharmaceuticals, solvents, fertilizers, dyes and many 

others. Notwithstanding the large differentiation of chemicals, the total amount of chemical output is 

just a small percentage of the total refinery output (7%), while the rest is used as fuel for transportation. 

However, these chemicals represent a good source of revenue since they add higher value compared 

with fuels.16 

In this context, where fossil fuels dominate the chemical industry, the introduction of new 

technologies based on renewable sources is challenging in terms of process economy and volume 

production. Biomass is a good candidate to partially replace fossil fuels but the chemical routes to arrive 

at valuable products still need to be fully developed and fewer chemical routes are currently available 

for this purpose.17 However, the incentives to expand the biomass fraction in this field have increased 

recently thanks especially to the development of new technologies capable of processing lignocellulosic 

feedstocks which do not impact the food chain. The chemical processes to upgrade biomass into 

valuable products are referred to as a biorefinery.18 Here the main constituents of biomass, cellulose, 

hemicellulose and lignin are fractionated for further processing. Different technologies are 

commercially available, such as steam explosion, ammonia explosion and dilute acid pre-treatment. 

Recently ionic liquid pre-treatment technologies have proven promising for the production of cellulose 

and lignin in high purity.19 

For many years, lignin has attracted interest as a valuable potential source of BTX through 

hydrocracking which can replace the oil derived option, notwithstanding the high R&D efforts and 
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different trials performed so far, scale-up of this process has proved to be economically uncompetitive 

or inefficient due to the low theoretical yield of BTX that can be obtained from lignin.20 For this reason, 

the burning of lignin is preferred to supply energy to the biorefinery itself and sell the excess as 

electricity or use it as a feedstock in niche applications.21 

On the other hand, cellulose represents a valuable feedstock to produce liquid fuels and 

chemicals besides being itself used as polymers for a large variety of materials.22 Sugars derived from 

cellulose are key feedstocks for many chemical reactions. The production of sugars from cellulose is an 

established process and many different chemicals beyond biofuels can potentially replace 

petrochemicals.18 They represent the substrate for bioethanol production which today, thanks to 

government incentives, dominates over the ethanol derived from fossil fuels. The use of biomass 

derived feedstocks can contribute to replacing the capital and energy intensive processes of the 

refineries to convert hydrocarbons to oxygenated functionalised compounds (alcohols, aldehydes, 

carboxylic acids, etc.) since oxygenated compounds (such as sugars) are more suitable feedstocks for 

these purposes.23 Important targets were set by the EU in the Renewable Energy Directive (2009/28/EC) 

that states that ‘the European Council of March 2007 reaffirmed the Community’s commitment to the 

Community-wide development of energy from renewable sources beyond 2010’. It endorsed a 

mandatory target of a 20% share of energy from renewable sources in overall EU energy consumption 

by 2020 and ‘a mandatory 10% minimum target to be achieved by all Member States for the share of 

biofuels in transport petrol and diesel consumption by 2020, to be introduced in a cost-effective way’ 

The interest in the biofuel market was thus boosted in the EU but, while specific targets were set for 

biofuels, none was set for biobased chemicals. For these, more specific goals were set by the US 

Department of Energy, which specified that 30% of liquid fuels and 25% of organic chemicals must be 

replaced by sustainable feedstocks, however this target has been difficult to achieve. Indeed, while 

technologies to valorise biomass feedstocks into biofuels are now established, in the biobased chemicals 

field substantial investment in R&D has been made but little commercial activity exists at present. The 

Final Report for the European Commission Directorate-General Energy made by a consortium led by 

E4tech, Record and Wageningen24 identified 94 green products, ranging from chemicals to biofuels and 

polymers, that can be derived from sugars obtained from the pretreatment of sustainable biomass 

feedstocks. These can replace the majority of all oil derived chemicals and represent an energy saving 

not only in terms of CO2 emissions from the replacement of fossil fuel feedstocks, but potentially also 

in process economics since most of the chemical routes studied are biological and chemoenzymatic, 

which are less energy demanding compared to those based on petrochemical pathways. 
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Figure 1.4 Twenty-five biobased chemicals which can substitute most of the oil-derived products and 
their development status24 

Sugars that can be converted into valuable products include glucose, fructose, galactose, xylose, 

arabinose, ribose, lactose, sucrose and maltose. From the 94 products that can be obtained from these 

sugars, only 25 chemicals are selected as promising for large-scale prototype that can be tested in the 

intended environment in a pilot plant. The commercialization status of these chemicals and their 

synthesis routes are shown in Figure 1.4. These are all chemical intermediates capable of substituting a 

large variety of petrochemical products, hence referred to as green chemicals.  

In terms of commercial impact, lignocellulosic (LC) ethanol has seen major development in the 

last decade and has been considered as the only sustainable feedstock for ethanol production (replacing 

starch). 25 Large investment and subsidies have been used to increase the commercial market of this fuel 

because carbon neutrality and transportation costs can be minimised thanks to the ability of these crops 

to grow on any land.26 This has favoured the development of different technologies for pretreatment of 

biomass for the production of sugars at high yield that can be fermented into ethanol. So far steam 

explosion proved to be a valuable technology for the high yield sugar production from biomass and a 

40,000 ton/year operating plant was built in 2008 in Crescentino (Italy) .27 The development on a large 

scale of LC ethanol has permitted the spread of green ethylene and ethylene glycol obtained by the 

dehydration of ethanol,24,28 which provides the basis for the production of a large variety of chemicals 

exploiting the well-known chemical processing of ethylene and the large scale utilization of ethylene 

glycol to form polyesters. Other biochemicals produced at large scale are 1,3 propanediol and succinic 
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acid which, thanks the development of genetically modified microorganisms, they can be produced 

from sugars replacing the routes which uses fossil derived chemicals. 29,30   

While ethylene and ethylene glycol can be used to produce green polymers and intermediate 

chemicals, the substitution of BTX is much more challenging. Furan derivatives from sugar dehydration 

are a valuable option that can replace most of the oil-derived compounds. One of the main green 

compounds that in the future is expected to gain more importance is furfural. This is currently already 

commercialized on a large scale by the dehydration of hemicellulose, which is an extremely low cost 

feedstock from lignocellulosic plants.31 Another high-value molecule derived from cellulose is 5-HMF. 

Its multifunctional chemical structure has attracted much attention since it has the potential to undergo 

many reactions that can produce both chemicals and fuels.32 A depiction of the large variety of 

chemicals33,34 that can be obtained from both furfural and HMF is shown in Figure 1.5. 

 

 
 

Figure 1.5 Chemicals that can be obtained from Furfural and HMF 

 
While furfural synthesis is relatively easy, the chemical routes to arrive at 5-HMF from sugars 

still have to be fully established.35 A lot of research has been done toward this purpose, yet no processes 

have proven to be efficient enough for scale-up. The difficulty in this route lies in the thermal and 



32 

 

chemical instability of 5-HMF, which limits the process conditions. Commercial plants are still at pilot 

scale: BASF has built a pilot plant of 20 tons/year at a purity of 99.9%.24 This represents a very small 

scale compared to the actual 5-HMF potential in the market. Indeed, as an intermediate product it has 

to be commercialized on the order of 40,000-100,000 ton/year to be process efficient and actually to be 

able to compete in the market.  

The most valuable chemical compound that can be produced from furfural and HMF is 2,5-

furandicarboxylic acid (FDCA), the base monomer for the synthesis of the bioplastic polyethylene 

furanoate (PEF), and this will be discussed below.  
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PEF, a green substitute for PET 
 

Polyethylene terephthalate (PET) is one of the most popular polyester resins with major applications in 

food and beverage packaging and clothing. It accounts for about 8% of world polymer production and 

is the 4th most produced polymer. In the last 30 years, the development of technologies for the 

polymerisation of PET to obtain high molecular weight polymers allowed the expansion of this material 

in different applications especially in the beverage sector, substituting glass bottles.36 Advantages of 

PET are its low weight, low cost, low gas permeability, transparency, resistance, malleability, resistance 

to high temperature, recyclability and easy disposal (it can be burned). As such, it can be classified as 

a ‘first class’ polymer with outstanding balance between properties and cost.  

The synthesis of PET involves the polycondensation of terephthalic acid (TA) and ethylene 

glycol (EG). While today there is a gradual replacement of oil-derived EG with greener EG, the 

substitution of TA has always proved to be challenging and much research has been done in the last 20 

years to find an efficient chemical route that can be competitive.37 TA today is produced from oxidation 

of the BTX derivative p-xylene through aerobic oxidation with the Amoco Mid-Century catalyst. This 

catalytic system consists of a mixture of Mn and Co salts using acetic acid as solvent. The success of 

such a catalytic system lies in the advantages of using a homogeneous catalyst with a product which is 

easy to be separated since it is insoluble in the reaction mixture. Moreover the system proves to be 

recyclable, high yield and uses a cheap catalyst.38 The efficient synthesis of this molecule allows scale-

up to large volumes, providing a cheap starting material to produce the polymer, making its substitution 

very challenging. Recently it has been announced that a TA plant facility at Corpus Christi (US) will 

be built with a capacity of 1.2 million ton/year with an integrated PET line of 1000,000 ton/year.39  

FDCA represents one of the premier candidate to substitute TA for the synthesis of a polymer 

in the food and beverage sector. The polymerization of FDCA with EG gives PEF, a polyester with 

superior properties compared to PET in terms of gas permeability. It has been estimated that the 

substitution of PEF with PET can save up to 50% of carbon emissions related to the life cycle of PET. 

The market competitiveness of PEF is strictly related to the price of FDCA which is currently estimated 

to be over $2/Kg which is considered prohibitive compared with TA ($1-1.3/Kg).40 Moreover, no 

commercial FDCA plants exist and it is produced only in small batches since no technologies have been 

developed that can produce this molecule on a large scale. The main reason lies in the chemical 

downstream process to produce FDCA passing through the molecule 5-HMF according to Figure 1.6. 

The isolation of 5-HMF at high purity and yield has represented the limiting step for the techno-

economic feasibility of FDCA since the cost for HMF isolation and synthesis are high. In order to be 

competitive, the price of HMF should be similar to that of p-xylene ($0.9-1.1/Kg) and it is currently not 

close to that value. Avabiochem is the only company currently producing 5-HMF from fructose, 
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however, it recently announced that only unpurified HMF (88%) will be commercialised, making it 

unsuitable for conversion to FDCA.  

 

 
Figure 1.6 Chemical route to arrive at FDCA and PEF from lignocellulosic feedstocks 

In recent years, various companies have announced the development of FDCA pilot plants. 

Avantium and BASF signed a joint venture for the development of the YXY technology at a production 

of 50,000 ton/year of FDCA by 2016 and 300-500 ktons/year by 2018 at a competitive price < $1000/Kg 

from starch feedstock supplied by Cargill (Weastra 2011). However, BASF recently backed out due to 

technology issues, reducing the chances that the project will be completed.41 

A market report by consulting firm Weastra42 has shown the market potential of FDCA in the 

future and the cost targets that such a chemical has to reach to be feasible and competitive. Today the 

total production of FDCA is between 3.5-5 tons/year for a total market value of $10 million. The sample 

price for the purest FDCA is currently over $2,300/Kg, which is not feasible compared to that of 

terephthalic acid. Weastra has estimated that the total FDCA addressable market is $50.5 billion/year. 

The target price that Weastra has set for FDCA to be competitive is $1/Kg to replace all its chemical 

competitors (terephthalic acid, bisphenol A, adipic acid, phthalic anhydride). The FDCA market is 

expected to increase to 498,617 tons in 2020 with an economic value of $498 million. The PET market 

looks the most accessible for FDCA with an addressable market of $43 billion from $55 billion. Other 

potential market areas identified by Weastra are adipic acid, phthalic anhydride (used in plasticizers) 

and bisphenol A (used in polycarbonates). 

The chemical routes to produce the different chemicals in Figure 1.5 require new catalysts and 

process conditions to obtain high yields to make the process economically feasible. Challenges lie in 

the stability of furanic compounds under harsh conditions (substrate loading, high temperature, acidic 

conditions) since they are affected by side reactions such as cross polymerization forming undesired 

side products such as humins, which make the conventional petrochemical processes unsuitable for this 

purpose. In developing a new chemical process, care has to be taken to make sure that the production 
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of new chemical compounds is done in the most sustainable way with minimal impact on the 

environment. Focus must be given to the energy demand of the plant and resources required to process 

the feedstocks. In the next section, the requirements will be outlined for a process to be defined as 

‘green’ since ‘green feedstocks’ does not necessary imply ‘green products’ if not synthesized in a 

sustainable way. 
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Green Processes: a critical approach to the 12 principles of 
green chemistry 
 
Beside the use of renewable feedstock, the process economics and sustainability depend on other criteria 

that cannot be neglected if the goal is to establish a completely green process. Most importantly, safety 

is the main criteria to be considered when developing a chemical plant with consideration to both human 

health and the environment. Since a chemical plant needs to process enormous amounts of chemicals 

every year, its impact on the environment can be significant if the resources are not exploited properly 

and emissions and waste not controlled. Moreover, accidents in chemical plants can result in 

catastrophic damage leading to loss of life and environmental pollution according to the chemicals used. 

Utility consumption, solvents, recyclability, waste generation, and safety are the main factors to be 

taken into consideration in the design of a new chemical process. The American Chemical Society 

published “The 12 principles of green Chemistry”43 which represents the basis for evaluating a process: 

 

1) Prevention. In choosing the chemical route to arrive at the final product, the preferred route is 

the one that reduces the waste generated per Kg of product (E-factor). Examples of such 

principles are the pharmaceutical companies whose processes can produce up to 100 Kg of 

waste per Kg of product, raising concerns in both process economics and environmental impact. 

More sustainable chemical routes need to be considered to reduce waste disposal;  

2) Atom economy. In part related to the first principle, research should focus on finding chemical 

routes which incorporate all the reactants in one desired product, accomplishing a more 

sustainable usage of the resources, preventing waste. 

3) Less Hazardous Chemical Synthesis. The synthesis should focus on preventing hazardous 

chemicals or conditions which on a large scale can lead to harmful events. 

4) Design Safer Chemicals. Different molecules can have the same chemical function. Research 

should be oriented to those chemicals that are safer, especially with lower impact on human 

health and the environment. Toxicology of the compounds used should be strictly evaluated.  

5) Safer Solvents and Auxiliaries. The use of these should be minimized or made innocuous. 

Most organic solvents are known to be toxic and flammable and yet they account for 50-80% 

of the total mass in standard batch chemical plants.44 The use of solvents can increase the cost 

of the chemical plants by increasing the pumping and heating expenses due to higher flow rate 

and penalties due to the safety issues related to plant operation due to their flammability. 

However, they are needed for many chemical reactions to ensure high selectivity, high 

mass/heat transfer and in some case they can improve the safety of the chemical reaction by 

diluting explosive or pyrophoric compounds. Research should be oriented toward replacing 
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organic solvents with non-flammable and non-toxic solvents such as ionic liquids and deep 

eutectic solvents. This aspect will be examined later.  

6) Design for Energy Efficient processes. Work at lower temperatures if possible.  

7) Use Renewable Feedstocks. Carbon neutral feedstocks should be a priority even if 

considerations need to be made regarding their excessive exploitation. In this matter, a good 

summary is given by Cséfalvay et al.: “Resources including energy should be used at a rate at 

which they can be replaced naturally and the generation of waste cannot be faster than the rate 

of their remediation.”45 

8) Reduce Derivatives. Protecting groups and temporary modification of the physical chemical 

properties of the compound (extractive distillation) should be avoided because this 

compromises the E-factor; 

9) Catalytic routes should be prioritized. Stoichiometric reagents for some chemical reactions 

(such as oxidation and hydrogenation) can generate huge amounts of toxic waste. Alcohol 

oxidation with permanganate generates huge quantities of toxic by-products, which are difficult 

to dispose of, undermining safety and E-factor. For example, catalytic aerobic alcohol oxidation 

with a catalyst represents a superior alternative since it uses oxygen from the air and produces 

only water as a by-product; 

10) Design for Degradation. The chemical products should degrade at the end of their function. 

This concept is strictly related to biodegradability. Accumulation of chemical substances in an 

environment can cause huge damage to an ecosystem. Furan rings can be degraded much more 

easily than benzene rings and they retain most of the physical properties;  

11) Real-Time analysis for Pollution Prevention. In chemical plants, monitoring of the emissions 

and process conditions should be in place. In recent years process instrumentation has been 

developed considerably by the introduction of Digital Control Systems (DCS) in most chemical 

plants. Control of the emissions needs to always be in place in units such as incinerators to 

control unreacted chemical compounds. Strict limits are placed on the use of Volatile Organic 

Compounds (VOC). For example, dimethyl carbonate is a preferred as a solvent compared to 

ethyl acetate since it is not subjected to VOC legislation;   

12) Inherently Safer Chemistry for Accident Prevention. Chemicals should be handled in a way 

that minimises chemical accidents (fire, explosion, uncontrolled release).  

 

The application of all of these principles to a chemical process can make the environmental 

impact negligible and so they represent key features for researchers to improve or create new areas in 

the chemistry field. However, these principles have been strongly criticized by Winterton and other 

authors since they do not take into account many factors which, on a large scale, have different 

impacts.46 Further considerations around these ‘12 Principles’ are described below: 
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 According to the principles, the processes that best reflect all 12 principles are biological ones. 

Microorganisms and enzymes require water as a solvent (which is considered a green solvent), 

they work at low temperatures and they are highly selective, minimising the energy 

requirements. However, their kinetics lie far away from those of a high temperature catalytic 

process since microorganisms generally grow very slowly. Scaling up an enzymatic technology 

can result in excessive equipment costs and the need for huge amounts of land. This is a huge 

drawback considering that one of the key parameters for bulk chemicals is the throughput of 

product per m3 of reactor. Indeed, a chemical catalytic process is capable of processing over 

10,000-1000,000 m3 of feedstock per 1 m3 of reactor. This is mostly due to the high turnover 

number of metal catalysts that have been developed in the last century, where stability, activity 

and selectivity are parameters that have been largely optimised in most of the catalytic 

processes. An enzymatic process is far away from achieving these numbers and they also often 

suffer deactivation.  

 The chemical industry has evolved to place more emphasis on optimising waste and turning it 

into useful by-products, increasing the profitability of many processes and reducing costs 

associated with waste disposal. As an example, the production of acetone and phenol proved to 

be successful with the cumene process where cheap starting materials such as propylene and 

benzene with oxygen can simultaneously produce both products. On the other hand, processes 

with better atom efficiency, such as the Wacker process to produce acetone selectively can 

seem more in line with the 12 principles of green chemistry (principle 2), but this neglects the 

operational challenges of operating on a large scale such as corrosion from the catalyst, 

recyclability and profitability. 

 One of the major gaps in the 12 principles is the utility usage and how this can influence the 

environmental impact of the plant. Energy balance is a big issue. This concept has become more 

and more important over the years and different technologies have been introduced to maximise 

the heat recovery in chemical processes. An ideal reaction should be carried out at low 

temperature (principle 6) but this obscures enormous related side effects. The use of high 

temperature in chemical processes does not necessarily mean high energy expenditure. 

Irreversible exothermic reactions can be run at high temperature and recover the heat to satisfy 

the internal energy requirements as well as allowing the excess to be sold as electricity. As 

many chemical processes can work as power plants by exploiting the heat of reaction produced 

in the reactor (e.g. sulfur oxidation) to produce steam to power turbines. Moreover, high 

temperatures also mean fast kinetics, lower reactor volumes and energy savings for separations. 

 The CO2 savings from processing a carbon-neutral feedstock can be seen in different ways. 

Biomass is an abundant cheap feedstock that can potentially replace fossil fuels. However, the 

environmental impact that can result from producing such large amounts of biomass can be 
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catastrophic in terms of the amount of land, fertilizer and water needed, impacting strongly on 

the food chain and animal ecosystem. Moreover, transportation of such low energy density 

feedstocks can result in much more CO2 consumption compared with transporting the 

equivalent barrel of oil. 

 

According to these considerations, the 12 Principles are a good guide to classify a chemical 

route according to its environmental impact, but they should always be viewed in a critical way since 

they lack quantitative analysis on how toxic or how green a process is. This analysis should be supported 

by a Life Cycle Assessment (LCA) where all the stages of the product life of raw material extraction 

(oil, mining), processing, manufacturing, distribution, transport and disposal are considered. LCA 

provides a more quantitative output compared with the 12 Principles and represents a rigorous study of 

the environmental and human impact of a technology.  

Defining the sustainability of a chemical plant is a complex task since many different 

parameters need to be considered. A high level of sustainability can be achieved by improving existing 

processes or processing the same feedstock in a different way. Hence research should not only be 

focused towards chemical routes that satisfy all the 12 principles of Green Chemistry because many 

factors will be neglected, resulting in a process which will never be applicable. A great example can be 

seen in the sulfuric acid plants where a combination of catalyst design and process design allowed the 

reduction of SO2 emissions to undetectable limits, while maintaining high catalyst stability at moderate 

conditions. BASF has invested in a process to produce H2 and hydrothermal carbon from methane by 

thermal cracking using renewable energy, making a cheap fossil feedstock clean and carbon neutral 

combined with a solid carbon which can replace coal in the steel industry.47 

Much research should be focused on improving already existing processes by developing new 

catalysts, new methods to optimise separations, optimise waste disposal and usage of byproducts, and 

better study the toxicology of the compounds involved. All this is focused on a general awareness of 

the danger that chemical plants have towards the environment. 

In order to find an intermediate compromise between the 12 principles and their critics, we 

decided to reformulate the principles which define a sustainable realistic green process to allow a 

reduction in CO2 emissions and reduce the impact to humans and the environment: 

 

a) Prevention and atom economy. High atom economy and E-factor should be optimised 

on the principle of minimising operating costs (including utilities) and reducing 

environmental impacts. In case multiple products can be produced in one step, the 

preferred route is the one with best process economy. In cases where the process suffers 

from side products, these need to be characterized and valorised;  
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b)  Chemicals and reaction design. The impact of chemical compounds can be classified 

through route of exposure (inhalation, skin contact and ingestion) and toxicity. Route 

of exposure should be minimized with priority on inhalation since vapours are 

generally more challenging to remove and can harm a large area and cause more 

causalities. Toxic compounds should be converted to less harmful ones at near 

quantitative conversion or high recycling with no purges (high selectivity).  

c) Operating conditions. High yield of reaction should be prioritized even if high 

temperatures are required with the condition that heat integration can be achieved or 

heat recovered to produce other valuable products (including electricity). 

d) Feedstocks. Renewable ones are preferred if they do not exploit excessive resources 

and impact the food chain. In this matter, lignocellulosic biomass is the preferred one 

since there is a lot of waste from agriculture which currently is flared.  

e) Catalysis. As mentioned previously, the usage of microorganisms for the synthesis of 

bulk chemicals as 1,3 propanediol, succinic acid and ethanol proved to be successful 

to replace oil derivative chemicals and they can provide a sustainable economically 

affordable solution. On the other hand, isolated enzymes are more expensive which 

associated with their instability and low kinetic make the operating and capital costs of 

the plant expensive . For bulk or intermediate chemicals, (usually inorganic) chemical 

catalysts or biological path which uses microbial community are more suitable. The 

catalytic path particularly allows to maximise the throughput of product per m3 of 

process unit thanks its higher resistance to temperature, maximising the kinetic therefor 

reducing the capital costs. 

f) Design of safer chemicals. Major focus needs to be given to consumer products where 

most of the chemicals are dispersed in the environment. Chemicals in this field need to 

be safe and compatible with the waste water treatment plants. It is desired that most of 

the organic products are anaerobically digested with high solubility in water to avoid 

formation of precipitates that will form sludge in the wastewater treatment (WWT).  

g) Solvents. In addition to these concepts, a solvent should provide not only modification 

of the chemical state of the compounds but also favour the yield of the reaction and 

product purification. 

 

These are going to be the pillars upon which the following thesis will be focused. At the end of 

this chapter we will recall these principles applied to the aim of the thesis.  

One of the main compounds which defines the sustainability of a chemical plant are the 

solvents. These constitute most of the chemical mass of the plant and represent the main compound 
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which could be released into the environment; therefore, solvent choices are crucial to reducing the 

health and safety issues of a plant.  
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Solvents in the Chemical Industry 
 
Solvents are used in the chemical industry to change the physical state of a compound to favour 

chemical reactions. The most commonly used solvent in everyday life is water, the second most used 

are organic solvents. The choice of a solvent depends on many factors, some of which include the 

boiling temperature, toxicity and affinity for the compounds involved. In terms of process economics, 

organic solvents are more often used than water for different reasons, such as their lower boiling points, 

making product separation easier; a wide range of organic compounds are insoluble in water and water 

is often an undesired impurity that can lead to catalyst deactivation. The role of the solvent is manifold, 

giving high selectivity, allowing washing for product purification, safety and better handling.  

About 20 million tons per year of organic solvents are produced and they find application in all 

chemical sectors. For the pharmaceutical industry the organic solvent composition can reach up to 85% 

of the solvent mass due to the need to obtain a high purity product.44 The popularity of organic solvents 

is due mainly to their low price. Acetonitrile is a by-product of acrylonitrile production; the high demand 

of acrylonitrile and the large size of the chemical plants that make acetonitrile satisfy worldwide demand 

with only a few plants. Research into different chemical routes for the selective production of 

acetonitrile makes little economic sense. From 2008 to 2009 the shutdown of the only two chemical 

plants producing acetonitrile in China and Texas caused a worldwide shortage of acetonitrile, increasing 

its price drastically.48 However, in order to reduce the human exposure to organic solvents which can 

cause harm due to their toxicity and  flammability, much legislation has been put in place to reduce 

organic solvent emissions (Clean Air Act 1990 and European Union Solvents Emission Directive 

1999/13/EC). Their high vapour pressure makes it difficult to control their emission and strict care has 

to be taken to treat vented gas in chemical plants making sure that it remains below threshold limits. In 

the EU and US, the Volatile Organic Compound (VOC) legislation defines the maximum amount in 

ppm that can be released into the atmosphere. One of the few organic compounds which is not subject 

to this legislation is dimethyl carbonate (DMC). Its exemption from this legislation classifies it as a 

green chemical compound and it has found widespread application in the paint industry as a replacement 

for MEK, tert-butyl acetate and p-chlorobenzotrifluoride even if its exposure through inhalation at high 

concentrations can lead to the same effects as methanol poisoning.49 

The use of organic solvents in industry makes chemical processing more demanding also in terms of 

CO2 emissions since most of them are flared for energy generation after use rather than recycled since 

their recovery can be very energy intensive. In Figure 1.7, the emissions associated with the usage of 

different common organic solvents are shown.  

Health and safety are important considerations. Solvent toxicity represents a danger for humans and the 

environment since potential accidents due to release, fire and explosion can arise.,50 Indeed, over the 

years, legislation has been put in place to regulate the handling of chemical compounds. In particular, 
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the volume of flammable and toxic chemicals cannot exceed a certain amount in a chemical plant 

including storage and process flowstreams. This and many other laws are in place to avoid major 

accidents such as the ones at Basel, Flixborough, Bhopal and Seveso. Experience from these scenarios 

has led to the chemical industry exploring different solutions in order to create effective health and 

safety measures in a chemical plant.  

 

Figure 1.7 CO2 emission associated with different organic solvents. Reproduced with permission from 
ref 44. 

The implementation of new solvents in the chemical industry can lead to significant 

improvements in CO2 emissions and health and safety, however changing the solvent can lead to a 

drastic impact on the commercial viability of the process since its choice will affect the material 

selection of most of the equipment in the chemical plant. Moreover, the choice of one specific solvent 

can favour one step but penalise other steps. An example of this is the Difasol process, where the 

application of ionic liquids in a large scale process is hindered by the capital cost of the equipment.51 

A valuable procedure was proposed by Jin et al. (Figure 1.8), which identifies a useful 

methodology to evaluate the choice of solvent. The procedure uses the Kamlet-Taft parameters to 

compare the solvent properties. These are three parameters that take into account the hydrogen 

donating/acceptor and -bonding ability of the solvent with specific reference molecules. By comparing 

these parameters, the solvents with the same parameters are the best candidates to substitute another 

toxic solvent. Further studies have to be performed to identify the physical properties and toxicology of 

the solvent with the implementation of a Life Cycle Assessment.  
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Figure 1.8 Method for the selection of a solvent for a defined application proposed by Jin et al. 
Reproduced with permission from ref 44. 

Green organic solvents represent a relatively new development and strict guidelines are not yet 

available. In order to address these issues and rank the solvents based on their health and safety 

measures, many pharmaceutical companies and organisations have reported their own guidelines for 

solvent selection.52 Ethanol, acetic acid, gamma valerolactone(GVL), 2-MeTHF are considered green 

solvents since they are derived from biomass but their usage is still affected by their toxicity and 

flammability. Moreover, the associated costs for some of these solvents are still high. 

Neoteric solvents are non-organic solvents that exhibit unique physical and chemical 

proprieties that can be exploited for reactions and separations. Examples of neoteric solvents are ionic 

liquids, deep eutectic solvents and supercritical CO2. Their proprieties make them very attractive for 

implementation in chemical processes since they solve multiple problems associated with the usage of 

organic solvents, such as flammability and volatility, but careful consideration is needed for the high 

cost of these solvents, their disposal and toxicity.53 

The next section will focus on ionic liquids as valuable green solvents for the valorisation of 

biomass into FDCA and how their utilization in this field can satisfy all the criteria of a green process.  
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Ionic Liquids a Replacements for Organic Solvents for 
Biomass Valorisation 
 
Ionic liquids (IL) are chemical compounds made entirely of ions. Their asymmetric molecular structure, 

weak interactions and charge delocalization decreases their melting points below 100 °C making them 

suitable for different applications. However, this definition can be extended to all compounds which 

melt at the operating condition.  ILs are classified as protic and aprotic according to the cation chemical 

structure. The combination of cation and anion changes remarkably the chemical-physical properties of 

the ILs (stability, melting point, viscosity, hydrophilicity) making them tunable solvents and thus 

interesting for many different applications.54-56 

As salts, ionic liquids have negligible vapour pressure and are non-flammable, reducing 

drastically safety issues related to toxicity through inhalation. These properties combined with the high 

stability of these molecules at high temperatures have led to them being considered green solvents for 

many years. 

Interest in ionic liquids increased drastically when it was demonstrated that many catalyst show 

higher activity when they are used in ILs as solvents, especially those with non-coordinating anions 

such as [BF4]- and [PF6]-.51,56 These features pushed many researchers to study the toxicity of these ILs 

and this has shown that the [BF4]- and [PF6]- ions undergo hydrolysis at temperatures higher than 50°C, 

producing HF, a corrosive and lethal gas, undermining their consideration as green solvents.57 These 

ILs were replaced by those with more stable [OTf]- and [NTf2]- ions, however their applications are 

limited by their cost and the strong toxicity of the [NTf2]- anion in the environment. 

When considered today, the statement that ‘ionic liquids are green solvents'58,59  it is not true 

and so attention must be focused on a more limited class of ionic liquid that has minimum impact 

towards the environment. The most common anions and cations studied today are reported in Figure 

1.944: 

 
Figure 1.9 The most common cations and anions used for ionic liquid synthesis. 

Due to their high cost and recent concerns over toxicity60 of some of the aprotic ionic liquids, 

their application needs to be justified. A study on the biodegradability of imidazolium ionic liquids has 

shown that these salts are not biodegradable and that their toxicity is related to the length of the alkyl 
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chain.61 Different studies have shown that the toxicity of ionic liquids is higher compared with organic 

solvents respect some microbial community62 and the choice of the cation is crucial for that purpose. 

However, it is worth mentioning that the likelihood of ionic liquids entering the environment is much 

lower compared to organic solvents due to their negligible vapour pressure, making their recovery 

straightforward. In a typical petrochemical plant, the use of an organic solvent requires the addition of 

flares and catalytic burners to ensure that emissions are below the threshold established by legislation. 

In contrast, ionic liquids do not have any flammability issues and, thanks to their negligible vapour 

pressure, they do not require the addition of any extra units to dispose of vapours. However, the high 

cost associated with these solvents and their toxicity to aquatic life requires that quantitative recovery 

is achieved. In this matter, an efficient separation of the products is needed to guarantee high recovery 

and minimise the washing steps.   

It has been proven that protic ionic liquids can fractionate biomass by dissolving lignin, 

obtaining a high purity cellulose which can be used for further processing.19,63 In contrast, aprotic ionic 

liquids with halide and acetate anions can dissolve cellulose and establish chemical pathways to valorise 

it to further chemical compounds.64 Hence, they are considered very good candidates for catalyst design 

and to valorise cellulose to further chemicals. Following work by Dumesic and co-workers, which 

showed that high yields of 5-HMF can be obtained from fructose in a biphasic system consisting of 

water and an organic solvent,65 Zhao and co-workers66 reported in 2007 that high yields from glucose 

and cellulose can be obtained using ionic liquids with chloride anions as solvents, opening a new path 

to obtain 5-HMF at a potentially low cost. Moreover, quantitative yields from fructose can be achieved 

without the addition of an organic solvent. Further studies, however, have proven that isolation of HMF 

from ionic liquids is unfeasible due to the high affinity of 5-HMF for the solvent. In addition 

crystallization of 5-HMF in polar solvents is not feasible and the high boiling point and weak stability 

of 5-HMF at high temperatures are further issues.67 Various attempts have been made to isolate 5-HMF 

from ionic liquids but a consistent solution has yet to be achieved. A high yield chemical path to valorise 

5-HMF is thus yet to be exploited.  

This thesis will demonstrate that, while 5-HMF separation from ionic liquids is a limiting step, 

other compounds derived from HMF are much easier to separate, including 2,5-diformylfuran (DFF) 

and FDCA. Therefore, converting HMF directly to one of these molecules in the ionic liquid is a 

potential solution to exploit the high yield of HMF from sugars.  

It is thus necessary to establish whether the synthesis of these molecules in the ionic liquid 

represents the most sustainable way to valorise sugars into biobased chemicals compared with other 

technologies which use cheaper solvents. Current research is moving in various directions in order to 

develop new catalysts in different solvents to convert sugars and 5-HMF to DFF and FDCA. In Chapter 

5 and 6, an outline will be provided of the state of art to synthesize DFF and FDCA from sugars.  
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In the next section, an outline and motivation for this thesis will be provided. According to the 

principles of green chemistry, we have attempted to address all the points in order to develop as close 

to an ideal green process as possible which uses renewable feedstocks and processes them in a 

sustainable way.  

While most of the thesis addresses the chemistry of 5-HMF in ionic liquids, Chapter 7 is 

devoted to furfural-derived biobased surfactants. This is a promising new field, which needs to be 

developed due to the stricter legislation to which these compounds are now being subjected. This market 

is currently dominated by the linear alkylbenzene sulfonates (LAB) which are oil derivatives and have 

environmental issues due to the formulation needed for different applications. In this thesis, it will be 

demonstrated how biobased surfactants derived from furfural have the potential to solve all the issues 

related to this field. 
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How “Green” is this thesis                                                                           
The main aim of this work is to study different chemical pathways to valorise biomass-derived 

feedstocks into value added chemicals which can replace oil derivatives. Furfural and 5-HMF were 

identified as valuable intermediate compounds to replace BTX in different applications. As described 

above, FDCA is one of the best candidates to replace terephthalic acid for the synthesis of PEF, passing 

through 5-HMF derived from cellulose. Moreover, the intermediate DFF can be useful in niche 

applications for new classes of polymers or speciality chemicals. We believe that the synthesis of these 

molecules using ionic liquids as solvent through aerobic oxidation represents the most sustainable 

chemical path to produce these molecules following our green principles:  

a) Prevention and atom economy. The chemical path from sugars (Figure 1.6) produces only 

water as a side product and no toxic waste. Thanks to the high chemical stability of ILs, they 

can be recycled with high efficiency. Since DFF is an intermediate of FDCA, we demonstrated 

in Chapter 3 that these molecules are easy to fractionate when using ionic liquids as solvents, 

opening the possibility to produce multiple valuable products from the same feedstock. All the 

chemical paths involved are affected by the same side reactions which imply the formation of 

a large molecular weight product derived from side reaction with sugars or self-condensation 

of HMF called humins. Chapter 2 will focus on the characterization of humins and their 

application in metal extraction from waste water treatment (WWT). 

b) Chemicals and reaction design. Most ionic liquids are toxic when ingested, which is most 

likely to happen through spillage and dispersion into the environment. Hence there must be a 

focus on the recyclability of the solvent. For ionic liquids, this is favoured due to their high 

stability. Since they are not flammable and not volatile, they are safe for use in a chemical plant. 

c) Operating conditions. Ionic liquids give high yields of 5-HMF from sugars and cellulose, 

making them much more competitive compared with other solvents. 

d) Feedstock. Ionic liquids have proved to be extremely efficient in processing lignocellulosic 

biomass which is a cheap and sustainable feedstock.   

e) Catalysis. Homogeneous and heterogeneous catalysis will be studied for aerobic oxidation to 

valorise HMF into DFF and FDCA in the ionic liquids. Aerobic oxidation uses cheap reactants 

and produces no toxic side products, unlike other catalysts  

f) Design of safer chemicals. FDCA is the monomer to produce PEF, a green and sustainable 

bioplastic for food and beverage packaging with superior properties compared PET.  

g) Solvents. Ionic liquids can boost the yield of the reaction from sugars to 5-HMF. The 

conversion of 5-HMF in the ionic liquids into more valuable products has received less attention 

and this will be the main topic of this thesis (Chapter 5 and 6). DFF can be easily separated 

from the ionic liquids through sublimation under mild conditions, while FDCA can be separated 
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by precipitation through addition of small amounts of water (Chapter 3). Aerobic oxidation in 

ionic liquids represents the missing link for a completely sustainable green process. 

 

This thesis will also demonstrate that furfural-derived surfactants are promising substitutes for 

LAB and be made by esterification of furoic acid with fatty alcohols, leading to potential applications 

in the detergent industry. While LAB require various formulations to exhibit their detergent properties, 

it is demonstrated here that their substitution with bioderived alternatives has the potential to display 

better properties as a detergent without the need for any additional formulation. 
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Prospects 
 
In this thesis, we wish to define two main concepts which can lead to a significant contribution towards 

the valorisation of biobased chemicals from biomass. First, that ionic liquids are valuable solvents for 

the chemical valorisation of furanic compounds and furfural and 5-HMF is the main candidate for the 

substitution of a large variety of chemicals derived from BTX. 

Chapter 2 focuses on the stability of 5-HMF in ionic liquids and the characterization of the 

humins formed. The motivation for the study is related to finding the best conditions for catalyst design 

for further valorisation.  

Chapter 3 describes the most valuable compounds derived from 5-HMF which can be 

efficiently separated from ionic liquids, therefore setting the target compounds to be synthesized in 

these solvents.  

In Chapter 4, a different pathway to synthesize 5-HMF from fructose in non-coordinating ionic 

liquids is described. The advantage of synthesizing this molecule in these solvents is that it facilitates 

the separation and allows us to further valorise 5-HMF into a more valuable product since catalysis in 

non-coordinating ionic liquids has already been developed.  

Chapter 5 centres on the synthesis of DFF through homogeneous catalysis exploiting the 

findings in Chapter 4.  

Chapter 6 is devoted to catalyst design for the synthesis of FDCA in coordinating ionic liquids 

which are cheaper compared to non-coordinating ILs. 

In Chapter 7, a new category of surfactants derived from furfural are described which have the 

potential to replace LAB as well as displaying superior performance as detergents.  
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Chapter 2 Stability of 5-HMF in Ionic 
Liquids: Characterization and 
Valorisation of the Humin Side 
Products 
 

 

 

The main challenge that exists between the chemical processing of petrochemical and biomass derived 

feedstocks is the stability and reactivity of the compounds involved. In this matter, petrochemical 

feedstocks can be processed at high temperature with a catalyst capable of achieving high selectivity. 

On the contrary, biomass derived chemicals need controlled conditions since sugars and furanic 

compounds undergo a large variety of side reactions the mechanism of which are currently unknown. 

The most common side products are humins, high molecular weight water-insoluble compounds 

derived from thermal and acid degradation of sugars and HMF. Often this side product is considered 

one of the main reasons for catalyst deactivation due its high functionality which can bind to the active 

centre of the catalyst. This makes the choice of catalyst, solvent and reaction conditions crucial to 

achieve an efficient process. The focus of this chapter is to analyse the stability of HMF in different 

ionic liquids and explore the mechanisms of degradation, morphology and chemical structure of 

humins. Some ionic liquids enhance the stability of HMF while others catalyse the formation of humins. 

Focus will be placed on the ionic liquids which enhance the formation of humins and, through FT-IR, 

mass spectrometry and GPC, the mechanism of the degradation will be explored. 
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Introduction 
 
In order to carry out an efficient catalytic reaction, it is useful to analyse the stability of the compounds 

involved under the reaction conditions. The difficulties encountered in the separation of HMF from 

ionic liquids has led to much research into solutions involving the valorisation of sugars into an 

intermediate chemical product which can be easier to separate. Different studies have taken different 

paths, as in the in situ conversion of HMF into a more valuable product, such as FDCA. Studies have 

been carried out on this reaction using Ru-based catalysts in [emim][OAc], obtaining 40% yield of 

FDCA in 24 h at 140 °C,1 while Yan and co-workers used a non-noble metal catalyst based on Fe/Zr 

reaching 60% yield at 160 C in 24 h.2 Recently, Chen and co-workers used polyoxometallates at 140 

°C in 6 h to obtain 84 % yield.3 From these reported studies on the catalytic oxidation of HMF, it can 

be concluded that high temperatures are needed to perform the oxidation and, by considering that all 

are performed at very low concentrations (0.1 M) , the instability of HMF at high temperature is one of 

the key points which leads to the inefficiency of the reaction.  

All processes to valorise HMF need to consider the stability of this compound under the reaction 

conditions. Galkin and co-workers have highlighted the instability of HMF at room temperature 

according to its physical state. Since the melting point of this compound is 30-34 °C, it can exist as a 

solid or liquid metastable state. The liquid state undergoes faster degradation due to the increased self-

diffusion of the molecules and residual acidity of the reaction. For this reason, a study proposed 5-

methylfurfural as a more versatile chemical for an efficient biorefinery design.4,5 

While current theory supports the fact that ionic liquids stabilize HMF towards over-

dehydration into formic and levulinic acid, other types of side reactions arise due to the reaction of 

sugars with the HMF produced and the thermal instability of HMF at high temperatures.6–8 In both 

cases, the degradation of HMF leads to high molecular weight compounds called humins, generally 

water insoluble, which consist of a complex organic framework. As humins are considered the main 

product from glucose dehydration, methods to suppress humin formation are highly desirable. Addition 

of an organic solvent has proven to be inefficient due to the high affinity of HMF with ionic liquids and 

the low partition coefficient.9 While different reports have highlighted the instability of HMF at high 

temperatures in ionic liquids, other reports have shown that water has a beneficial effect on HMF 

stability in ionic liquids.10 A study done in DMSO by Tsilomelekis and co-workers showed that the 

solvent can interact with the carbonyl group of HMF, reducing the energy of the LUMO orbital and 

thereby reducing susceptibility to nucleophilic attack at the carbonyl group, which is considered the 

main step for its side reaction with sugars.11 In contrast, IR studies performed on the ionic liquid/HMF 

interactions showed weak interactions of the IL with the aldehyde group, while strong interaction were 

observed with the hydroxyl group.12,13 Even if not proven, it is likely that the energy of the HOMO 
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orbital of the hydroxyl group is decreased in the presence of ionic liquids, hence reducing the 

nucleophilic attack of the sugars towards the carbonyl. 

 

Figure 2.1 Reaction scheme from sugars to 5-HMF with side reactions  

Various studies have focused on characterizing the humins derived from different sugars 

dehydration processes, most of which are carried out in water. However, so far, the exact chemical 

structure and mechanism are still not completely understood. Hoang and co-workers analysed glucose-

derived humins produced under strong acidic conditions and demonstrated their applicability for syngas 

production. The authors demonstrated that humins grow as spherical particles whose morphology and 

chemical composition changes upon heating, passing from an amorphous furanic structured material to 

a benzene graphitized framework.14  

Other studies have been based only on characterization of humins formed under different 

conditions. Patil and Lund showed that two different morphologies of humins are formed by the addition 

of an acid or by thermal decomposition due to different relative amounts of functional groups 

observed.15 Acid-catalyzed humins resemble those from Hoang and co-workers as spheres which grow 

with increasing reaction time. In both cases the aldehyde group of humins is not detected by IR, 

indicating that aldol condensation is the main mechanism involved in the polymerization. A similar 

study was performed by Cheng and co-workers, which investigated the soluble fractions of humins in 

different organic solvents with LC-MS, showing that all soluble fractions have the same molecular 

structure and that solubility in water depends exclusively on molecular weight.16 

Different studies have observed that the thermal degradation of HMF in the ionic liquids is 

consistent, but this is partially suppressed when a Lewis acid is present at low temperature.10,17 The 

reason for this is unclear. At temperatures higher than 180 °C, cross polymerization between the cation 
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and the aldehyde group is reported due to the formation of a carbene after deprotonation of the C2 

position on the imidazolium ring.18 

While most of the reports studied the humins derived from acid dehydration of sugars, the work 

described here will focus on the stability of HMF in ionic liquids and the analysis of humins as side 

products of degradation. It was found that, according to its H-bonding ability and viscosity, the anion 

of the ionic liquids can trigger humin formation, influencing its morphology and chemical structure. 

Following the increasing interest in carbonaceous material for water treatment, it is demonstrated that 

humins derived from HMF are a potential carbonaceous material for the extraction of lead from waste 

water making it a potential candidate for a large variety of applications. 
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Experimental Section 
 
Materials 

All materials for ionic liquid synthesis and cold finger glassware were purchased from Sigma-Aldrich. 

Methylimidazole (99%) was distilled under reduced pressure over CaH2. Chlorobutane (99.5%) was 

distilled at atmospheric pressure over P2O5. HMF, DFF, FFCA and FDCA were obtained from 

Fluorochem.  

Synthesis Ionic Liquids 
Ionic liquid was synthesised according literature reported procedure19. [bmim]Cl was synthesized on a 

large scale (350 g). Manipulation of all chemicals was performed by cannulation under inert conditions. 

1-methylimidazole (164.2 g, 2 mol) was transferred to a three neck flask equipped with an air condenser 

followed by the addition of acetonitrile (100 mL). The mixture was heated at 60 °C under stirring and 

1-chlorobutane (203.7 g, 2.2 mol, 1.1 eq) was then added dropwise using a dropping funnel. The 

reaction mixture was heated for 3 days at 70 °C. Complete consumption of 1-methylimidazole was 

confirmed by 1H NMR spectroscopy. [bmim]Cl was precipitated by gradual addition of ethyl acetate at 

3 °C. The resultant white crystals were washed under inert conditions with portions of ethyl acetate (2 

L in total), dried under vacuum and stored in a glovebox. NMR spectra agreed with those reported in 

literature.19 

[bmim]Br was synthesized by the same procedure using bromobutane and [bmpyr]Cl was 

prepared in the same way using N-methylpyrrolidine. 

For the synthesis of [bmim][OTf], [bmim][NTf2] and [bmpyr][NTf2], [bmim]Cl (30 g, 0.17 

mol) was dissolved in water (100 mL) and Li[OTf] (30 g, 0.179 mol, 1.1 eq) was dissolved in water (50 

mL). The lithium triflate solution was added dropwise to the chloride solution under vigorous stirring 

and the reaction left overnight. The product was extracted from aqueous solution using a total of 800 

mL dichloromethane. The organic extracts were washed repeatedly with water (5 mL) until the silver 

nitrate test revealed no halide ions (5-6 washes). The organic phase was dried with magnesium sulfate 

and then evaporated to dryness under reduced pressure. The ionic liquid, [bmim][OTf] was further dried 

under reduced pressure overnight at 60 °C (final yield: 47 g, 96%) and handled thereafter under an inert 

atmosphere. [bmim][NTf2] was synthesized by the same procedure using Li[NTf2] and [bmpyr]NTf2 

was prepared by the same method using [bmpyr]Cl and Li[NTf2]. 

NMR spectra of [bmim]Br, [bmpyr]Cl,  [bmim][OTf] and [bmim][NTf2] were in agreement with 

literature ones.20-23 
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Stability test of furanic compounds in the ionic liquids 
The mixture of ionic liquids and furanic compound (HMF, methyl furfuryl alcohol, HMFCA, furfuryl 

alcohol) was prepared in large batches. Ionic liquids and HMF were mixed at the desired mass ratio 

(1:10) followed by addition of a known amount of organic solvent which solubilized both HMF and the 

ionic liquid. For this purpose, dichloromethane was chosen for [bmim]Cl, [bmim]Br, [bmim][NTf2] and 

[bmim][OTf] while methanol was selected for [bmim]HSO4 (insoluble in dichloromethane). Aliquots 

of samples were placed in a 3 mL vial followed by complete solvent removal under vacuum (overnight). 

This was achieved by closing the vials with a rubber septum, purged with a needle and placed in a flask 

connected to a vacuum pump through a Schlenk line. The flask was left under vacuum overnight to 

ensure that all the organic solvent (DCM or methanol) is removed.  The reaction was started by placing 

the vials on a preheated heating plate and left for the desired time. The reaction was then quenched with 

3 ml of water, filtered and residual HMF measured by chromatography.  

In a typical experiment the batch solution was prepared by mixing 1 g of HMF, 10 g of ionic liquid and 

10 g of DCM. The mixture was stirred in a vortex mixer until a homogenous solution was formed.  

Approximately 630 mg of solution were placed in a 3 ml vial. After capping the vial with a rubber 

septum and purged with a syringe it was placed connected to the Schlenk line through a flask and left 

it under vacuum overnight. The reaction was started by adding a stirrer bar and placed on the preheated 

heating block and left it to the desired time under stirring (300 rpm). Degradation was calculated 

according the following formula: 

ᾀ =
ὅ ὅ
ὅ

 

Where C is the concentration and the subscript i and f stands for initial and final. 

Each experiment was repeated multiple times (3-8 times) due to the poor replicability of the system 

especially for value of degradation less than 30 % which standard deviation could be more than 50 %. 

On the other hand, when the values of degradation are high (>50 %) the repeat were consistent with 

low standard deviation (<10 %) 

Quantification for HMF, furfuryl alcohol and methyl furfuryl alcohol was performed using a Shimadzu 

Prominence preparative HPLC (Shimadzu, Kyoto, Japan) with refractive index and ultraviolet (UV) 

detectors. The instrument was equipped with C18 Agilent reversed phase column using methanol/water 

(1:9) as the mobile phase with a flow rate of 0.6 ml/min at 40 °C.  

For the quantification of HMFCA, the same instrument was used but an Aminex HPX-87H column 

using a 0.005 M H2SO4 as the mobile phase at 55 °C.  

Synthesis of Humins 
HMF and ionic liquids were mixed at a 1:3 ratio (by mass). Typically, 1 g of HMF was mixed with 3 g 

of ionic liquid in a 30 mL vial and placed on a preheated heating block at the desired time. 10 ml of 
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water was added to quench the reaction and precipitate the humins which was separated by 

centrifugation and washed with water (about 1 L) until the liquid phase turned clear. When [bmim]HSO4 

was used, the humins was washed until neutral pH of the washing solution was reached. The humins 

were then dried in the oven at 60 °C overnight (Figure 2.2). Characterization was performed by SEM, 

GPC, FT-IR (Agilent Cary) and mass spectroscopy.   

 

Figure 2.2 Scheme of humins production in ionic liquid 

For GPC analysis, samples were prepared by dissolving 20 mg of humins in 1 mL GPC grade DMSO 

containing LiBr (1 g·L−1) and filtered through a 0.2 µm syringe filter. GPC measurements were 

performed using an Agilent 1260 Infinity instrument equipped with a Viscotek column set (AGuard, 

A6000 M and A3000 M) and using GPC grade DMSO used as eluent at a flow rate of 0.4 mL·min−1 at 

60 °C. The Agilent 1260 Infinity RID detector was used for detection. Calibration of the instrument 

was conducted using 10 pullulan standards (Agilent calibration kit, 180 < Mp < 780 000). 

Mass spectroscopy was performed with a Waters LCT Premier (ES-ToF)/Acquity i-Class by Dr. Lisa 

Haigh in the Department of Chemistry (White City).   

For particle sizes, the solid was dispersed in water and light scattering was performed using a 

Malvaren Mastersizer. 

 

Metal Extraction  
A mother solution of lead nitrate (100 ppm) was prepared by dilution of an ICP standard solution (1000 

ppm) at pH 2. Then the pH was corrected at 4 with a solution of 0.1 M of NaOH. In a typical experiment, 

5 mg of humins (or activated carbon) was mixed with 5 ml of lead solution in a 10 ml vial and mixed 

overnight (12 h) in a vortex mixer. At the end of the reaction the solid was removed with a 0.2 um filter 

and diluted by a factor of 100 for ICP analysis to determine the concentration of residual metal. The 

extraction efficiency is defined as:  

ώ =
ὼ ὼ
ὼ

 

Where y is the extraction efficiency, x referred to the initial (i) and final (f) concentration.  

The experiments were executed in triplicate.  

5-HMF
Ionic liquid

Heat Precipitation Filtration

IL recovery

Wash Dry

Humins
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Results and Discussions 
 
Stability of HMF in the ionic liquids 

An initial study focused on analysing the stability of HMF in different ionic liquids at different 

temperatures by measuring the degree of degradation. This was related to the chemical propriety of the 

ionic liquids which can be summarized according their hydrogen bond ability and polarizability. These 

properties can be tuned by varying the cation and anion. Imidazolium ionic liquids were analysed with 

different anions according to their H-bond ability and hydrophobicity. The H-bond ability varies in the 

order Cl > Br > [HSO4] > [OTf] > [NTf2].13 

Temperature and time effects on HMF degradation are reported in Figure 2.3. No substantial 

degradation was observed after 9 h in all the ionic liquids tested at temperature below 100 °C. The ILs 

with coordinating anions Cl- and Br- exhibit similar degradation until 120 °C, after which the chloride 

shows the greatest degradation while the Br- anion seems to provide a protective effect to the HMF, 

limiting the degradation to below 50% at high temperature. Surprisingly, the non-coordinating ionic 

liquid anions [OTf]- and [NTf2]- exhibit different trends. The hydrophobic nature of [bmim][NTf2] 

seems to guarantee remarkable stability at low temperature, while degradation starts to become evident 

at 120 °C and remains constant at about 40% until 160 °C. This unusual behaviour, reflected in both 

temperature and kinetic analysis, could be traced to two different effects. Due the hydrophobicity of the 

solvent and the water generated by the HMF degradation, a second water phase can be formed during 

the reaction which partially removes HMF from the ionic liquid and reduces the actual temperature in 

the mixture due to the boiling effect. This was evident by looking at the top of the reaction vial where 

reflux was clearly observed. It was concluded that hydrophobicity has a beneficial effect on HMF 

stability especially at low temperatures (< 100 °C). A different trend was observed for the [OTf]- anion, 

which showed a completely different trend. While the degradation was low until 120 °C, it increased 

drastically at 140 °C, reaching close to full degradation at 160 °C. Since this solvent is hydrophilic, the 

water generated during degradation exhibits a protective effect until 120 °C (HMF shows higher 

stability in [bmim][OTf]/water mixtures7); at higher temperatures the water evaporates, speeding up the 

degradation. In this case, since water and [bmim][OTf] are completely miscible, there could be an 

increase in the boiling point of the water, allowing the temperature in the system to rise, contrary to 

what was observed for [bmim][NTf2]. A greater degree of degradation was observed for 

[bmim][HSO4],exhibiting full conversion at temperatures higher than 120 °C, indicating HMF 

degradation is catalysed under acidic conditions.  
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Figure 2.3 Effect of temperature (9 h) and time (160 °C) on HMF degradation in different ionic liquids 
(10 % loading respect the solvent) 

According to the results presented so far, [OTf]- and Cl- ionic liquids exhibit the highest 

degradation at higher temperatures; in this manner the anions used represent two different extremes in 

coordination ability, where Cl- exhibits the highest H-bond accepting strength while [OTf]- is neutral, 

suggesting that an optimum H-bond strength exists to stabilize HMF since the Br, which have an 

intermediate bonding, exhibits the lowest degradation . In a second study, the effect of the cation was 

evaluated using [bmpyr][OTf] but the degradation observed was the same as [bmim][OTf], suggesting 

that the cation has less influence to the rate of degradation of HMF compared the anion. This is further 

suggested by FT-IR analysis reported in Wang and co-workers12 and is confirmed with further analysis 

in the next chapter,13 which shows that cations do not have strong interactions with HMF. 

In order to start the investigation of the degradation mechanism, different furanic compounds 

were tested by varying the substituent on the furan ring, increasing the electron donating effect. For this 

reason, the aldehyde group of HMF was substituted with different substituents with a range of electron 

withdrawing abilities. The analysis in Table 2.1 is consistent with the postulate that the hydroxyl group 

is the main reason for the instability of the compound and a substituent with electron donating ability 

accelerates the degradation by activating the hydroxyl group towards side reactions. The destabilization 

is partially protected by Cl- anions which coordinate with the hydroxyl group. In contrast, electron-

withdrawing groups such as COOH strongly stabilize the compounds, leading to negligible degradation. 

In the next section the mechanism of degradation will be discussed by analysing the humin structures 

produced in different ionic liquids.   
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Table 2.1 Degradation of different furanic compounds in different [OTf]- and Cl- ionic liquids at 120 
°C (6 h) 

 Degradation OTf Degradation Cl 
Me- 100.0 98.8 
H- 60.8 30.8 

O=C- 37 15.4 
HOOC- 2.8 2.3 

 

Characterization of humins 

The main side products of HMF degradation are classified as humins. Different studies were conducted 

on humin structures and it has been demonstrated that different morphologies and chemical structures 

are observed with different media, catalyst and feedstock used. Understating of the humins’ chemical 

structure is an important feature needed to deduce the mechanism of degradation and the potential to 

use this byproduct as a value-added material. In this work, humins were synthesized in [bmim]Cl, 

[bmpyr][OTf], [bmim][OTf] and [bmim][HSO4] at 160 °C then separated through water addition and 

washed extensively with water and ethanol. Surprisingly, no humins were formed in [bmim]Cl even 

when substantial degradation was observed according to Figure 2.3. This suggests that degradation of 

HMF in this solvent occurs through the formation of water-soluble oligomers whose further 

polymerization is inhibited by the Cl- anions. On the contrary, large amounts of humins (30% compared 

to HMF) were collected from the other ionic liquids and analysed by FT-IR (Figure 2.4). The humins 

recovered from the ionic liquids [bmim][OTf] and [bmpyr][OTf] showed the same IR spectra, 

confirming that the degradation obeys the same mechanism. In order to gain more information on the 

structure and gain more insights on which functional groups are reacting, the IR spectra of the humins 

was compared with the substrate HMF to see which peaks undergo to change. The peaks of HMF was 

assigned based on the computational study done by Tsilomelekis and co-workers.11  

Compared to the HMF spectra, it can be deduced that the furanic structure of HMF remains intact, while 

the absorption at 3392 cm-1 related to the disappearance of the hydroxy group, indicating that the 

degradation proceeds through reaction of the hydroxyl group while the aldehyde peak at 1665 cm-1 

remains unaffected with a slight shift of the aromatic C=C stretching at 1519 cm-1.24 In contrast, humins 

recovered from the [HSO4]- ionic liquid exhibit completely different spectra compared to HMF where 

the structure in the furanic regions below 1665 cm-1 is completely altered, while the hydroxyl group is 

transformed into a broad peak typical of a carboxylic acid signal. In this case, a different mechanism of 

degradation is involved where aldehyde groups and furan rings undergo side reactions. Ring opening 

of the furan is a potential mechanism that could explain this observation.  

 

 



66 

 

 

Table 2.2 HMF assignments of the IR spectra peaks based on study reported in litterature.11 

Absorption (cm-1) Assignment 

3392 O1-H1 stretch 

3121 - 2925 CH2  sym/asym stretches 

2835 C6-H6 stretch 

1665 C6=O2 stretch 

1519 C2=C3/ C4=C5 stretches 

1396 – 1369 C6-H6 rocking, sp3 C-H wagging 

1336 O1-H1 twisting 

1277 - 1188 Multiple rocking and C4-C5-C6 bending 

1070 C1-O1 stretch 

1017 C3-H4 /C4-H5  scissoring 

985 C6-H6 rocking out of plane 

964 C2-O3-C5 symmetric stretch 

941 sp3 C-H  and O1-H1 rocking 

805 – 767 C3-H4 /C4-H5  twisting and wagging 
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Figure 2.4 FT-IR spectra of humins produced in different ionic liquids compared to the HMF spectra 

In order to study the decomposition mechanism in both solvents in more depth, different 

strategies were adopted. For the humins formed in [bmim][OTF], following the observation that the 

residue recovered from washing exhibits the same FT-IR spectra as the high molecular weight humins, 

it was decided to extract this residue with THF to be able to perform mass spectrometry analysis and 

characterise the repeat unit. The FT-IR spectra of the THF soluble fraction are reported in Figure 2.5 

with comparison to those for the high molecular weight humins. The peaks in both spectra exhibit 

negligible shifts, indicating that the structure of both compounds is similar.  
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Figure 2.5 FT-IR spectra of humins from [bmim][OTf] degradation and monomeric units isolated from 
the THF soluble fraction 

For the monomeric unit, mass spectrometry analysis indicates a value of m/z 467. Based on this 

mass, a possible structure was elaborated with a mechanism. From FT-IR data it was concluded that the 

furanic structure is retained and so the mass is equivalent to 4 furanic rings which are interconnected 

by units that are not derived from ring opening but result from condensation of the hydroxyl groups 

(absence of this signal in the FT-IR). It has already been proposed by Sumerskii and co-workers25 that 

furan rings can be interconnected by acetals which involves condensation of two hydroxyl groups with 

an aldehyde. This is further confirmed by the peaks between 1000-1200 cm-1 in Figure 2.4 and Figure 

2.5, which are characteristic of acetal signals. While Sumerskii proposed an acid catalysed reaction, the 

high temperatures used in this reaction speed up the kinetics, requiring no catalyst. However longer 

reaction times were still required since at 3 and 6 hours no humin formation was observed. A structure 

was thus elaborated with a mechanism and reported in Figure 2.6. 
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Figure 2.6 Proposed mechanism of HMF degradation in [OTf]- ionic liquids. Readapted from study in 
literature.25 

In the mechanism, one aldehyde group condenses to form an acetal with two hydroxy groups, 

while the residual hydroxyl group is condensed with another HMF molecule. This mechanism can 

propagate to form higher molecular weights by condensing other HMF molecules. In this way, the 

structure has no hydroxyl group and correlates well to the features in the FT-IR spectra obtained.  

The mass matches the mass spectra with an error of 0.038%, which is in line with the 

requirements of most scientific journals (e.g., ChemSusChem < 0.4%). From these results, it can be 

concluded that the structure depicted in Figure 2.6 is a monomeric unit of the humins formed in the 

non-coordinating ionic liquids with [OTf]- anions. 

In contrast, the humins formed by the acidic [bmim][HSO4] ionic liquid proved to have a more 

complex structure. The peaks relative to the aldehyde and furan ring in the IR spectra at low frequency 

had decreased in intensity, probably due to the breakdown of the furanic structure in favour of other 

types of reactions. Titrici and co-workers have already demonstrated that sugars undergo decomposition 

to graphene like material at high temperatures in the ionic liquid [bmim][FeCl4].26,27 The consumption 

of the aldehyde group of HMF under acidic conditions was demonstrated by Patil and co-workers, who 

proposed an intermediate 2,5-dioxo-6-hydroxy-hexanal (DHH) to explain such behaviour.15 However, 

no spectroscopic evidence was reported for DHH to prove its existence and recently Shen and co-

workers claimed that HMF can react with levulinic acid and formic acid through aldol condensation. 
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This contradicts observations from previous studies which suggested that levulinic and formic acid are 

accumulated in the system and do not participate in humin formation.15,28,29 The presence of a strong 

carboxylic acid signal in the IR spectra of the humins formed in [bmim][HSO4] indicates that the nature 

of these side reactions is ring opening. The furan can be converted to a benzene ring which can further 

be interconnected through an aldol condensation of the open form of the furan ring. The formation of 

benzene rings is further supported by Raman spectra analysis which exhibits the G and D bands typical 

of graphitized material. In contrast, humins from ionic liquids with triflate ions proved to be inactive, 

indicating that benzene rings are not formed in this type of structure. In this case, a lower molecular 

weight unit could not be isolated, so mass spectrometry analysis was not possible.  

The change of the humin structure from furanic to benzene was proposed by Luiks and co-

workers,30 in which 1,2,4-benzenetriol was isolated at high yield from HMF treated at high temperature 

(400 °C) under acidic conditions in water. The authors proposed a mechanism based on ring opening 

with an intermediate which undergoes cycloaddition. In our study, the benzenetriol can represent the 

starting molecule for further polymerization reactions, but evidence for this is still lacking. Studies by 

others have shown that the transition from furan-rich structures to graphitized structures upon heating 

at high temperature (>700 °C) for gasification purposes, leads to the detection of aromatic compounds 

by GC-MS. Solid state 13C NMR analysis by Hoang and co-workers14 showed that carboxylic and 

ketone groups disappeared upon heating at high temperature due to decarboxylation, while the C=C 

signal increased sharply, indicating an increase in aromatization of the solid.  

A different structure was observed with fructose as a starting material and using HCl as catalyst. As can 

be seen in Figure 2.7, the strong signal associated with the hydroxyl group indicates that most of the 

fructose functionalities are retained and complete dehydration of the OH groups is not achieved. A 6 h 

reaction time allowed the isolation of the side product through condensation of HMF and an 

intermediate from fructose dehydration 

Figure 2.7 IR Spectra of humins formed by acid-catalysed dehydration of fructose and the proposed 
repeating unit of the humins 
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. This could be representative of a repeating unit of the humins formed. Further discussion and details 

of the mechanism will be provided in the next chapter. 

Morphology and molecular weight analysis 
Besides influencing the molecular structure, the reaction medium influences the morphology and the 

molecular weight of the humins formed. In Figure 2.8 the SEM images recorded for different humins 

formed in different ionic liquids are displayed. The cation did not influence the chemical structure of 

the solid, but SEM analysis proves that it does influence the morphology. The humins formed in 

[bmim][OTf] exhibited larger particles compared to those formed in [bmpyr][OTf] due to the lower 

viscosity which favours particle growth due to the higher diffusion of the oligomers formed in the liquid 

phase, which can further react increasing the molecular weight. In contrast, the higher viscosity of the 

[bmpyr] salt disfavours the condensation of the particles, creating a flakes of nanostructured material. 

The acid catalyst [bmpyr][HSO4] showed similar behaviour, with fructose-derived humins forming 

nanoparticles.  

 

Figure 2.8 SEM of humins formed in different ionic liquids after 9 h at 160 °C. a) [bmim][OTf]; b) 
[bmpyr][OTf]; c) [bmim][HSO4]; d) dehydration of fructose in [bmim][OTf] with 10 % HCl. 
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Insights can be deduced by analysing the molecular weight and particle sizes of the solids. The 

particle size measurement using the Mastersizer instrument was performed only for the humins formed 

from [bmpyr][OTf] since the analysis requires a large amount of sample and these humins represent the 

most interesting structures for the small particle dimensions obtained. The humins obtained from 

[bmim][HSO4] could not be analysed as the particles could not be dispersed in the water phase, instead 

precipitating on the bottom of the instrument. Figure 2.9 reports the particle size distribution of these 

humins, giving an average size of 37 m with a broad distribution in the nanoparticle range. This 

indicates that agglomeration exists as the SEM images show that most of the particles are on the nm 

scale.  

 

Figure 2.9 Particle size distribution for the humins formed in the ionic liquid [bmpyr][OTf]. 

Further studies were performed by analysing the molecular weight of the humins by GPC in Figure 

2.10. The humins from the [OTf]- ionic liquids exhibited two peaks at low and high molecular weight. 

While the low molecular weight feature has a sharp peak, its value is not completely reliable since it is 

below the calibration curve; however these are representative of water insoluble oligomers with low 

molecular weights. A time course analysis of the reaction reported in  

Figure 2.10 (right) shows that these low molecular weight peaks decrease in intensity in favour of the 

high molecular weight peak. Indeed, by increasing the reaction time the molecular weight of the humins 

increases two-fold with higher polydispersity being observed as well as a decrease of the peak at lower 

molecular weight. This indicates that one possible mechanism for humin growth lies in the 

agglomeration of oligomers rather than direct addition of HMF to the polymer matrix. This is further 

confirmed by the FT-IR spectra presented in Figure 2.5, indicating that the humins are growing with 

the same repeating unit depicted in Figure 2.6. In contrast, no peaks in the low molecular weight region 

were observed for humins produced in [HSO4]- ionic liquids and in [bmim][OTf] from fructose. In case 

of [HSO4]-, the high yield of humins suggests that the degradation was achieved much faster hence a 

direct conclusion cannot be made. In the case of fructose, the low yield of humins obtained indicates 

  Particle Size Distribution

 0.01  0.1  1  10  100  1000  3000 
Particle Size (µm)

0 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 

Vo
lu

m
e 

(%
)

BmpyrOtf 9h, 12 July 2019 15:30:39



73 

 

that the polymer is growing from agglomeration of water-soluble compounds, hence a mechanism of 

growth by fructose addition to the polymer matrix is more plausible.  

Figure 2.10 Molecular weight distribution of humins produced in different ionic liquids. 

Application of humins in metal extraction from waste water 
Metal removal from waste water has always represented an important topic for sustainable water use 

with regulations becoming stricter with time. In this matter, the concentration of heavy metals in the 

waste water needs to be reduced to ppb levels. Here, the challenge lies on designing an adsorbent with 

high absorption capacity which can remove the metals efficiently but at the same time being cost 

efficient. Solid absorbents are preferred over liquids since they are easier to implement in wastewater 

treatment (WWT) plants and simplify the phase separation greatly.31 Metals are leached into the water 

phase in the form of ionic salts, hence polar surfaces represent a suitable medium for adsorption of 

metals. More specifically, functionalized surfaces which can chelate the metals can enhance the 

adsorption capability. So far, activated carbon has proved to be efficient for this purpose due to its low 

cost and good adsorption performance. However, the need to achieve high levels of removal have led 

to much research aimed at developing functionalized materials which can further enhance the 

adsorption. According to the structure proposed for the humins in the previous paragraph, this material 

can represent a superior adsorbent for metal removal since furans are more polar compared to benzene 

rings (representative of carbon materials) and the high oxygen content leads to highly functionalized 

groups which can potentially chelate the metal. In the following analysis some preliminary results are 

presented for the removal of lead using humins produced from the thermal degradation of HMF in ionic 

liquids. In Table 2.3 are the results for humins produced from [OTf]- and [HSO4]- ionic liquids compared 

to commercial activated carbon (Sigma-Aldrich). Surprisingly, activated carbon performed better than 

the humins produced in [OTf]- ionic liquids, which is probably due to the fact that benzene rings interact 

better than furan rings with metals through - stacking. This is further confirmed by the experiment 

with humins produced from [HSO4]- ionic liquids, since a graphitized structure was observed by Raman 
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spectroscopy. This humin exhibits better performance in the extraction at low solid loading, combining 

both the benefits of having benzene rings in the structure with highly functionalized groups derived 

from the ring opening of the furans.  

It can be concluded that humins produced in [bmim][HSO4]- represent a potentially valuable 

adsorbent for metal removal from waste water treatment, exhibiting superior properties compared with 

the activated carbon tested and double the extraction efficiency.  

Table 2.3 Extraction of Pb (100 ppm) from water with humins. Conditions: 20 °C, 0.1 % humins loading 
respect the solvent, pH 4.  

Humins from Yield of extraction (%) 
[bmim][OTf] 14 ± 3.2 

[bmim][HSO4] 42 ± 5.5 
Activated Carbon 19 ± 3.3 
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Conclusions 
 
HMF exhibits instability in ionic liquids, producing different types of water-insoluble humins. The 

cation of the ionic liquid was found to influence the morphology of the humins and not the chemical 

structure. Using [bmim]Cl as solvent, the degradation of HMF is extensive but no humins were formed, 

indicating that the degradation is limited to small molecular weight oligomers. Bromide anion, which 

are weaker H-bond acceptors, provides a higher level of stability. 

On the contrary, in the non-coordinating ionic liquid [bmim][OTf], HMF form large amounts 

of humins. A combined analysis of mass spectrometry and FT-IR demonstrated that the repeating unit 

is formed of furanic rings connected by acetals. In this case a mechanism was proposed.   

Using ionic liquids with [HSO4]- anions, the humins produced have carboxylic acid groups with 

a graphitized structure, suggesting ring opening followed by cycloaddition. A mechanism for this 

process was not proposed and further analysis is needed in order to understand which functional groups 

are involved. 

Analysis of the molecular weight with GPC indicates that humins formed from [bmim][OTf] 

grow with a mechanism of oligomer agglomeration while humins from [HSO4]- or fructose dehydration 

involve direct molecular agglomeration of HMF or fructose into the polymer matrix. 
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Chapter 3 Ionic Liquid as Green 
Solvents for the Separation of Sugar-
derived Furanic Compounds 
 

 

 

The synthesis of the platform chemical 5-hydroxymethylfurfural (HMF) from sugars and its conversion 

to higher value products have been a key area of recent research. This has led to the development of a 

wide range of catalytic systems for this purpose. In particular, there has been a focus on the synthesis 

of 2,5-diformylfuran (DFF) and 2,5-furandicarboxylic acid (FDCA) from sugars, passing through HMF 

as an intermediate. FDCA is attracting attention as it is the key monomer needed to make the bioderived 

plastic PEF, a sought-after substitute for PET in packaging applications. The synthesis of HMF has 

proven very efficient in ionic liquids but the process is limited by the high cost in isolating the final 

product. Efforts to avoid the need to isolate HMF have been driven by the instability of the compound 

and the difficulties in its separation from the ionic liquid medium. This has led to the catalytic generation 

of products, such as DFF, FFCA (5-Formyl-2-furancarboxylic acid) and FDCA via HMF. While the 

focus has rested firmly on the development of catalytic routes to these products, much less attention has 

been paid to the separation of these compounds from the ionic liquid solvent medium. Ionic liquids are 

widely used as highly effective solvents for the pre-treatment of biomass and the breakdown of sugars, 

making use of their stability, negligible volatility and potential for recycling. Despite this, the 

production of DFF and FDCA in ionic liquid media has been hampered by the lack of information on 

the separation of these compounds. Perhaps due to this, much research has been done in DMSO (high 

bp, flammable) to produce FDCA or DFF from fructose and Srinivasan and co-workers addressed the 
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issue of separation recently1, quantifying the anti-solvent needed for the precipitation of these 

compounds from DMSO. Inspired by this study, the following chapter provides a detailed study on the 

separation of HMF, FDCA, FFCA and DFF from ionic liquids. By exploiting the chemical and physical 

tunability of the ionic liquids, we were able to achieve very effective separation of these compounds 

from the medium. In particular, we show that DFF can be separated with high efficiency and high purity 

from the ionic liquids by sublimation at low temperature. For the first time, we demonstrate that the 

sublimation properties of DFF are retained even in solution. While so far DFF has played a marginal 

role compared FDCA (it is far less studied), the highly efficient separation of this compound from ionic 

liquids can make it a new interesting sugar-derived platform chemical.  

     The separation of FDCA and FFCA was performed by adding water as anti-solvent and an energy 

analysis using Aspen2 was used to calculate the conditions needed for removal of water to allow 

recycling of the ionic liquid for further catalytic cycles. It was discovered that the amount of water that 

needs to be added to ionic liquids in order to separate FDCA is lower than that required when using 

DMSO. This represents a valuable energy saving and reduced water consumption, which are important 

factors for potential scale-up of the process.  

     Furthermore, we analysed the solvent extraction of HMF from hydrophobic ammonium-based ionic 

liquids. Using ammonium salts has the advantage that water can be used as the extracting phase, 

favouring the partitioning due to the well-known affinity of HMF for water. In this context, ionic liquids 

with non-coordinating anions (such as bis(trifluoromethylsulfonyl) imide) proved to be the best solvents 

for the combined synthesis and extraction of HMF. 

 

The following work was published in the journal ACS Sustainable Chemistry and Engineering 3. 
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Introduction 
 
In order to develop an efficient chemical process, different chemical and engineering aspects must be 

strictly evaluated. While the optimization of the reaction yield with catalyst design and optimization of 

reaction parameters represents a priority and a milestone for the scale-up of a process, separation 

represents another fundamental issue which can establish the competitiveness of a technology. Indeed, 

separation can impact drastically the capital and operating cost of a chemical plant and its optimization 

it is crucial to obtain a process with low energy input and high yield. The process engineer needs to 

adopt the most convenient choice in terms of units (distillation, liquid-liquid/gas extraction, membranes, 

adsorption) and configuration. On the other hand, different reaction pathways can be used to favour the 

separation. The choice of the solvent will have the main impact on the separation, especially in cases 

where diluted conditions are used. Toxicity and boiling point will strongly influence the disposal 

procedure, recycling, selectivity and separation units.  

The extensive research carried out in the last 15 years aimed at the efficient synthesis of 5-HMF 

from sugars has shown that separations represent the main issue for the commercialization at large scale 

of this molecule.4 The high boiling point of this substance, instability at high temperature and room 

temperature melting point makes the separation and purification of this compound very tedious and 

inefficient. Due to the instability of 5-HMF at high temperatures and side reactions with the sugars 

under catalytic conditions, low concentrations of substrates are needed to guarantee high yields, hence 

the solvent choice plays a key role in the feasibility of the process in terms of process economics and 

sustainability, since it will inevitably represent the main component of the system. Water, DMSO and 

ionic liquids have proved so far to be the best candidates for a high yield of product, each with 

advantages and disadvantages.5,6 Water, which is considered by many reports the greenest solvent 

(price, abundancy and disposal), has proven to be inefficient without the addition of an organic solvent, 

which is needed to partially suppress the side reaction by partial extraction of 5-HMF from the reaction 

mixture.7 This system will not be completely green because of the use of an organic solvent, even if the 

low cost of catalysts and solvents have attracted the interest for scale-up from AVA Biochem, which is 

now operating a pilot plant which produces 5-HMF from fructose. The synthesis of 5-HMF using water 

as a medium allows for easy isolation of the product due to the favourable water/organic partition 

coefficient.8 However, using water as solvent does not allow one to obtain 5-HMF from glucose or 

cellulose in one-pot, which represents a cheaper and more sustainable solution. For this purpose, DMSO 

and ionic liquids have proved to be superior solvents and many reports have reported high yields of 5-

HMF but with the drawback that the separation of HMF is not feasible. Regarding ionic liquids, 

extraction with organic solvents (such as ethyl acetate or diethyl ether) is regularly used but the partition 

coefficient is unfavourable, necessitating excessive washing.9 Moreover, the use of organic solvents 

during product recovery undermines some of the benefits of using ILs such as flammability, volatility 
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and toxicity, the same issues the use of an ionic liquid was meant to avoid.  The idea so far is to convert 

in situ HMF into a product that is easier to separate. Many studies have been performed with DMSO 

and important results have been obtained with chemical pathways that can go from 5-HMF to DFF or 

FDCA in two steps.10 However, the high solvation ability of DMSO makes the separation of any organic 

compound very tedious.   

Srinivasan and co-workers analysed the separation from DMSO of glucose, HMF, DFF and 

FDCA by antisolvent addition.1 In their work, glucose was separated by addition of organic solvents, 

DFF and FDCA by water addition and HMF by addition of water followed by separation using solvent 

extraction. Many papers report DMSO as efficient for both sugar dehydration and HMF oxidation,11–13 

however, the applicability of this solvent on a large scale is hindered by its high boiling point (189 °C), 

its decomposition to toxic sulfur compounds  and the need for low substrate loadings in many cases. 

Moreover, a process based on DMSO would still be dependent on organic solvents and separation 

through antisolvent addition, which can result in high energy requirements for solvent regeneration. An 

energy balance analysis would be needed to evaluate the techno-economic impact of such a process. 

The separation of HMF from ionic liquids has proven so far to be a challenging problem and 

the main issue to scale-up of this technology. Different innovative trials have exploited the low vapour 

pressure of these solvents. Thermal distillation under very high vacuum and high temperature has been 

proposed, despite the risk posed by the thermal instability of HMF. Wei and co-workers used an 

entrainer distillation apparatus (Figure 3.1) which at high temperature (180 °C), high vacuum (300 Pa) 

and rapid gas bubbling (N2 or saturated organic solvent) was able to achieve over 90% recovery in a 

short reaction time (10 min).14 The final purity of 5-HMF achieved was around 90%. However 

[omim]Cl was used to avoid evaporation under such harsh conditions but it was reported that this ionic 

liquid exhibits instability at high temperatures.15  

 

Figure 3.1 System proposed by Wei and co-workers . 1) oil bath heater, 2) magnetic stirrer, 3) Two 
neck flask for vapor generator(organic solvent at its boiling point temperature),  4)Nitrogen cylinder, 
5) Ring type gas distributor, 6) Three neck flask (ionic liquid and HMF), 7) connector, 8) connection to 
vacuum oil pump, 9) Product collection , 10) ice bath. Reproduced with the permission of ref 12 
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Other authors have proposed extraction with supercritical CO2.16 In contrast to organic solvents, 

supercritical CO2 is considered a green solvent for its non-toxicity and non-flammability; hence 

extraction with this solvent can establish an organic solvent-free process. Sun and co-workers have 

studied the partition coefficient of HMF between [bmim]Cl and CO2 at different pressures and 

temperatures, showing that lower temperature favours the extraction and a minimum of 20 bar pressure 

is necessary to achieve 70% extraction, which is considered still too low a partition for a scalable 

process compared to the high pressure needed. 17 Other studies use CO2 as a phase separator to increase 

the extraction with organic solvents. Following the observation that at relatively low CO2 pressure (7.5 

bar) the mixture of [omim]Cl and acetone separate, Shi and co-workers14 designed a system where HMF 

is extracted continuously from [omim]Cl with CO2 and acetone reaching a yield of 84% from fructose. 

Major drawbacks of the system lie in the selectivity of extraction since catalyst and sugars are partially 

soluble in the CO2-acetone mixture.  

 

 

Figure 3.2 System of Shi and co-workers for the extraction of HMF from ionic liquid with a mixture of 
acetone and CO2 with continuous concentration. Reproduced with the permission from ref 14 

In the systems reported so far, the separation of HMF from ionic liquids requires harsh 

conditions and a multiphasic continuous system. In this context, the in situ conversion of HMF to a 

chemical compound with a less challenging separation represents a potential solution. 

By analysing the chemical path from HMF to FDCA, we can identify several intermediate 

products that can potentially be synthetized from HMF through aerobic oxidation; 2,5-diformylfuran 

(DFF), 5-formylfuran-2-carboxylic acid (FFCA) and 2,5-furandicarboxylic acid (FDCA). While DFF 

and FFCA have potential in the pharmaceutical and consumer product industry,18,19 FDCA is the key 

monomer to produce polyethylene furanoate (PEF), a bioplastic suitable for use as a food and beverage 
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packaging in place of polyethylene terephthalate (PET).20 The study of the separation will form a basis 

for a solvent design strategy in which the optimum catalytic performance is combined with suitable 

conditions for separation.  

 

          
Figure 3.3 Reaction pathway to obtain FDCA from HMF 

So far, many systems have been reported for the selective oxidation of HMF to obtain these 

chemicals based on both noble and non-noble metal catalysts in water or organic solvents. Solvent 

effects have proved to be a determinant factor for the selectivity of the reaction, influenced by the water 

content in the system. Organic solvents proved to be more selective towards DFF21–26 while water is the 

most used solvent for the synthesis of the carboxylic acids FFCA and FDCA.27–30 Recent research has 

focused on synthesising these molecules.   

In this chapter DFF, FDCA, FFCA and 5-HMF separation will be studied in different ionic 

liquids thus providing guidelines for a solvent design strategy for scale-up of production of these 

molecules. The compatibility of the ionic liquids with possible catalytic routes reported in the literature 

will also be discussed. In the case of homogeneous catalysis, precipitation of the final product from the 

reaction mixture is preferred in order to avoid expensive thermal separation and favour catalyst 

recycling. In contrast, under heterogeneous catalytic conditions, the final product should be soluble to 

avoid catalyst deactivation and the separation has to be performed using heating or by addition of an 

antisolvent after catalyst removal. While sugar dehydration in ionic liquids is widely studied, only 

recently has progress has been achieved in the oxidation of HMF and sugars to FDCA in [bmim]Cl but 

the results described only report HPLC yields at very diluted conditions,31–33 hence separation and 

purification will play a determinant role in defining the feasibility of scale-up using ionic liquid 

technology for this application.  

In order to minimize the use of organic solvents, the extraction of HMF, DFF, FFCA and FDCA 

from ionic liquids will be investigated in this work in order to establish the most suitable ionic liquid 

for each compound to allow further processing. If the lack of volatility of the ILs causes difficulties in 

product separation, this property will be exploited, along with the polarity of the ILs, to achieve an 

optimum separation of the components from the mixtures. Imidazolium ionic liquids were investigated 

for the separation of these compounds because of their low viscosity. This is preferred since the catalytic 

aerobic oxidation route which leads to DFF, FFCA and FDCA requires solvents with low viscosity to 

avoid mass transfer limitations. In the context of this work, the aim is to demonstrate that the one-pot 

synthesis of these compounds in the ionic liquids can provide a more favorable environment for the 
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separation. Different anions were tested to analyse the effect of hydrogen bond acceptor ability on the 

separation. The study with HMF is carried out by analysing the ammonium ionic liquids to study the 

hydrophobicity effect on the extraction with water. The final extraction of HMF in water can guarantee 

a suitable environment for oxidation to FDCA which can be easily separated in water by acidification.  

Most literature reports on the synthesis of DFF use organic solvents,26,34 raising doubts over the 

feasibility of potential scale up due to product separation issues and environmental sustainability. Based 

on our observation in the lab and previous work,35 DFF cannot be sublimed from organic solvents 

(neither upon heating nor by applying vacuum) but this property is retained in ionic liquids. Hence, the 

synthesis of DFF in ionic liquids allows separation by sublimation and this represents a solution to 

large-scale product separation as well as solvent recycling without the need for expensive thermal 

treatments. Moreover, sublimation usually delivers a high purity product, avoiding the need for further 

purification. 

The separation of FDCA and FFCA is studied by calculating their solubility in different ionic 

liquid - water mixtures. Only recently was the synthesis of FDCA from HMF in [bmim]Cl described 

using a Fe/Zr catalyst which makes this system compatible with the formation of HMF from glucose.33 

While this system proved to have great potential for one-pot synthesis of the plastic monomer from 

sugars, challenges regarding separation still remain. We studied the separation of FDCA from ionic 

liquids through water addition, by exploiting the low solubility of FDCA in water. However, the addition 

of water in a system containing ionic liquids requires regeneration of the solvent for further catalytic 

cycles. Using the thermodynamic ILUAM database package for ionic liquids supplied by Victor Ferro,2 

a multi-effect evaporation process was simulated in Aspen to estimate the energy requirement for 

regeneration of the ionic liquid. Compared to the values reported for DMSO,1 the addition of a smaller 

quantity of water is required when an ionic liquid is used (vide infra), decreasing the water consumption 

for potential scale up.  

For HMF, hydrophobic ionic liquids were studied based on methyltrioctylammonium salts 

paired with water extraction of HMF. Ammonium salts have been reported as good solvents for the 

dehydration of glucose to HMF in high yield,36 showing minimal leaching into the water phase.37 The 

combination of ammonium salts with water could form the basis of a system free of organic solvents 

for HMF extraction and subsequent oxidation to FDCA, since water has (thus far) proved to be the most 

efficient medium for the catalytic oxidation of aldehydes and alcohols to carboxylic acids.27 By using 

hydrophobic ionic liquids, the affinity of HMF towards the water phase can be favoured, providing the 

basis for an improvement in the partition coefficient for the extraction of HMF. Many catalysts have 

been studied for this oxidation under base-free conditions, making ready implementation of a two-step 

reaction possible. Previously, different organic solvents were studied to extract HMF from the ionic 

liquid phase with the Cl- ionic liquids. An extensive study was reported by Zho and co-workers38 where 

different organic solvents were tested as extractants from [bmim]Cl, showing the best performance with 
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glycol dimethyl ether and acetyl acetone with partition coefficient close to 3.33 towards the ionic liquid 

phase over THF, butyl ether, MIBE, MIBK, cyclohexone, ethyl acetate and n-butanol. Other reports 

show that by changing the Cl- anion of the ionic liquid for triflate, remarkably the partition coefficient 

can be increased by one order of magnitude.39 By using a hydrophobic ionic liquid and water, the 

partition coefficient can be improved even more.  



87 

 

Experimental Section 
 
Materials 

Ionic Liquid were synthetized according procedure already reported in Chapter 2 (Experimental 

Section). All chemicals and cold finger glassware were purchased from Sigma-Aldrich, as were the 

methyltrioctylammonium salts with anions chloride (≥ 97%), bromide (≥ 97%) and bistriflimide (≥ 

99%).  

DFF sublimation  

The sublimation of DFF was performed using a sublimation apparatus with heating and cooling in small 

volumes to guarantee optimum recovery of the solid sublimate under vacuum. DFF (40 mg) was placed 

in a 1 mL vial and mixed with 400 mg of solvent to be tested. The vial was placed inside the cold finger 

chamber, then heating was applied for 10 min at the operating temperature to test when the solution 

became clear indicating full solubilisation. Vacuum was applied for the desired time. The DFF was 

collected on the tip of the condenser, which was cooled to 7 °C.  

Trials of sublimation through gas bubbling was also tested by designing a flask adapter to fit 

the cold finger, but results were not replicable due to the difficulties in controlling the flow rate and in 

guaranteeing a uniform temperature in the glassware causing non-localized sublimation.   

Images of the experimental setup are provided in the Appendix. All experiments were 

performed two or more times. 

Precipitation of FFCA and FDCA from ionic liquids by water addition.  
In order to evaluate the separation of FDCA and FFCA from the ionic liquids, the solubility of these 

compounds in different IL-water mixtures was calculated to estimate the facility to separate these 

compounds. The saturation point of the mixture was determined by gradual addition of substrate in a 

certain amount of solvent (~300 mg) followed by stirring overnight (200 rpm). After centrifugation 

(40,000 rpm) the liquid phase was analysed by HPLC with a UV-detector operating at 254 nm with 

external standard calibration. Experiments were repeated at least three times.  

The energy required for the dehydration was calculated using Aspen Plus 8.8v with the 

integrated ILUAM package. The process was simulated with a 4-stage multiple effect evaporator.  

HMF extraction from a hydrophobic ionic liquid.  

The extraction efficiency of HMF from the hydrophobic ionic liquid was evaluated in terms of partition 

coefficients. In order to replicate the experiments in triplicate and avoid tedious measurements on the 

order of mg, a stock solution of ionic liquid with HMF at the desired concentration (╒╗╜╕╘╛ ) was 

prepared on a large scale. Since the ionic liquid is solid or exhibits very high viscosity making it difficult 

to handle and all lie on the bottom of the vial, both compounds were dissolved in dichloromethane. 
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Aliquot solutions were removed and placed in 1.5 mL centrifuge vials, from which the organic solvent 

was removed under vacuum for 12 h. A certain amount of water was then added to each vial in order to 

obtain the desired phase ratio (R) followed by stirring for 12 h to ensure equilibrium had been reached. 

A small amount of water phase was withdrawn and analysed by HPLC with external standard calibration 

and the partition coefficient (K) calculated according to the following equation: 

 

╚
= ╡

╒╗╜╕◌

╒╗╜╕╘╛  

 
Where K is the partition coefficient, R mass phase ratio,  ╒╗╜╕◌  concentration of HMF in the water 
phase at equilibrium (mg/g), ╒╗╜╕╘╛  initial concentration of HMF in the ionic liquid phase (mg/g). 

The calculation of the number of washes required to achieve a desired recovery (y) was 

determined by the following equation: 

╝ =
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Where N is the number of washes to obtain a desired recovery, y is the desired recovery defined as 

Ὑ ╒╗╜╕
◌

╒╗╜╕
╘╛  and R is the mass phase ratio. 

 
Analytical method  
Quantification of HMF, FFCA and FDCA was performed using a Shimadzu Prominence preparative 

HPLC (Shimadzu, Kyoto, Japan) with refractive index (RI) and ultraviolet (UV) detectors. This 

instrument was equipped with an Aminex HPX-87H column which exhibits outstanding resolution for 

polar compounds (HMF 27 min, FFCA 20 min and FDCA 14 min) using 0.005 M H2SO4 as the mobile 

phase at 55 °C and a flow rate of 0.6 mL/min. Quantification was done with external standard. 

Calculation of the Solubility of Hydrophobic Ionic Liquids in Water  
The solubility of the ionic liquids in water was determined by mixing the two phases overnight at room 

temperature (20 °C). The water phase was analysed by ion chromatography Dionex ICS-5000+ DC 

using a method reported in the literature.40 Anion chromatography (AC) was performed on a 

Thermofisher ICS5000+ with a Dionex IonPac AS20 (4 × 250 mm) analytical column and an AG20 (4 

× 50 mm) guard (45 °C), AERS500e 4 mm analytical suppressor (15 °C), and conductivity detector. 

The eluents included 18.2 MΩ·cm Milli-Q ultrapure water, HiPerSolv CHROMANORM acetonitrile 

(≥99.9%), and 200 mM NaOH (from 50% w/w fisher scientific NaOH), typically proportioned at 30% 

acetonitrile and 10−20% 200 mM NaOH (20−40 mM eluent strength), depending on the sample being 

analysed. Chromatograms were eluted isocratically at 1 mL/min, and the electrochemical suppressor 

was regenerated by external 18.2 MΩ·cm Milli-Q ultrapure water. Quantification was done by external 

standards using LiNTf2, NaCl and NaBr to quantify the anion.  
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Esterification of FDCA with ethylene glycol in ionic liquids 

In a typical experiment 12.6 mg of FDCA were dissolved in 1 g of ionic liquid with 620 mg of 

ethylene glycol (100:1 molar respect to FDCA)  at 80 °C in a 10 ml vial. 1.7 mg (10 % loading 

respect FDCA) of para-toluene sulfonic acid (PTA) was loaded in the vial and the mixture heated at 

the desired temperature and time.  

Quantification was done by HPLC with a C18 reverse phase carbon column with the same method 

reported in Chapter 2 (experimental section). 
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Results and Discussion 
 
Sublimation of DFF from ionic liquids 
The following study was conducted after the observation that following the dissolution of DFF in ionic 

liquids and, followed by heating overnight, DFF crystals appeared on the top of the vial indicating that 

the dialdehyde sublimes directly out of the ionic liquid. Since sublimation is slow at 1 atm, vacuum was 

applied to increase the rate of sublimation and recover the whole product in a short time.  

The effect of the hydrogen bonding on the separation of DFF from imidazolium ionic liquids 

was first studied. Two different anions, chloride and bistriflimide ([NTf2]-), were used since they 

represent two extremes in hydrogen bond acceptor strength. Under reduced pressure, at 100 °C for 12 

hours, 93-95% of the DFF was recovered at 10% loading from both ILs (Table 3.1), showing no 

influence of the ionic liquid on the sublimation property of DFF. 

 
Table 3.1 DFF recovered by sublimation at 100 °C under reduced pressure, 10% DFF loading respect 
the solvent, 12 h. 

Ionic liquid DFF recovered from commercial 
sample 

DFF recovered from second sublimation 

[bmim]Cl 93.1 ± 0.1% 96.7 ± 0.4% 
[bmim][NTf2] 95.2 ± 0.3% 97.7 ± 0.2% 

 
The commercial DFF used was not the highest purity (95 %); therefore, a second sublimation 

was performed on the same recovered material, achieving a higher recovery. This suggests that the DFF 

was obtained at higher purity. This is further confirmed by the fact that the brown commercial DFF 

yields a white powder on sublimation under our conditions (see Figure A224 in Appendix). 

In [bmim][NTf2], heating at 40 °C was required to achieve full dissolution since at room 

temperature the solubility is low (10.2 ± 0.6 mg/g). This indicates that precipitation is another useful 

separation method since [bmim][NTf2] is a room temperature ionic liquid. However, the high viscosity 

of the IL and the washing of the product makes the procedure tedious with inevitable loss of ionic liquid 

and yield. For this reason, precipitation was not considered further in this study. An investigation 

conducted in [bmim][NTf2] for 6 hours showed that a minimum temperature of 60 °C is required to 

fully recover the dissolved DFF by sublimation (Figure 3.4). In contrast, at 40 °C, DFF is fully dissolved 

with only 7% recoverable by sublimation. 

From these results, it appears that the hydrogen bond acceptor ability of the ionic liquid has 

little effect on the sublimation of DFF, allowing high recovery in both cases. This makes ionic liquids 

a viable option to valorise HMF through selective alcohol oxidation. In agreement with Wang and co-

workers, the major interaction between HMF molecules and the ions in the IL appears to be the 

hydrogen bonding between the anion and the HMF hydroxyl group, with other interactions being 
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negligible.39 The absence of any strong interactions between the aldehyde groups of DFF and the ions 

in the IL favour its separation by conserving the sublimation properties of DFF. The possibility of 

exploiting this separation technique makes the scale-up of this reaction very attractive. FT-IR analysis 

was conducted to confirm these statements (described at the end of this chapter).  

 

 

Figure 3.4. Recovery of DFF in 3 h at different temperatures from [bmim][NTf2] under vacuum (20 
mbar). 10 % loading DFF respect the solvent Reproduced with the permission of ref 1 
 
Separation of FDCA and FFCA      
In order to study the separation of FDCA and FFCA from the ionic liquids, the solubility of FDCA and 

FFCA was calculated in order to provide a threshold parameter at which separation through 

precipitation can be accomplished. The low solubility of FDCA and FFCA in water is well known,40 

hence the hydrophilicity of the ILs was exploited to achieve separation through antisolvent 

precipitation. Solubility was calculated at room temperature since low temperatures are needed to 

achieve precipitation. However ionic liquids with halide anions are solid at room temperature, hence 

water contents above 20% were chosen as the minimum amount necessary to achieve a liquid state with 

sufficiently low viscosity to allow separation at room temperature. The solubility of FDCA in [bmim]Cl 

at high temperatures is reported to be 49%.43 

In the following study, the solubility of FDCA in both [bmim]Cl and [bmim]Br were compared 

for the separation, however, so far, only [bmim]Cl has been reported as a solvent for the synthesis of 

FDCA.33 In Figure 3.5 the solubility at different water contents was calculated showing that FFCA 
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exhibits higher solubility compared to FDCA in the ILs tested. From the trend observed, the decreased 

solubility of FDCA at low water content suggests that the hydrogen bonding interactions between the 

carboxylic acid groups and the anions play a key role. By increasing the amount of water, the strong 

interaction between the chloride ions and carboxylic groups are broken due to solvation of the chloride 

ions in favour of the interactions with water which are much weaker.  

In light of our studies on DFF sublimation, the high solubility of FFCA was not predicted since 

aldehydes have a lower affinity for anions, as demonstrated by Wang and co-workers.39 However the 

presence of water can introduce new interactions with the aldehyde moiety and the formation of geminal 

diol that can form from the nucleophilic attack of water on the aldehyde, which would dramatically 

increase the solubility of the aldehyde. Such interactions were already observed in literature hence it is 

a valid explanation for the higher solubility observed compared to FFCA.41 At high water contents, the 

interactions that dominate are between the water and the aldehyde, however the acidity of the carboxylic 

acid group in FFCA can hinder the formation of the geminal diol, leading to a decrease in its solubility. 

At low water contents, the molecule can exhibit a combined interaction with both water and chloride 

anions. This allows water to interact with the aldehyde while hydrogen bonding between the chloride 

ions and the carboxylic acid increases the pKa of the molecule, favouring the formation of diols. 

Regarding the role of the anion, FDCA and FFCA proved to be less soluble in the bromide-based ionic 

liquid, probably due to the lower hydrogen-bonding ability of the bromide toward the carboxylic group. 

In order to separately analyse the role of water on the solubility of FDCA and FFCA, a study 

was carried out with the hydrophilic, non-coordinating ionic liquid [bmim][OTf] over a range of water 

concentrations. In this way the interaction of the ionic liquid with the OH group is suppressed. The 

results reported in the data gathered show that both FDCA and FFCA can be separated from [bmim]Cl, 

[bmim]Br and [bmim][OTf] by addition of water. The results reported by Srinivasan et al in 2017 

demonstrate that the solubility of FDCA in DMSO at 20% water content is around 30%.1 Figure 3.5 

(left) shows that this value decreases to 12% for [bmim]Cl and only 3.4% in [bmim]Br with the same 

water content. In this context, ILs represent a more suitable solution for a possible scale-up to reduce 

water consumption. The results reported in the data gathered show that both FDCA and FFCA can be 

separated from [bmim]Cl, [bmim]Br and [bmim][OTf] by addition of water. The results reported by 

Srinivasan et al in 2017 demonstrate that the solubility of FDCA in DMSO at 20% water content is 

around 30%.1 Figure 3.5 (left) shows that this value decreases to 12% for [bmim]Cl and only 3.4% in 

[bmim]Br with the same water content. In this context, ILs represent a more suitable solution for a 

possible scale-up to reduce water consumption.  

Figure 3.5 (on the right) shows a different trend to that exhibited for [bmim]Cl. In pure 

[bmim][OTf], FDCA shows very low solubility (< 4 mg/g), while FFCA demonstrates higher solubility, 

suggesting that the aldehyde group has a superior affinity for this poor hydrogen bond acceptor 

environment. The maximum solubility observed at 20% water content indicates a synergistic effect 
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between the ionic liquid and water in the dissolution of these compounds. Since this maximum is 

observed for both compounds, the interactions may specifically involve the carboxylic acid group. 

Increasing the water content leads to a plateau where the solubility approaches that in pure water. Higher 

FFCA solubility at higher water content suggests an interaction of the water with the aldehyde group to 

form geminal diols already demonstrated in other reports.44,45 

 

 

Figure 3.5. Solubility of FDCA and FFCA in ionic liquid - water mixtures of [bmim]Cl and [bmim]Br 
(left) and [bmim][OTf] (right) at room temperature; solubility expressed in terms of mg of compound 
per gram of solvent. Reproduced with the permission of ref 1 
 
Energy analysis of drying [bmim]Cl and [bmim]Br  

The addition of an antisolvent such as water can drastically impact the operating cost of the plant. In 

order to evaluate the feasibility of the process, an energy balance of the dehydration step needs to be 

performed.  

The challenge in dehydrating the ionic liquid at low water concentration lies in the high heat of 

vaporisation of water (2.26 MJ/Kg) and the increasing boiling point at high salt concentration. As can 

be seen in the phase diagram in Figure 3.6 the boiling point increases exponentially at water content 

less than 40%. 

Multi-effect evaporation represents an efficient process to reduce the energy requirements by exploiting 

the heat of vaporisation at high pressure to satisfy the energy requirements of the stages operating at 

lower pressures. Such a configuration is widely used in desalination processes to compensate for the 

higher energy required by the increased boiling point of salt solutions. In this investigation, we chose 

four stages at 0.8, 0.5, 0.2 and 0.01 bar to dehydrate the ionic liquid until 1% water remained. 20 mg of 

product (FDCA or FFCA) per gram of the IL-water mixture was chosen as the threshold level of the 

residual product in the solvent after precipitation. The corresponding solubility values are shown Figure 

3.5 and data on drying the ILs are reported in Table 3.2.  



94 

 

 
Figure 3.6 Equilibrium diagram [bmim]Cl/water estimated by COSMOSAC with the IULAM package 

 

 
Figure 3.7 Multiple effect Aspen flowsheet for ionic liquid dehydration  

 

Table 3.2 Energy requirement for the drying of ILs until 1% water content in 4-stage evaporators with 
a final pressure of 0.01 bar. Calculations were performed using Aspen Plus 8.8V with the IULAM 
integrated package. 

Ionic liquid/product Initial water concentration Energy Requirement (KJ/Kg) 
[bmim]Cl/FDCA 52.0% 409 
[bmim]Br/FDCA 37.5% 368 
[bmim]Cl/FFCA 83.5% 492 
[bmim]Br/FFCA 79.0% 489 

 
According to Table 3.2, removal of the quantity of water required to fully precipitate FFCA 

from [bmim]Cl or [bmim]Br would lead to high energy requirements, making this approach unsuitable 

for scale-up purposes. In contrast, the use of [bmim]Cl or [bmim]Br is more favourable for FDCA as 

less energy is required due to the lower solubility of this product in the IL medium. In both cases the 
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synthesis of these compounds would be more convenient in [bmim][OTf] for the low solubility in the 

solvent. However catalytic systems for this purpose are not reported.  

A detailed energy analysis for a FDCA plant using ionic liquids would need to be considered 

in order to optimize the process and minimize operating costs.  

Esterification of FDCA in ionic liquids 

Removal of water through the use of multiple effect evaporators represents a typical solution for 

concentration of salt solutions to reduce the energy consumption of the plant. However, the energy cost 

can still be high in addition to the fact that capital investments are very high for these types of plants. 

Membrane separation represents a valid alternative to reduce the investment costs but compatibility in 

different scenarios must be evaluated for membrane selectivity and stability.  

Another possibility is the in situ polymerization of FDCA with ethylene glycol which can 

reduce drastically the water addition due to the hydrophobicity of the resins formed.  

The first step of the polymerisation is the formation of the di-substituent oligomer from the 

carboxylic acid (or ester) with an acid catalyst with release of two molecules of water (or methanol) 

according the reaction in Scheme 1. In order to form the polymer, higher temperatures and a vacuum 

need to be applied to remove water and push the reaction towards higher molecular weight products.  

 

 
Scheme 1 Synthesis of PEF  
 

The effect of the ionic liquid in the first step of reaction will first be discussed. The formation 

of the di-ester monomer represents a fundamental step for the further polymerization. The reaction 

conditions were chosen so that FDCA was very diluted in the ionic liquid (12 mg/g) since most of the 

research so far on the oxidation of HMF in FDCA in ionic liquids are studied at very low concentrations 

with p-toluenesulfonic acid (PTSA) as a Brønsted acid catalyst. The effects of time and temperature are 

reported in Figure 3.8. 

Analysing the reaction at 6 hours shows that temperature exerts a favourable effect on the 

esterification from being completely inactive at 140 °C to reaching a maximum yield of 22% at 200 °C 
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(the boiling point of ethylene glycol), while long reaction times decrease the yield probably due to 

thermal degradation (dark colour of the solution). The optimum yield was found to occur at 3 h.  

In order to further analyse the effect of the anion on the esterification, in particular the effect of 

the H-bond donating ability, tests were performed in the absence of the ionic liquid and with the non-

coordinating ionic liquid [bmim][NTf2] with PTSA as catalyst. The results reported in Table 3.3 indicate 

that the higher H-bond accepting ability associated with the Cl- anion suppresses the esterification, 

while the non-coordinating bistriflimide anion has no impact on the reaction. In order to improve the 

esterification, Lewis acid catalysts (tin and chromium salts) were tested and the results are reported in 

Table 3.3 with comparison to other reaction conditions.  

 

Figure 3.8 Yield of the diester as function of temperature and time for acid esterification with PTSA. 
Catalyst loading 10 % (mole) respect FDCA, FDCA loading 12 mg/g in ionic liquid. Temperature 
experiments done at 180 °C.  Time course experiments at 6 h. Ethylene glycol:FDCA ratio 100:1 (mole).  

 

Table 3.3 Esterification of FDCA with ethylene glycol using different ionic liquids and catalysts. 
Temperature 180 °C, FDCA concentration 12.6 mg/g in ionic liquid. Ethylene glycol to FDCA ratio 
100:1 (mole). Catalyst loading 10%.   

Ionic Liquid Catalyst Yield (%) 
None PTSA 67.7 

[bmim]Cl PTSA 19.3 
[bmim][NTf2] PTSA 67.5 

[bmim]Cl SnCl3 41.9 
[bmim]Cl CrCl3 13.5 

 
While chromium exhibits low activity, tin shows the best performance, boosting the yield to 

42%. According to the results obtained so far, the esterification of FDCA to the di-substituted monomer 

proved to be challenging due to low selectivity. This is further compromised by increasing the basicity 
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of the solvent by adding [bmim]Cl. Further improvements may be achieved by designing an appropriate 

catalyst. 

Recently Qu and co-workers 46 used ionic liquids as catalyst for the polymerisation of FDCA. 

In that work 0.5 eq of ethylene glycol were used for the polymerisation at shorter reaction times, 

achieving a high yield of polymer, demonstrating that a large excess of ethylene glycol is unnecessary 

for polymerization. The low selectivity can be seen in the instability of the di-ester monomer at high 

temperature, which, over the longer reaction time, leads to self-degradation.  

 
Extraction of HMF from trioctylmethylammonium salts using water 
In this part of the investigation, the extraction of HMF from hydrophobic ionic liquids using water is 

discussed. While most of the literature discusses the separation from [bmim]Cl with organic solvents, 

few investigated the extraction using water since it is rare to find studies that report sugar dehydration 

in hydrophobic ionic liquids. While it has already been proven that the anion plays the key contribution 

on the yield of dehydration, the cation has a negligible effect on the reaction. Therefore, the polarity of 

the ionic liquid can be tuned by changing the cation from imidazolium to trioctylammonium, yielding 

a water-immiscible solvent, so that water extraction can be performed. In order to investigate the nature 

of affinity both the anion and cation will be varied. As can be seen in Figure 3.9, strong hydrogen 

bonding anions give an unfavourable partitioning toward the ionic liquid phase, while this is improved 

remarkably with non-coordinating anions such as [NTf2]. The cation has a minor impact, obeying the 

same trend as the polarity of the ionic liquid, as described by the Kamlet-Taft parameter, π. This 

indicates that secondary interactions between the furan rings exist but the hydrogen bond donating 

ability of the cation has a minimal effect on the separation.  

 

 

Figure 3.9 Effect of different anions on the partition coefficient for the [N(Me)Oct3]+ salts (left) and the 
effect of the cation for NTf2

- salts (right). Reproduced with the permission of ref 1 
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In order to further understand the feasibility of using water to extract HMF from the IL, the 

number of washes required to obtain 90% recovery and the value for the final HMF concentration in 

the water phase was calculated. According to most of the literature, in order to further valorise HMF 

into FDCA through aerobic oxidation, the concentration cannot exceed 0.1 M in the water phase since 

higher values will cause precipitation of FDCA onto the catalyst surface, requiring the addition of a 

base.29 However, too low a concentration should also be avoided since it can compromise the efficiency 

of separation and leads to excessive water consumption for scale-up. The initial loading of HMF and 

the amount of water used in each stage are therefore crucial factors and these aspects are summarized 

in Figure 3.10. Using the ionic liquid [N(Me)Oct3]Cl, a minimum of 40% HMF loading is necessary to 

achieve a concentration close to 0.1 M and an excessive amount of washing is required . As can be seen 

in Figure 3.10 (right), for an HMF loading of 10% in the IL, 13 washes are required to extract 90% of 

the HMF, leading to a concentration in the aqueous phase of 0.03 M. In this scenario the chemical path 

to obtain HMF is an important choice since high loading of sugars are required to achieve the desired 

HMF concentration, proving to be challenging for the many side reactions which this reaction scheme 

contains. A reduction in the amount of washing can be accomplished by increasing the water/IL ratio, 

but this would reduce the HMF concentration in the water phase. Improved yields are indeed often 

reported under dilute conditions for the production of HMF from cellulose in ILs, for example.47 While 

this is acceptable on a lab scale, more concentrated systems48–50 are needed for realistic scale-up. At 

10% loading, an HMF concentration of more than 0.1 M can be achieved (compared to 0.03 M using 

the chloride-based IL) with the bistriflimide anion with only two washes, hence this ionic liquid 

represents the best solution for an efficient separation. 

 

 

Figure 3.10 On the left, water concentration to achieve 90% HMF recovery from [N(Me)Oct3]Cl at 
different phase ratios (R) and different HMF loadings at 20 °C. On the right, water concentration needed 
to achieve 90% HMF recovery from [N(Me)Oct3]Cl and [N(Me)Oct3][NTf2] ionic liquids at R = 2. 
Numbers next to the data points represent the number of washes required. Reproduced with the 
permission of ref 1 
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Study of the interaction between HMF and ionic liquids by FT-IR 
Separation is related to the chemical interaction of the solvent with the product. In order to confirm the 

interactions mentioned previously, FT-IR analysis was performed for the HMF and ionic liquids to 

observe the shifts of the -OH and C=O bonds due to their interactions with the anions and cations. This 

analysis could be done with HMF since the physical state of the ionic liquid [bmim]Cl and [bmim]Br 

is liquid upon addition of HMF to the mixture. Water could not be added since it reduces the intensity 

of the peaks related to HMF. This analysis could not be carried out with FFCA, FDCA and DFF since 

the mixture remains solid, not permitting the dissociation of ions, hence the interactions could not be 

observed. However, the functional groups in HMF are the same as in the other furanic compounds, 

therefore the results can be generalised. Whenever hydrogen bonds are broken, the shift related to the -

OH moves towards higher wavenumber (blue shift). The opposite of this phenomenon is called a red 

shift. As observed by Wang and co-workers,41 the increased addition of ionic liquids is accompanied 

by a broader and less intense signal for the -OH group. We will neglect in this study the intensity and 

peak shape since these phenomena are not well understood. It was observed that a minimum amount of 

30 mol% ionic liquid provides a good compromise to observe the signal with reasonable intensity. From 

Figure 3.11, it can be seen that the anion influences both the hydroxyl and carbonyl groups of HMF. 

For the hydroxyl group the shift follows the order Cl- > Br- > [NTf2]-. The [NTf2]- anion proved to have 

the lowest H-bond ability (Figure 3.11 left) which leads to a slight blue shift to 3391 cm-1 for the 

[N(Me)Oct3][NTf2], while the Cl- and Br- salts exhibit red shifts, 3262 cm-1 for Cl-  and 3337 cm-1
 for 

Br-, reflecting the higher H-bonding ability of the halide anions in coordinating the –OH unit. This 

greater interaction of the Cl- with the -OH group explains the higher solubility of FDCA and FFCA. 

However, results in Figure 3.11 exhibit a different trend compared to the H-bond ability of the anion 

since higher partition coefficients are observed for the Br- anion, suggesting that other interactions are 

involved. Figure 3.11 (right) reports the spectra for the C=O absorption, showing a slight red shift from 

the original 1683 cm-1 with the strongest belonging to the Br- (1667 cm-1) and the weakest being [NTf2]- 

(1678 cm-1) while the Cl- anion exhibits an intermediate shift (1674 cm-1). The effect of the cation on 

both functional groups of HMF revealed no relevant contribution of the cation in H-bonding. This 

confirms that the polarizability of the ionic liquid is a more realistic indication of the more favourable 

partition coefficient for the ammonium salt and lower interaction with the furan ring. In particular, it 

was observed that the HMF and the ammonium salt do not exhibit full miscibility as for the [bmim] and 

[bmpyr] salts, indicating that secondary interactions arise between the cation and the furan ring of HMF.   
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Figure 3.11 FT-IR spectra of the hydroxyl and carbonyl group of HMF with anions with different H-
bonding ability. Reproduced with the permission of ref 1 

Study of ionic liquid miscibility with water 
The high cost associated with ionic liquids requires a maximised recovery of the solvents for recycling 

and further use. The solubility of the ionic liquids in the water phase was measured and reported in 

Table 3.4. 

Table 3.4 Solubility of hydrophobic ionic liquids in water. 
 

Ionic Liquid Solubility (mg IL / g 
H2O) 

[N(Me)Oct3]Cl 2.1 
[N(Me)Oct3]Br 0.9 
[N(Me)Oct3][NTf2] 0.029 
[bmim][NTf2] 5.5 
[bmpyr][NTf2] 4.7 

 

Regarding the anions, [NTf2]- gave the lowest solubility for the three different cations. With the 

ammonium cation, the solubility is decreased drastically compared to the imidazolium and pyridinium 

cations. In all cases removal of the [NTf2]- salt from the water phase is needed for the process to be 

economically viable because of the high cost associated with preparing this anion and its high toxicity 

to aquatic life. Other considerations include the high cost associated with imidazolium ionic liquids, 

while ammonium-based ionic liquids, though exhibiting lower solubility in water, exhibit higher 

toxicity.51 

Solvent selection guidelines for product separation 
In light of this study, different strategies can be adopted for the efficient separation of DFF, FDCA, 

FFCA and HMF from the ionic liquids. The choice of the separation system will be strongly influenced 



101 

 

by the catalytic route used to synthesize these compounds. If heterogeneous catalysis is used, the 

product should be soluble in the reaction mixture while the opposite is true for homogeneous catalysis. 

DFF can be easily separated from the reaction mixture by sublimation at any loading at high purity and 

yield, so both homogeneous or heterogeneous catalysis can be employed. 

The synthesis of FFCA in a hydrophilic coordinating ionic liquid will require the addition of 

large amounts of water to achieve separation, which for scale-up purposes can result in high energy 

requirements for ionic liquid regeneration. In this case homogeneous catalysis in a non-coordinating 

ionic liquid such as [bmim][OTf] is the most suitable solution since FFCA exhibits low solubility. This 

will lead to precipitation of the product from solution, allowing simple recovery by filtration. 

FDCA can be separated by water addition in the presence of a heterogeneous catalyst or by 

filtration in [bmim][OTf] when operating with homogeneous catalysis. 

In the case of HMF, the separation is still challenging even when using hydrophobic ionic 

liquids since rigorous washing is needed, however remarkable improvements can be achieved when the 

[NTf2]- anion is used instead of Cl- or Br-. The [N(Me)Oct3][NTf2] ionic liquid represents the most 

suitable solvent to be used since it displayed the minimum amount of washes with minimum loss of 

ionic liquid into the water phase. In this way high HMF concentration in the water phase can be achieved 

for further transformation into FDCA. Disadvantages regarding the ammonium salts lie with the high 

viscosity which make it less than ideal for heterogeneous catalysis, while imidazolium ionic liquids are 

more suitable.  

These findings are summarized in Table 3.5 with the aim to provide solvent design guidelines.  

Table 3.5 Solvent design guidelines for the separation of DFF, FFCA, FDCA and HMF from ionic 
liquid media. 
 

Compound Homogeneous catalysis Heterogeneous catalysis 

DFF Sublimation at 60 °C with [bmim]Cl or 
[bmim][NTf2]. Alternatively, filtration from 
[bmim][NTf2] at room temperature 

Sublimation from [bmim]Cl or 
[bmim][NTf2] 

FFCA Precipitation and filtration from 
[bmim][OTf] 

Water addition to [bmim]Br or [bmim]Cl 
but with a high energy cost for drying the 
IL 

FDCA Precipitation and filtration from 
[bmim][OTf] 

Water addition in [bmim]Cl and separation 
through filtration 

HMF Synthesis in hydrophobic 
[N(Me)Oct3][NTf2], followed by washing 
with water 

Synthesis in [bmim][NTf2] with water 
extraction 
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Conclusions 
 

This study provides valuable insight for an efficient process design strategy to achieve a good 

compromise between high yield of reaction and efficient separation. When ionic liquids are used as 

media for sugar valorisation, four specific products have been identified which can be synthesized from 

sugars/HMF. By tuning the ionic liquid anion and cation, the interactions with the functional groups 

can be weakened, favouring separation. Weak interaction of the anions with the aldehyde group make 

DFF separation by sublimation extremely efficient and non-hydrogen bond dependent making any ionic 

liquid solvent suitable for this purpose. 

FDCA and FFCA can be separated from water-miscible ILs by antisolvent water addition. 

Lower amounts of water are needed for FDCA making the separation less energy intensive in terms of 

the subsequent dehydration of the ionic liquids. In contrast, excessive water requirements for FFCA 

makes the separation unfeasible and non-competitive due to a synergistic interaction between water 

molecules and the aldehyde groups as well as hydrogen bonding with the carboxylic acid. For FFCA, 

synthesis by homogeneous catalysis in non-coordinating ionic liquids is recommended.  

Concerning the separation of HMF from ionic liquids, despite the many years of research on 

the synthesis of this molecule, little work has focused on the development of heterogeneous catalysts 

and insufficient efforts have been directed to improve the separation. The problem can be 

circumnavigated by swapping from a coordinating ionic liquid to a non-coordinating one. In particular, 

the hydrophobic, non-coordinating bistriflimide ionic liquids are potential solvents for the generation 

of HMF due to the possibility of efficient extraction of this product with water. The ammonium-based 

IL, [N(Me)Oct3][NTf2], showed the most favourable partition coefficient (2.28) for HMF, potentially 

achieving 90% product recovery with only two washes, minimizing water consumption. Once extracted, 

HMF can be easily be converted to FDCA in water under base free conditions; the latter can be easily 

separated from water through acidification.  

This study has provided and indication as to where future research should be focused in order 

to achieve a feasible chemical process. While much research is focused on catalyst development, the 

solvent systems used are often unsuitable for the separation or incompatible with other reaction steps. 

This work provides efficient guidelines for a solvent design strategy aimed to optimise the whole 

process from reaction to separation.  
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Chapter 4 Rapid High-Yield Fructose 
Dehydration to HMF in Mixtures of 
Water and the Non-Coordinating Ionic 
Liquid [bmim][OTf] 
 

 

 

In comparison to most of the literature, the non-coordinating ionic liquid [bmim][OTf] presents a new 

alternative, valuable solvent for fructose dehydration into the platform chemical HMF. Short reaction 

times, high substrate loadings and high yields can be achieved in this solvent, making it competitive 

with reports using [bmim]Cl or [bmim]Br. By increasing the catalytic activity and selectivity, water 

plays a crucial role where small amounts added to the solvent supresses the side reaction related to the 

self-condensation of HMF. Using acid catalysis in [bmim][OTf] with 3.5% water content, yields above 

80% can be achieved at 100 °C in only 10 minutes, even at high (14%) fructose loading. The synthesis 

of HMF in this ionic liquid could pave the way to HMF isolation and further catalytic valorisation since 

this ionic liquid doesn’t contribute to hydrogen bonding which is the main factors behind the difficult 

separation and inefficient catalysis previously reported.   
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Introduction 
 
The molecule 5-HMF represents a promising intermediate product from sugars which can replace a 

large variety of oil derivatives chemical products1. Its efficient synthesis and isolation at high yield is 

the important for scale-up and to be competitive in the market.2 The main feedstock to produce HMF is 

cellulose, glucose and fructose, through a tandem of reaction of hydrolysis, isomerisation and 

dehydration1 and important results have been achieved using ionic liquids as solvents.3–7 The use of 

biomass derived feedstocks and ionic liquids for processing have provided the basis for a green chemical 

process where the environmental impact and sustainability of the technology are met, even if recently 

concerns have been raised over the toxicity of these solvents.8 Current research has focused on deep 

eutectic solvents and water for the dehydration of fructose to HMF but improved yields are still 

needed.9–11 while other research has focused on optimising heterogeneous catalysts for the dehydration 

reaction both involving metal catalysts 12–18 and supported ionic liquids.19,20 

It is now established that ionic liquids with halide anions are very efficient for the production 

of HMF from fructose, glucose and cellulose with both Brønsted and Lewis acid catalysts.21–23, due to 

their ability to dissolve the substrate through hydrogen bonding and favourable catalytic activity24 and 

so far they have proven to be superior solvents compared to organic solvents in terms of substrate 

loading, operating conditions and reaction times.25,26 It has been reported that homogeneous catalysis 

proved to be efficient for the reaction of cellulose and glucose using chromium or tin chloride catalysts 

in combination with Cl- or Br- ionic liquids.27  

While for glucose the choices are restricted to a few catalytic systems, more options are reported 

for fructose dehydration. The acidic ionic liquid [bmim][HSO4] in combination with the Lewis acid 

CrCl3·6H2O was found to be a very efficient system to obtain quantitative yield from fructose at high 

loadings (1:7 with respect to the ionic liquid).28 Metal-free systems are also reported as both [bmim]Br 

and [Hmim]Cl can dehydrate fructose in high yields and loadings with longer reaction times. With 

[Hmim]Cl, 92% yield was achieved at 90 °C in 45 min while [bmim]Br required heating to 100 °C and 

1 hour to obtain the same yield. While the high activity towards dehydration can be related to the acidity 

of the cation for [Hmim]Cl, this is still unclear for [bmim]Br since the formation of HBr has complicated 

the situation29,30 in contrast to [bmim]Cl, which needs microwave heating to perform a catalyst-free 

high yield dehydration (97%).31 The addition of a Brønsted acid can reduce the reaction time and 

temperature of the dehydration, maintaining high selectivity. A comprehensive study was performed by 

Li and co-workers which tested a large variety of Brønsted acids in different ionic liquids. While most 

of the acids had a positive effect on the reaction in [bmim]Cl or [bmim]Br, achieving near quantitative 

yield with HCl in 10 minutes at 80 °C, the dehydration was unsuccessful in non-halogenated and non-

coordinating ionic liquids such as [bmim][BF4] and [bmim][PF6], with yields less than 10% yield in 30 

minutes.32 While the dehydration of fructose is extensively studied in coordinating ionic liquids based 
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on Br- and Cl-, the dehydration of fructose in non-coordinating ionic liquids has not been studied deeply 

due to the high cost of these ionic liquids and their inability to dissolve cellulose and glucose. A few 

examples are reported in literature, using the acidic resin Amberlyst-15 in [bmim][PF6] or a triphasic 

system but generally satisfactory results were not obtained.33,34 Shi and co-workers studied the 

coordination of the anion with the hydroxyl groups through a molecular dynamic study showing that 

Cl- tends to form a centralised structure around the fructose molecule through hydrogen bonding,35 

while this was not observed in [bmim][OTf]. Such structures may be responsible for the stabilization 

of HMF towards further side reactions involving the formation of humins or they could actively 

participate by activating the hydroxyl groups toward dehydration. [Bmim]Cl and [bmim]Br have always 

been considered as superior solvents for their lower cost and higher selectivity and research has focused 

on catalyst design to improve yield and selectivity. However, most literature ignores a barrier related to 

the use of these ionic liquids: separation and valorisation of HMF. Separation of HMF from these ionic 

liquids has been a challenge for many years36,37 and systems proposed for separation via scCO2 

extraction or highly entrained vacuum distillation are more fascinating to observe than commercially 

viable38–40 due to their high operating costs. Conversion of HMF in situ through oxidation to high value 

product such as DFF and FDCA has proven to be challenging since coordinating anions alter the 

selectivity of the noble metals which are commonly used for this reaction.41,42 Moreover, a good 

compromise between reaction time, heating method and catalyst loading still needs to be properly 

achieved. Some researchers have focused on oxidizing HMF in the reaction media into 2,5-

furandicarboxylic acid (FDCA), which is easier to separate by water addition.43–45 

In contrast, alcohol oxidation has proven to be extremely efficient in non-coordinating ionic 

liquids with [PF6]-, [BF4]-, [NTf2]- and [OTf]- anions with yields and selectivities higher than those 

achieved in conventional organic solvents.46–50 The possibility of using these solvents for selective 

alcohol oxidation to produce DFF is an attractive option since DFF can be isolated in high purity through 

sublimation according to the study reported in the previous chapter and our publication.45 Moreover, 

the separation of 5-HMF is much more favoured due to the lack of hydrogen bonding between HMF 

and the ionic liquids, opening up different pathways for the valorisation of this chemical. However, the 

dehydration reaction from sugars to HMF in these solvents has proven to be inefficient so far, hence 

the two steps cannot be combined. An efficient chemical pathway that enhances the HMF yield from 

sugars in these solvents could make the overall process more attractive for both isolation and catalysis. 

The aim of this study is to focus on improving the yield of HMF in non-halogenated and non-

coordinating ionic liquids, such as [bmim][OTf] (Figure 4.1), which is a more suitable media for HMF 

valorisation. In order to increase the yield at short reactions times, analysis was performed on different 

reaction parameters. Water content proved to be the most crucial parameter for solvent design as it 

stabilises HMF towards side reactions. It will be demonstrated that the reason for the low selectivity 

towards HMF in these solvents is due to the instability of HMF under acidic conditions. Water addition 
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suppresses the side reaction and stabilizes HMF, leading to a high yield of dehydration of fructose to 

HMF at short reaction times and high loadings, making these ionic liquids more efficient than the 

conventional halogenated ones reported to date.  
 

 
 
Figure 4.1 The cations and anions used in the ionic liquids in this chapter. Reproduced with the 
permission of Al-Ghatta et al. 2019. 
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Experimental Section 
 
Materials 

Fructose, 36% hydrochloric acid, calcium hydride, phosphorus pentoxide, lithium triflate and potassium 

hydroxide and [emim][OTf] were purchased from Sigma Aldrich. 5-Hydroxymethylfurfural (99%, 

chromatography standard) was obtained from Fluorochem and purified by crystallisation at 3 °C from 

ethyl acetate and hexane. N-methylimidazole, N-methylpyrrolidine and chlorobutane for ionic liquid 

synthesis were purchased from Alfa Aesar. Methylimidazole was purified at reduced pressure (2.1 

mbar. 40 °C reflux temperature) in the presence of calcium hydride. Chlorobutane was dried at 

atmospheric pressure over phosphorus pentoxide. Methylpyrrolidine was distilled at atmospheric 

pressure over KOH. Acetonitrile, ethyl acetate and hexane were purchased from VWR and further 

purified by distillation over calcium hydride. 

Fructose conversion to HMF 

Due to the high cost, long synthesis procedure of the ionic liquids used and large amount of experiments 

to be carried out, the setup was designed to perform at low volume and minimise the waste of ionic 

liquid. Difficulties lie in the measurement of low amounts of acid catalyst; hence a large batch was 

prepared. A larger quantity of the IL was prepared with the desired amount of water and catalyst. Since 

the experiments are highly sensitive to the water content, the ionic liquid was left under vacuum 

overnight at 70 °C. All the handling of the ionic liquids was done in a glove box. 

Experiments were performed in triplicate in 1.5 mL vials. Each vial was loaded with an appropriate 

amount of fructose followed by the addition of the solvent to be tested in the desired fructose/solvent 

ratio. The vials were placed in a preheated heating block for the desired reaction time. At the end of the 

reaction, the reaction mixture was rapidly quenched with 1 mL of water and then further diluted 6:1 and 

filtered before HPLC analysis. Kinetic analysis was performed by halting the reaction by addition of 

water at the desired time and recording the data. Sampling could not be performed for the low volumes 

used and condensation of water at the top of the vial could not be taken into account, potentially biasing 

the yield. 

Quantification of HMF yield was performed using a Shimadzu Prominence preparative HPLC 

(Shimadzu, Kyoto, Japan) with refractive index (RI) and ultraviolet (UV) detectors and equipped with 

an Aminex HPX-87H column using 0.005 M H2SO4 as the mobile phase at 55 °C and flow rate of 0.6 

mL/min. 

Partition coefficients between ionic liquid and diethyl ether 

Partition coefficients were calculated using diethyl ether since it is a common solvent used for the 

extraction of HMF from [bmim]Cl. In a centrifuge tube vial, 300 mg of ionic liquid were mixed with 

30 mg of HMF and heated at 60 °C for 30 minutes to obtain a homogeneous solution and then cooled 
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down to room temperature. Then 1 g of diethyl ether was added to the mixture and vigorously stirred 

for one hour. An aliquot of the organic phase was withdrawn and analysed by GC with a ThermoFischer 

GC ULTRA with external standard calibration. Partition coefficients were calculated using the 

following formula:  

ὑ =
ὅ  

ὅ   

 
The synthetized HMF was extracted from the ionic liquid phase through solvent extraction with diethyl 

ether. The dehydration experiment was repeated in large scale (1 g of ionic liquid) at 14 % fructose 

loading (140 mg), 10 % H2SO4 loading (respect the substrate), 3.5 % water content, 100 °C and 10 min. 

At the end of the reaction the ionic liquid phase was diluted with water (20 ml) and neutralised with 

NaOH at pH 7.   The solution was then washed with small amounts of dichloromethane to remove most 

of the impurities to avoid decreasing the yield to any great extent. 1 mL additions of DCM were used 

until the organic layer turns clear (average 5 washes). The purified water layer was then extracted with 

diethyl ether (3 x 100 mL) and concentrated under vacuum, obtaining a yellow liquid which crystallized 

in the fridge (71 % yield from sugar). The ionic liquid phase was extracted from water with ethyl acetate 

as a light brown viscous liquid and then characterized by NMR spectroscopy and mass spectrometry. 

The side products were isolated from the dichloromethane layer by solvent removal and extraction with 

diethyl ether and analysed by mass spectrometry. 
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Results and Discussion 
 
Stability of HMF in the ionic liquid under acidic conditions 
Literature studies on the mechanism of fructose dehydration appear to agree that a hydrogen bonding 

environment is necessary for dehydration to be achieved.35 The role of the hydrogen bonding is 

discussed and different theories and opinions are presented in the literature regarding its role in the 

catalysis and stabilization of HMF from reaction with fructose to lead to humins. However, the potential 

for hydrogen bonding is reduced in an ionic liquid with a non-coordinating anion. In order to investigate 

the role of hydrogen bonding in the reaction, a stability test of HMF was carried out. The stability of 

HMF in [bmim][OTf] was first investigated under acidic conditions at elevated temperatures with a 

range of water contents. This was designed to identify conditions where HMF is stable so that it does 

not undergo self-condensation over long reaction times. Since H-bonding has proven to play a key role 

for the stabilization,52 water was added to the ionic liquid as a hydrogen bond donor. In order to 

efficiently regulate the water content, p-toluenesulfonic acid (PTSA) was tested as acid since HCl and 

HSO4 are generally available only as solutions. Moreover p-toluenesulfonic acid has already been 

shown to be a good reagent for fructose dehydration in many different solvent systems when PTSA is 

used in its immobilised form (Amberlyst-15).53–59  

According the data in Figure 4.2, HMF proved to be extremely unstable under water-free 

conditions, undergoing 43% degradation at 10% catalyst loading in 10 min at 90 °C. The gradual 

addition of water hindered the formation of side products, decreasing the decomposition to just 14%. 

The origin of this behaviour could be linked either to the hydrogen bonding of water with HMF or the 

decreasing activity of the protons on addition of increasing amounts of water. However, no trace of 

further hydration to formic and levulinic acids is observed, suggesting that the ionic liquid is still 

contributing to the stability of HMF even if the anion is not an H-bond donor. In order to find the 

relationship between water and acid, a stability test was performed at 1.3% water content with HCl and 

H2SO4 as both exhibit a lower pKa compared PTSA. The results showed slight changes in the degree 

of degradation with lower degradation for HCl (18.4 ± 0.8%) and slightly higher value for H2SO4 (23.2 

% ± 0.2%) compared to PTSA (20.3%). The large difference in acidity of these Brønsted acid catalysts 

does not correlate with the difference in degradation observed and there appears to be no relationship 

with the pKa of the acid. This observation suggests that water is stabilising HMF through H-bonding, 

protecting it from self-condensation. In the following section this stabilization will be analysed to see 

if it can lead to improvements in the HMF yield from fructose. It will also aim to discern whether the 

reason for the low yield observed so far in the literature for the reaction in non-coordinating ionic liquids 

can be ascribed to the instability of HMF under water free conditions.  
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Figure 4.2. Degradation of HMF at 90 °C in [bmim][OTf] with a range of water contents and 10% 
PTSA loading (with respect to HMF) and 10% HMF loading (with respect to the ionic liquid). 
Reproduced with the permission of Al-Ghatta et al. 2019. 

Presence of intermediates 

During the experiments on fructose dehydration, it was observed that the HMF yield did not follow a 

first order relationship with respect to fructose. In all the experiments at temperatures higher than 90 °C 

fructose achieved full conversion in less than 1 min while the HMF yield increased over 10 min, 

suggesting the formation of intermediates during the dehydration process. These were observed in the 

HPLC chromatogram by two further peaks at 7.7 min and 8.1 min (compared to fructose at 9.3 min). 

To further confirm that there were two intermediates belonging to the same reaction pathway, kinetic 

analyses were performed and revealed that the yield was not increasing further after the peaks at 7.7 

min and 8.1 min disappeared. Zhang et al,51 using ethanol as a solvent at room temperature, 

demonstrated that two principal intermediates are formed prior to HMF formation, according to the 

mechanism depicted in Scheme 1. Their analysis with in situ NMR spectroscopy and mass spectrometry 

strongly supporting this reaction path. Due to the difficulty in quantifying the intermediates, the rate 

limiting steps in the dehydration will not be discussed here. Instead, the reaction was considered 

completed when the intermediate peaks in the chromatogram were no longer present. 

 
 
Scheme 1. Fructose dehydration scheme proposed in previous work51 
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Selection of the acid catalyst 

In light of the stability study described above, three different catalysts were tested operating under 

conditions where the decomposition of HMF is minimised. Since the dehydration of fructose involves 

the generation of 3 moles of water per mole of fructose, it was decided to operate with a lower initial 

water content to avoid a possible excess that could reduce the rate of reaction or lead to further undesired 

hydrolysis of HMF. Hence a water content of 3.5% and a fructose loading of 14% were selected. Under 

these conditions, complete dehydration of fructose will lead to a water content of 5% which is below 

the minimum degradation of HMF according Figure 4.2. The acids, PTSA, H2SO4 and HCl were chosen 

for catalyst screening. The success of PTSA for the dehydration of HMF has already been established 

in different systems and HCl has been shown to be an effective catalyst in a wide variety of solvents. 

In the work of Tuerke and co-workers 82% yield at 30% fructose loading was obtained in about 1 

minute at 185 °C and 17 bar pressure in a microbatch reactor using HCl in a biphasic system of 

water/MIBK.60 A study published in 2011 reported a 82% HMF yield in isopropanol in 1 hour at 120 

°C,61 while a near quantitative yield was obtained in [bmim]Cl at 80 °C.32 Sulfuric acid proved to be an 

efficient catalyst in [bmim]Cl and DMSO, reaching over 93% yield.32,62 

The results from the screening of different acids are shown in Figure 4.3. Hydrochloric acid 

proved superior to PTSA or sulfuric acid. The lower pKa can ensure complete dehydration, reaching 

74% yield in 10 minutes at 14% fructose loading. The counterion can also provide further hydrogen 

bonding to the hydroxyl group and its role seems very important for the high difference in yield 

compared to the other acids. Water provides stability to HMF but a suitable counterion of the catalyst 

had to be chosen to provide the necessary catalytic activity. It was thus decided to continue the study 

with HCl as the catalyst.  
 

 
 
Figure 4.3. Acid selection for fructose dehydration in [bmim][OTf]. Fructose loading = 14% respect the 
solvent, T = 90 °C, initial water content = 3.5%, acid catalyst loading 10% respect fructose, t = 10 min. 
Reproduced with the permission of Al-Ghatta et al. 2019. 
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Effect of water content on the yield and rate of the reaction 
In order to further understand the role of water in the reaction medium, a range of water contents in the 

ionic liquid were investigated. The results in Figure 4.4 clearly suggest that water has a significant effect 

on the yield of HMF in the reaction. Gradual addition of water improved the yield up to 79% at 3.5% 

water content, indicating that side reactions are suppressed. On the other hand, in pure water the catalyst 

was completely inactive. This suggests that at too high water content the catalytic activity of the acidic 

protons is decreased too much, making it completely inactive for dehydration.  

This observation seems at first instance to contradict the previous study on the stability of HMF 

under acidic conditions. According to those results, different acids with different pKa values did not 

affect the degradation, while, according to the results below on dehydration, water is clearly decreasing 

the activity of the protons, affecting the dehydration. The answer to this can be seen in the anion of the 

acid, since its coordination with the hydroxyl group is needed for the dehydration; high water content 

will lead to excessive hydration of the Cl- ion, blocking further catalytic activity. 

Low water concentration led to a poor yield, which (considering that all the reaction are 100 % 

conversion) may be due to the overly aggressive activity of the H+ ions which may be influenced by the 

water content, leading to side reactions of HMF, such as self-condensation or reaction with fructose (to 

produce humins); such phenomena will be further discussed later in this chapter. An optimum was 

observed at 3.5% water content (79% yield), suggesting a good compromise between stabilisation and 

acidity for dehydration of HMF. In this medium, water is playing a different role compared to the 

dehydration in halogenated ionic liquids as [bmim]Cl, [bmim]Br and [Hmim]Cl reported in other 

work,29,30,32 where the only effect is to decrease the rate of reaction, marginally affecting the selectivity. 

In other catalytic systems, water contamination leads to a drastic decrease in selectivity with 

overhydration to levulinic acid and formic acid.63,64 In our case, the water content has a beneficial effect 

on the yield while an excessive amount leads to lower efficiency due to the deactivation of the catalyst 

while in low amounts it acts as a catalyst moderator. This is further suggested by the relative amounts 

of water and HMF, which in the case of 3.5% water content, is equivalent to 2.5 moles of water per 

mole of HMF. 
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Figure 4.4. Effect of water content on HMF yield from fructose in [bmim][OTf], fructose loading = 
10% respect the solvent, T = 90 °C, t = 10 min, 10 % acid catalyst loading (HCl) respect the substrate. 
Reproduced with the permission of Al-Ghatta et al. 2019. 

In order to further understand the role of water content on the stability of HMF and the rate of 

reaction, kinetic analysis was performed at two different water contents at a higher temperature (100 

°C). 

The data in Figure 4.5 suggest that the water content contributes to both the stability of HMF 

and the rate of the reaction. At 2.5% water content, the reaction reached a maximum at 3 minutes with 

a yield of 76% followed by a gradual decrease of HMF yield of 6% by 10 minutes. This decrease can 

be ascribed to the trend observed in Figure 4.5, suggesting that the total water content in the system is 

not enough to stabilise HMF. By increasing the water content to 3.5%, this trend is no longer observed, 

instead there is a steady increase up to 82% HMF yield. This is further confirmation that water is 

stabilising HMF from self-condensation side reactions. Compared to the previous results (Figure 4.4), 

the yield at 3.5% water content was improved, indicating that at 90 °C not all of the sugar was 

dehydrated due to incomplete conversion of the intermediates. The remaining 20% lost in yield can be 

ascribed to side reactions between fructose (or the intermediates) with the HMF formed. This will be 

discussed further below.  
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Figure 4.5. Effect of water content on the kinetics of HMF production from fructose in [bmim][OTf] at 
100 °C, fructose loading = 10 % respect the solvent, catalyst loading = 10% (HCl) respect fructose. 
Reproduced with the permission of Al-Ghatta et al. 2019. 

Effect of fructose loading 

Thus far it has been demonstrated that [bmim][OTf] in combination with HCl as a catalyst is a versatile 

system for the dehydration of fructose to HMF. However, the high cost associated with this ionic liquid 

requires careful consideration in terms of the overall process economics. To this end the substrate 

loading will be studied since this can reduce the cost per unit product. This will also provide an insight 

into the side reactions involved, which are the cause of the reduced yield. The study on the substrate 

loading is reported in Figure 4.6. The yield of HMF increased by reducing the substrate loading, 

indicating that the side reaction of fructose (or the intermediates) with HMF is one reason for the 

inefficiency. Water addition seems to stabilise HMF towards self-condensation, but not completely 

from cross-condensation. Further analysis was carried out on the rate of reaction for two substrate 

loadings, 10 and 14%. Both reactions were carried out over the course of 10 minutes. In both cases no 

maximum was observed indicating that HMF does not undergo self-condensation under these reaction 

conditions. At 90 °C, it was observed that even at 14% loading and 3.5% water content, HMF does not 

undergo any significant decomposition, reaching a plateau (the yield decreases by only 2% from 8 to 

10 minutes). At 10% fructose loading, the HMF yield increases to 82% in 10 minutes, showing a trend 

of increasing yield. While the reaction at 10 % yield has an increasing trend, at higher loading the yield 

reaches a plateau with incomplete conversion of intermediates. This may due to excessive water 

formation which reduces the activity of the catalyst. In order to further improve the yield at high loading, 

the effect of the temperature will be discussed in the next paragraph.  
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Figure 4.6. a) The HMF yield from fructose in [bmim][OTf], at different fructose loadings and b) kinetic 
analysis of the same reaction at two fructose loadings (right). Reaction conditions: T = 90 °C, 3.5% 
water content, t = 10 min, 10% HCl loading respect fructose. Reproduced with the permission of Al-
Ghatta et al. 2019. 
 
Effect of temperature 

 

Figure 4.7. Effect of temperature on HMF yield from fructose in [bmim][OTf], 10% fructose loading, 
10% HCl loading, 3.5% water content. Reproduced with the permission of Al-Ghatta et al. 2019. 

Analysis of the effect of the temperature on the reactions is reported in Figure 4.7 at 10% fructose 

loading. Higher temperatures have a beneficial effect on the reaction, shortening the reaction time and 

increasing the yield. This result is expected for all dehydration reaction in which high temperature is 

needed due to the endothermic nature of the reaction.  

Further optimization was performed at higher loadings. Kinetic analysis was carried out for 

higher HMF loadings at 100 °C as seen in Figure 4.8. In this case the yield was improved from 72% to 
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81%, making the dehydration at higher concentration a more feasible process from a techno-economic 

viewpoint. 
 

 

Figure 4.8. Kinetic analysis of the dehydration of fructose to HMF in [bmim][OTf] at two different 
temperatures and 14% fructose loading respect the solvent, 10% HCl loading respect fructose, 3.5% 
water content. 

Effect of the cation 
According to Zhang and co-workers51, the cation plays a key role in the dehydration of fructose at room 

temperature since the cation can contribute with weak H-bonding donation to the hydroxyl groups.  
 
Table 4.1. Effect of the cation on HMF yield from fructose in different ILs. Reaction conditions: 14% 
fructose loading, T = 100 °C, t = 10 min, 10% HCl loading, 3.5% water content.  

 
Ionic Liquid HMF yield (%) 
[bmim][OTf] 80.8 ± 2.0 
[emim][OTf] 77.4 ± 0.7 
[bmpyr][OTf] 80.1 ± 0.5 

 
 
The choice of a cation with higher proton donation ability will increase the rate of reaction. In previous 

work, the imidazolium ionic liquid displayed the best performance as a catalyst using ethanol as solvent. 

In order to validate this concept in our system, various ionic liquids with different cations and diverse 

H-bonding donation abilities were tested. The H-bond donating ability can be quantified by the Kamlet-

Taft parameter α as reported in the literature.65 Pyrrolidinium ionic liquids have a lower H-bond ability 

compared to imidazolium with an α of 0.4 compared to 0.6 for imidazolium ionic liquids. However, the 

results reported in Table 4.1 show no significant effect of the cation on HMF yield, suggesting that 

while the interaction of the cation with hydroxyl groups are significant at low temperature, these play 
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no role at higher temperatures and no interactions arise with the fructose molecule at higher 

temperatures. 

Extraction of HMF from Ionic Liquids  

The synthesized HMF was extracted from the ionic liquid through solvent extraction. Direct extraction 

with diethyl ether from the ionic liquid phase followed by solvent removal under vacuum resulted in a 

dark viscous liquid. This indicates the existence of impurities in the crude HMF product confirmed by 

additional peaks in the furan and aldehyde region in the NMR which were not observed in the ionic 

liquid liquor. This may be due to residual acidity dragged into the organic phase, which upon 

concentration leads to degradation of HMF. In order to remove the acidity, the organic phase was 

washed with a sodium carbonate solution, but this led to poor recovery of HMF because of the high 

affinity of HMF for the water phase and its instability at high pH. Following these observations, it was 

decided to neutralise the ionic liquid phase at pH 7 after water addition (20 mL) and adopt the protocol 

reported in the experimental section. The purification with DCM washing allows the removal of the 

impurities which visibly contribute to the dark colour. After the washing the water layer became clear 

and HMF could be extracted with ethyl acetate.  

As already mentioned in a previous chapter, since the [OTf]- anion is non-coordinating, the separation 

of HMF from this type of solvent is favoured. The issue in this step is the higher miscibility of this ionic 

liquid with organic solvent. For this purpose, diethyl ether was used as its low dielectric constant makes 

the ionic liquid highly insoluble. In order to analyse the effect of a coordinating environment on the 

partition coefficient, different extraction experiments were analysed, varying the concentration of Cl- 

anions in the mixture with diethyl ether. The results reported in Figure 4.9 show a pronounced negative 

effect of Cl- on the partition coefficient, even at low concentrations. However, at Cl- free conditions the 

partition coefficient increases by two orders of magnitude, making extraction into the organic phase 

more favourable even if the absolute value of the partition coefficient suggests extensive washing will 

still be required in order to achieve a good recovery with this organic solvent. More polar solvents, such 

as ethyl acetate or MIBK may be able to boost the extraction but they exhibit large miscibility with 

[bmim][OTf]. An organic solvent screening will be necessary to establish a viable system for scale-up. 

By exploiting the higher partition coefficient between [bmim][OTf]/diethyl ether, the isolation 

of HMF from this solvent was explored working at bigger scales with 1 g of ionic liquid and 14% 

fructose loading with a yield of 71% (HPLC yield 82%). The loss of yield is due to partial solubilisation 

of HMF in the DCM layer used for extraction . Mass spectrometry of the isolated HMF shows two 

peaks at m/z 139 and m/z 83 which correspond to the mass of levulinic acid and formic acid.66 However, 

the fact that these were not seen in either the NMR spectra nor HPLC data suggests that they are present 

in very small amounts. 

By analysing the NMR spectra of the ionic liquid prior to work-up, only peaks related to HMF 

and ionic liquid were observed and water addition did not lead to any precipitation, meaning that the 
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side products are likely to be low molecular weight products. This is a further confirmation that water 

is suppressing the formation of humins since in many other acid catalysed systems reported in the 

literature, side products are insoluble high molecular weight compounds.66,67 By analysing the NMR 

spectra of the ionic liquid prior to work-up, only peaks related to HMF and the ionic liquid were 

observed and water addition did not lead to any precipitation, meaning that the side products are likely 

to be low molecular weight products. This is a further confirmation that water is suppressing the 

formation of humins since in many other acid catalysed systems reported in the literature, side products 

are insoluble high molecular weight compounds.66,67 

The side products were analysed by mass spectrometry since only HMF was detected by NMR 

spectroscopy in the DCM layer. Two large peaks arise at m/z 251 and m/z 155, which were not reported 

in the literature. The mass is slightly higher than that of two molecules of HMF suggesting that it can 

derive partially from reaction with fructose (Figure 4.10). By calculating the mass, we speculate a 

product that is a result of the reaction between fructose intermediate and HMF, resulting in two rings 

linked by an ester group (Figure 4.11). The structure has a mass of m/z 251.0561 with an error of 

0.0061% which is within the tolerance accepted by most journals (ChemSusChem requires a tolerance 

within 0.4%). 

 
Figure 4.9 Partition coefficient of HMF in diethyl ether and ionic liquid mixtures. 
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Figure 4.10 Mass spectrometry of the side products in the DCM layer after washing. 

 
 
 

 
Figure 4.11 Proposed side-product from HMF dehydration in ionic liquid 
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Conclusions 
 
This study shows that the ionic liquid [bmim][OTf] is a versatile solvent for the dehydration of fructose 

to HMF permitting a good compromise between high loading (14%), short reaction time (10 min), low 

temperature (100 °C) and high yield (>80 %). In achieving this important result, it was found that water 

plays a key role in stabilising HMF and was the key factor in improving the yield of HMF from fructose, 

making this system very competitive in contrast to all of the negative results reported so far in the 

literature. The analysis presented here shows that the dehydration of fructose to HMF in non-

coordinating ionic liquids is compromised by the instability of HMF in the (pure) ionic liquid under 

acidic conditions. By regulating the water content, side reactions related to the self-condensation of 

HMF are suppressed. Cross-condensation of fructose with the formed HMF in the beginning of the 

reaction is the main source of inefficiency and one oligomer was identified as etherification of one 

intermediate with HMF. The separation of HMF from this solvent is more favourable compared to 

halogenated ionic liquids, improving the partition coefficient by two orders of magnitude. However, in 

terms of process economics the amount of solvent is still enormous for process scale-up and further 

studies on solvent screening must be done for an efficient separation of HMF. On the other hand, the 

solvent used is a suitable media for selective alcohol oxidation with the potential to produce DFF which 

can be separated by sublimation. In the next chapter this aspect will be tackled by developing a catalytic 

system for the selective production of DFF from HMF in [bmim][OTf], allowing this to be combined 

with the system developed above.   
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Chapter 5 Catalytic Oxidation of 5-
HMF into DFF in [bmim][OTf] with 
immobilized TEMPO-pyridine ionic 
liquid and CuCl 
 

 

 

Following our previous study on the separation of furanic compounds from the ionic liquid in Chapter 

3, the catalytic upgrading of HMF into a more valuable product is highly desired. However, there is 

currently a lack of literature describing catalysts capable of efficiently converting HMF to DFF or 

FDCA in ionic liquids. In the following chapter, a homogeneous catalytic system will be developed for 

the oxidation of HMF into DFF. According to the solvent design guidelines developed in Chapter 4, 

this system has the potential to obtain very pure DFF that can be separated through sublimation. For 

this purpose, the system CuCl/TEMPO was tested in the ionic liquid [bmim][OTf] and high yield was 

achieved in short reaction times with the addition of a ligand. In order to test the recyclability of the 

system, TEMPO and the pyridine ligand were immobilized in the ionic liquid to avoid catalyst 

evaporation during vacuum separation of DFF. The system showed outstanding performances regarding 

loading, reaction time, temperature and oxygen pressure achieving over 90% yield at 80 °C, 1 bar, in 3 

h with 40% HMF loading. By increasing the reaction time, the selectivity can be switched to FFCA 

with good yield (62%). Starting from fructose as a feedstock, 55% DFF yield was obtained in a two-

step reaction. This study proves that ionic liquids are superior solvents for the catalytic conversion and 

separation of highly valuable, pure, bioderived chemical compounds.     
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Introduction 
2,5-diformylfuran (DFF) represents a bioderived chemical which can be obtained from HMF. 

Compared with HMF, it has different properties, some of which are advantageous, as DFF is 

hydrophobic, stable at room temperature and sublimes at a relatively low temperature. While this 

molecule does not sublime from solution in organic solvents, its sublimation property is retained in 

ionic liquids, making the recovery easier at high purity.1 Recently, different heterogeneous catalysts 

have been reported which are capable of efficiently oxidizing fructose or HMF into DFF. While any 

organic solvent can be used to carry out the oxidation of HMF, the choice is limited when the conversion 

has to be carried out from fructose. For this purpose, DMF and DMSO have already been proven to 

guarantee high yields of fructose dehydration.2–6 Based on this work, most research is currently focused 

on developing heterogeneous catalytic systems to combine both reactions and obtain a high yield of 

DFF from sugars. For example, over 70% yield was obtained in a two-step synthesis using an 

Amberlyst-15 and Fe/Mn based catalyst or Cs/MnO at temperatures over 110 °C at 10-15 bar O2 

pressure.7,8 Other catalytic systems based on polyoxometallates and molybdenum were capable of 

achieving the same yield.9,10 However, notwithstanding the high yield achieved using different catalysts 

in one or two steps, they possess the same drawbacks since they require high oxygen pressures, high 

temperatures and low substrate loadings. Moreover, the issue of separation remains since once HMF is 

converted into DFF, the removal of a high boiling point solvent remains challenging, leading to the 

same issues related to the separation of HMF.  

In this scenario, the development of a catalytic system capable of converting HMF into DFF in 

an ionic liquid can be extremely useful since DFF sublimes from the ionic liquid, creating a valuable 

chemical path for the valorisation of sugars into biochemicals. However, even though there are no 

reported studies on the oxidation of HMF to DFF in ionic liquids, selective aerobic alcohol oxidation is 

well studied with homogeneous catalysis. Oxidation has been widely studied with catalysts based on 

Pd,11,12 Ru,13–17 Co,18 W,19 V,20,21 Fe/Zr22,23 and Cu/TEMPO.24–28 In choosing the catalytic system to be 

used, multiple factors must be considered. First, the ionic liquid used has to be suitable for sugar 

dehydration, and the catalytic system should be able to oxidise furanic compounds. Indeed, catalyst 

activity has shown strong dependency on the functionality of the alcohol group. Aromatic alcohols have 

proven to be the most ideal compounds to oxidise and they are used as model compounds for oxidation 

and activated alcohols with electron donating groups have generally shown higher activity towards 

oxidation compared to those with electron withdrawing groups. On the other hand, allylic and 

heterocycles compounds have proven more challenging for the alcohol oxidation. The reason for this 

can be deduced from the stability of these compounds compared to the aromatic alcohols. While benzyl 

alcohol is highly stable at high temperatures, furfuryl alcohol is much less stable, undergoing 

polymerization. The results of this side reaction can lead to significant effects on the catalyst activity, 
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possibly leading to deactivation and side products. Therefore, in choosing the catalytic system, it is 

important first to analyse the substrate scope of the catalyst. Stark and co-workers showed that 

palladium catalysts, which are commonly used for oxidation, change chemoselectivity to alcohol 

etherification whenever chloride ions are present in the system, hence palladium catalysts needs a 

solvent which doesn’t form H-bonding for an efficient oxidation.11 Another study shows that by adding 

[emim][NTf2], the catalytic activity of Pd is boosted, indicating a favourable effect of the ionic liquid 

on the kinetics of reaction.12 Few studies use non-noble metal catalysts such as cobalt, tungsten and 

vanadium. Co-phthalocyanine and vanadyl acetylacetonate show remarkable selectivity for a large 

variety of substrates, respectively, in [bmim]Br and [bmim][PF6] at atmospheric pressure,18,20,21 while 

only one substrate was tested with tungsten oxide in [omim]Cl.19 

Ruthenium in different forms was also tested in different ionic liquids. Welton et al. 

successfully oxidized a large variety of benzyl alcohols using tetrapropylammonim perruthenate 

(TPAP) in [bmim][NTf2]13 while ruthenium based salts require chloride to exhibit activity towards 

oxidation.16 

A widely studied catalyst is the combination of CuCl and TEMPO which showed improved 

kinetics of oxidation in ionic liquids compared to organic solvents which require long reaction times to 

complete the reaction. In the following chapter, the most suitable catalytic system for the oxidation of 

HMF to DFF will be explored along with efforts to develop an efficient path from sugars. 
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Experimental Section 

Materials 

Materials and procedure for ionic liquid synthesis are the same as the one adopted in Chapter 2 

(Experimental Section).  4-hydroxy-TEMPO (97 %), anhydrous benzene (99.8 %), sodium hydride 

(60 % dispersion in mineral oil), dibromobutane (99%), CuCl (99 %), TEMPO  (98%), DABCO, 

DBU (98%), triethyl amine (>99.5%), VO(acac)2 (97 %), cobalt phtalocyanine (97%), TPAP (97 %), 

4 methoxybenzyl alcohol (98 %) were bought from Sigma Aldrich. 4,4 bypiridine (98%) was bought 

from Flurorochem.  

 

Oxidation Experiments  
Experiments were performed in a 3 mL vial closed with a rubber septum. Different methods to supply 

oxygen to the system were tested mainly through bubbling with a needle or balloon. Bubbling 

manifested different practical problems such as high oxygen consumption and reproducibility of the 

system due to the difficulties in regulating the oxygen flow. This often causes entrainment of the liquid 

phase, while an oxygen balloon guaranteed consistent results and low oxygen consumption, allowing 

us to execute more experiments in parallel and in triplicate. The catalyst (CuCl/TEMPO) and HMF 

were dissolved in the ionic liquid phase prior to the reaction in a 3 ml vial then closed with a rubber 

septum.  Oxygen was introduced in the system through a needle connected to a balloon. The vials were 

placed in a pre-heated heating block and left under stirring for the desired time.  

In a typical experiment, 300 mg of ionic liquid were mixed with the catalyst at 5% loading compared 

HMF (4.7 mg CuCl, 1.86 mg TEMPO), stirred overnight to assure that all the catalyst is dissolved and 

then HMF (30 mg) is added to the reaction mixture then capped with a rubber septum and purged with 

an oxygen balloon. The vial was placed in a preheated heating block and left it for the desired time 

under stirring. At the end of the reaction the reaction mixture 3 ml of water were added to the reaction 

mixture and analysed by HPLC.  

HPLC quantification was done with H-column with the same method reported in Chapter 3 

(Experimental Section). 
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Synthesis of TEMPO-immobilized ionic liquid 
 

The synthesis of TEMPO-immobilize follow the scheme reported in Figure 5.1 with a modified 

procedure reported in literature.29 

 

Figure 5.1 Synthesis of the ionic liquid immobilised TEMPO, [TEMPO-bmim][NTf2]. 

4-hydroxy-TEMPO (5.0 g, 29 mmol) and dry benzene (100 mL) were added to a 250-mL 3-

neck flask equipped with a reflux condenser and nitrogen inlet line. This step is focused on forming the 

alkoxide of TEMPO to increase its nucleophilicity for the subsequent SN2 reaction. For this purpose 

sodium hydride (0.72 g, 30.0 mmol) was chosen since it is stabilized with oil making the handling safe 

and straightforward. Since chromatography was performed in later steps, the residual oils formed were 

removed at that stage. Once the addition of NaH was complete, the reaction was brought to reflux for 

24 hours. The resulting suspension was cooled in an ice bath and 1,4-dibromobutane (8.6 g, 40.0 mmol) 

was added and the solution was again brought to reflux for 24 hours. For this purpose, an excess of 

dibromobutane was needed to guarantee monosubstitution. After the reaction was complete, the reaction 

solution was cooled and water (50 mL) was added to quench any excess sodium hydride. The contents 

of the reaction vessel were transferred to a separating funnel and extracted with diethyl ether (100 mL). 

The organic layer (benzene and diethyl ether) was decanted from the separating funnel and dried over 

MgSO4 then concentrated under reduced pressure to afford the crude intermediate product containing 

unreacted 1,4-dibromobutane. The intermediate was purified by chromatography on silica gel with 

gradient elution. The column was run first with hexane. In this step the immobilized TEMPO remained 

on the column (visible due to its characteristic red colour) while all the dibrombutane was washed out. 

Then diethyl ether/hexane (1:1) was used to separate the side products. One side product was identified 

and was easily separated as the first fraction by tracking its typical orange colour. The solvent was then 

removed under vacuum to afford the desired product as a red oil denoted as intermediate A (2.0 g, 6.5 

mmol, 23%).  
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The compound that resulted from this (intermediate A, 2.0 g, 1 eq) was slowly added to a 

solution of 1-methylimidazole (0.5 mL, 6.5 mol, 1 eq) in acetonitrile (1 mL). The mixture was stirred 

for 3 days at 70 °C. After cooling to room temperature, ethyl acetate (2 mL) was added to the mixture 

causing precipitation of 1-methyl-3-(4-(2,2,6,6-tetramethyl-1-oxyl-4-piperidoxyl)butyl)imidazolium 

bromide as a red solid (1.2 g, 3.0 mmol). The solid was dissolved in water with Li[NTf2] (0.98 g, 3.4 

mmol, 1.1 eq) and stirred overnight at room temperature. The ionic liquid 1-methyl-3-(4-(2,2,6,6-

tetramethyl-1-oxyl-4-piperidoxyl)butyl)imidazolium bistriflimide precipitated from the solution as a 

red viscous liquid. This ionic liquid was dissolved in dichloromethane (1 mL) and washed with water 

to remove all the residual bromide ions that can be detrimental in the catalysis. The washing was tracked 

with AgNO3 test. Yield 1.9 g (50%).  

The NMR of Intermediate A and final product agrees with literature.29 

 

Synthesis of bypyridine immobilized Ionic Liquid [bbpy][NTf2] 

This molecule was synthesized to avoid evaporation of the ligand during reaction. Below is the detailed 

procedure for the synthesis with a modified procedure reported in litterature.30 

 

Figure 5.2 Synthesis of the pyridine immobilised ionic liquid, [bbpy][NTf2]. 

4,4’-Bipyridine (8.00 g, 51.0 mmol) was dissolved in acetonitrile (90 mL) and 1-bromobutane (8.87 g, 

7.00 mL, 61.0 mmol, 1.2 eq.) was added dropwise under an inert atmosphere. The mixture was heated 

with stirring at 70 °C for 3 days. After cooling, the solution was concentrated and the resulting 

precipitate was isolated by filtration. The solid product was stirred and heated at reflux in chloroform 

overnight. The insoluble material was separated and was identified to be the dialkyl product by 1H NMR 

spectroscopy. The chloroform solution was evaporated and recrystallized to give a light green solid 

(10.3 g, 69%). The solid was dissolved in water with LiNTf2 and stirred overnight. The ionic liquid 

separated from the water as a viscous liquid. Purification from residual bromide was achieved by 

dissolution in dichloromethane and washing until AgNO3 gave a negative test for halide. Yield: 18.1 g 

(72%). 

NMR of the final product agrees with the one reported in literature.30 
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XPS analysis 

Catalyst characterization was performed by XPS analysis, performed using a Thermo NEXSA XPS 

fitted with a monochromated Al kα X-ray source (1486.7 eV), a spherical sector analyser and 3 

multichannel resistive plate, 128 channel delay line detectors. All data was recorded at 19.2W and an 

X-ray beam size of 200 x 100 µm. Survey scans were recorded at a pass energy of 160 eV, and high-

resolution scans recorded at a pass energy of 20 eV. Electronic charge neutralization was achieved using 

a Dual-beam low-energy electron/ion source (Thermo Scientific FG-03). Ion gun current = 150 µA. Ion 

gun voltage = 45 V. All sample data was recorded at a pressure below 10-8 Torr and a room temperature 

of 294 K.  

XPS spectra was fitted using OriginPro 2017 with Savitzky-Golay method over 10 point of window.  

In order to perform the characterization of the catalyst the complex Cu-ligand was prepared in a 

different batch rather than in-situ. A stoichiometric amount of ligand and CuCl (100 mg) was mixed in 

dry acetonitrile (10 ml) at room temperature overnight. After solvent removal in vacuum, the catalyst 

was washed with diethyl ether (3*2 ml) then dried in a vacuum oven overnight at 60 °C.    

The recovery of the catalyst after the reaction was done by water addition to the reaction mixture (10:1) 

when the solvent was hydrophilic ([bmim][OTf]). The copper-ligand complex precipitate from the 

reaction mixture and recovered by decantation. The catalyst recovery was done only for experiments 

with recycling and was possible only with the ligand [bbpy][NTf2] since hydrophobic, avoiding ligand 

lost in the water phase, keeping intact the interaction with the copper center.   
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Results and Discussion 
 
Screening of catalytic systems 

The strategy adopted to select the best ionic liquid/catalyst combination for our purpose was to test 

different catalytic systems and measure the selectivity at a defined time under the same conditions.  

In order to validate the experimental, the different catalytic systems were replicated with 4-

methoxybenzyl alcohol which is the most used substrate to test the catalytic activity. The system that 

was selected from the literature was based on the substrate scope and the compatibility of the ionic 

liquid for dehydration. Priority was given to systems that used halogenated ionic liquids, since these are 

the most efficient solvents for sugar dehydration.31 In particular the system of Shaabani and co-workers 

use [bmim]Br, a solvent which can perform a catalyst-free dehydration of fructose at high loading 

(33%), low temperature (100 °C) and high yield (>90 %). In their study, different benzyl alcohols were 

oxidized at high yield in short reaction times and 1 bar O2 pressure. Moreover the system proved to be 

recyclable more than 6 times.18 Other systems which were considered are reported in Table 5.1. 

Table 5.1 Different catalytic systems for alcohol oxidation reported in literature 

 Author Ionic Liquid Catalyst Temperature Catalyst 

Loading 

(1) Jiang & 

Ragauskas 

200620 

[bmim][PF6] VO(acac)2/DABCO 80 °C 5% 

(2) Ansari & 

Green 200224 

[bmim][PF6] CuCl/TEMPO 65 °C 10% 

(3) Shaabani et 

al. 200718 

[bmim]Br Co-phthalocyanine 70 °C 5% 

(4) Farmer & 

Welton 

200213 

[bmim][NTf2] TPAP/CuCl 60 °C 5% 

 

Applying these systems to the oxidation of 4-methoxybenzyl alcohol was successful for (1), (2) 

and (4), achieving more than 80% yield, while (3) was not repeatable since the reaction did not proceed 

at all. Reasons for this could be related to the catalyst synthesis compared to the commercial one used 

in this work. Detailed analysis of this system was not carried out and further investigation was limited 

to (1), (2) and (4). According to these results it was decided that non-coordinating ionic liquids are more 

suitable for this type of reaction and the results of the oxidation of HMF to DFF are reported in Figure 

5.3. The results show that the system reported by Ansari and Green with CuCl/TEMPO exhibits the 
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highest selectivity over the other systems making it the most suited to further optimization studies 

focused on increasing the yield. In all cases the yield was much lower compared to that for 

methoxybenzyl alcohol (MBA). The reason for this can be traced to the electron donating substituent 

of the MBA in contrast to HMF which has an aldehyde - an electron withdrawing group. Moreover, the 

furan ring can induce instability since it can interact with the metal leading to side reactions. In order 

to further understand the reason for this drastic change in the selectivity, a test using furfuryl alcohol 

(FA) was done to understand the impact of the functional group on the catalysis. System (1) was tested 

with FA and surprisingly the selectivity was further decreased to 19% (compared to 37% for HMF) 

forming a solid insoluble side product. This observation indicates that, contrary to the results for 

benzene-based substrates, more electron-donating substituents on the furan ring compromise the 

oxidation of the alcohol by decreasing the selectivity. This can be related to the instability of the furan 

ring towards side reactions, as already demonstrated in Chapter 2, as electron donating groups on the 

furan ring lead to degradation of the furan alcohol. This observation is reflected by the substrate scope 

tested in the reports. Ansari and Green tested FA in their reaction while the oxidation of furans are not 

reported in the Ragauskas and Welton studies. Based on this, the strategy for selecting a potential 

catalyst was modified to check whether furanic alcohols had been attempted in the literature report. 

 

Figure 5.3 Oxidation of 5-HMF with catalytic systems reported in literature. Conditions: 10% HMF 
loading (respect the solvent), 10% catalyst loading (respect HMF), 1 bar O2, 80 °C, 6 h. 

While Ansari and Green were the first to report CuCl/TEMPO in ionic liquids, the system has 

been widely studied and used thanks to its wide substrate scope.32 However, this system suffers from 

recyclability problems and product separation due to the homogeneous nature of the system. Ansari and 

Green were able to recycle TEMPO up to 5 times by extracting the aldehydes formed with diethyl ether, 
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however, this method proved to be inefficient due to the high solubility of TEMPO in diethyl ether, 

resulting in long reaction times due to catalyst leaching.24 Hansen and co-workers successfully achieved 

high yields for the conversion of 5-HMF to DFF using a CuCl/bipyridine/TEMPO system (without 

recycling) but long reaction times were required and toxic acetonitrile was used as the solvent.33 Another 

report 27 demonstrated that a large variety of alcohols can be oxidised in [bmim][PF6] with high 

efficiency in less than 3 hours, however, the attractiveness of this system is compromised by the toxicity 

of this ionic liquid and the alcohols investigated did not include 5-HMF. In this work, a new system is 

presented based on a TEMPO and pyridine immobilized ionic liquids for use with CuCl in the ionic 

liquids [bmim][OTf] and [bmim][NTf2] achieving high isolated yield from 5-HMF at high loading 

(40%). 

Solvent and Ligand selection  
In our study the ionic liquid [bmim][PF6] used by Ansari and Green was replaced by the non-

coordinating ionic liquids [bmim][NTf2] and [bmim][OTf] since these exhibit similar properties to the 

former but are much more stable and less toxic. Further trials were performed using different anions 

(Cl-, Br-, [HSO4]-) but all deactivated the catalyst, leading to the formation of no product. This seems 

partially in contradiction with the work of Fall and co-workers, in which a PEG-TEMPO ionic liquid 

with a [CuCl2]- anion was observed to be the active species used to oxidize the furfuryl alcohol, however 

in their work a homogeneous oxidant was used. Hence our study focused on optimising the conditions 

in [bmim][OTf] and [bmim][NTf2], further analysing the hydrophilic and hydrophobic effects of the 

solvent. The first trial at 80 °C in [bmim][OTf] resulted in 88% yield of HMF in 12 h achieving full 

conversion. Overoxidation to FFCA was seen as the main byproduct of the reaction in 9% yield. In 

order to improve the selectivity and rate, ligands were added to the system. This approach has already 

proven to be successful in increasing the rate of reaction dramatically.20,32 Different amines were tested 

for a reaction at 6 h to cover a wide range of pKa from 5 to 13. Some reports discuss the role of a base 

in the catalytic activity. Various reports state that the role of the base is to partially deprotonate the 

alcohol to favour the coordination to the metal, while other literature states that is its interaction with 

the metal which is responsible for the enhanced catalytic activity. Pyridine, DABCO (1,4-

diazabicyclo[2.2.2]octane), DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) and triethylamine were chosen 

for the oxidation. According the results in Figure 5.4, no direct correlation between the pKa and the 

final DFF yield was observed, since triethylamine, which has the highest pKa (13), slows down the 

reaction compared to having no ligand at all. This can be explained by the low coordination ability of 

the triethylamine which is not necessarily correlated to the pKa. This results state that the major effect 

for the enhanced catalytic activity in ionic liquids is the interaction of metal/ligand combination. 
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Figure 5.4 Effect of different promoters on the yields and conversion of 5-HMF. Experiments performed 
for 6 h with O2 balloon at 80 ˚C, 200 mg [bmim][OTf], 20 mg 5-HMF, TEMPO/CuCl/promoter loading 
5 mol% respect HMF. Reproduced with the permission from Al Ghatta et.al. 2020,ACS Sus. Chem. 
Eng., 2020 

Since satisfactory results with pyridine, DABCO and DBU were achieved in 6 hours at full 

conversion, running the reaction for 3 hours was investigated and reported in Figure 5.5. In this new 

study, pyridine proved to be slightly more efficient compared to DBU, while DABCO gave the lowest 

performance. Comparing the data for 3 and 6 hours, there is a slight increase in selectivity at 100% 

conversion after 6 hours. In agreement with previous work by Hansen and co-workers, the same reaction 

performed in acetonitrile does not show a first order reaction due to the formation of an intermediate 

since conversion and yield do not proceed with the same rate.33 However, spectroscopic evidence for 

the presence of the intermediate was not reported. A modest amount of over-oxidation to FFCA is 

observed in all cases mainly due to the water generated in the system, which forms geminal diols with 

the electrophilic DFF. 
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Figure 5.5 Effect of different promoters on the yields and conversion of 5-HMF after 3 hours. 
Experiments performed with O2 balloon at 80 ˚C, 200 mg [bmim][OTf], 20 mg 5-HMF, 
TEMPO/CuCl/promoter loading 5 mol% respect HMF. Reproduced with the permission from Al Ghatta 
et.al. 2020,ACS Sus. Chem. Eng., 2020 

 

5-HMF and catalyst loading 
Due to the high cost of the ionic liquids used, the initial HMF loading is a fundamental parameter for 

the techno-economic efficiency of the system. To address this matter, the initial loading was varied 

from 10 to 50% and the yield recorded. The catalyst loading was also reduced, and these results are 

reported in Figure 5.6. The selectivity remained close to 100% while a gradual decrease in yield was 

observed. The same observation was reported by Kumpulainen and Koskinen in 2009 for the oxidation 

of trans-hex-2-ene-1-ol, in which the authors observed no reaction at 1 mol% loading and deactivation 

when the catalyst reached 100% conversion.34 It has also been proposed by Hoover and co-workers that 

the deactivation is due to the formation of a copper hydroxide dimer complex at high water content, 

which is insoluble in the reaction mixture.35 However, in our reactions, insoluble solid was not observed, 

leading us to suspect a different form of deactivation. This can be attributed to the water generated in 

the system, hence different conditions were tested to eliminate the water generate in the system, by 

thermal evaporation (heating up to 100°C), physical removal using a hydrophobic solvent or adding a 

drying agent.  
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Figure 5.6 Influence of 5-HMF loading on conversion and yield in [bmim][OTf]. Higher 5-HMF 
loading slows down the reaction but retains high selectivity. Experiments performed for 6 h with O2 
balloon at 80 ˚C, TEMPO/CuCl/pyridine loading of 5 mol% respect HMF. Reproduced with the 
permission from Al Ghatta et.al. 2020,ACS Sus. Chem. Eng., 2020 

 

Table 5.2 Yield (HPLC) of the oxidation of 5-HMF at 40% (mass) loading in the reaction mixture using  
TEMPO/CuCl/pyridine as the catalyst system. Data shown are the average of 3 repeat experiments.  

Entry Ionic Liquid Temperature 
°C 

Cat. Loading 
(mol %) 

Time (h) Conversion 
(%) 

DFF yield 
(%) 

FFCA 
yield (%) 

1 [bmim][OTf] 80 1.23 6 74.3± 1.6 69.3±5.3 1.0±0.2 
2 [bmim][OTf] 100 1.23 6 64.3±0.5 60.7±2.7 1.8±0.2 
3 [bmim][OTf] + 

molecular sieves 
80 1.23 6 64.3±0.2 61.3±0.9 0 

4 [bmim][NTf2] 80 1.23 6 82.0 ±0.8 76.3±2 0 
5 [bmim][NTf2] 100 1.23 6 72.3 ±2.1 56.6±1.5 0 
6 [bmim][NTf2] 80 1.23 12 82.5±1.2 75.0±1.8 0 
7 [bmim][NTf2] 80 5 6 100 90.0±1.0 0 

 

The results reported in Table 5.2 show that higher temperatures decrease the rate of reaction. 

This is probably due to loss of TEMPO from the solution due to the concomitant sublimation with DFF 

which we observed sublimes under the same conditions. Addition of molecular sieves proved to be 

detrimental to the reaction, decreasing kinetics even if selectivity remained high. Swapping to a 

hydrophobic solvent proved beneficial, improving the yield by 8%. However, increasing the reaction 

time to 12 h (Entry 6) did not provide any benefit, leading to the same yield and conversion. One 

possibility is that TEMPO sublimes in 6 h leading to no improvements between 6 h and 12 h. This is 

further confirmed in literature where it is reported that TEMPO has sublimation proprieties under 

vacuum.36  Moreover, other studies have reported that the alcohol oxidation reaction with TEMPO can 
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follow a second order reaction making the yield dependent on the initial concentration of substrate.34 

This implies that higher substrate loadings would lead to longer reaction times to reach full conversion, 

having a further negative impact on the sublimation of TEMPO. To address this, the loading was 

increased to 5 mol%, restoring the yield beyond 90% at full conversion (Entry 7). 

Sublimation of TEMPO represents a limiting factor for the separation of DFF since it 

constitutes the loss of part of the catalytic system, undermining the recyclability. For this reason, it was 

decided to exploit the potential of ionic liquids for chemical immobilization of catalysts to cope with 

the recycling issue. This would keep the catalyst in solution at high temperature and vacuum allowing 

separation of DFF at high purity and recycling the solvent system for further catalytic cycles. Synthesis 

of the immobilized TEMPO and ligand was reported in the experimental section. 

Investigation of recycling with immobilised TEMPO 
The immobilization of TEMPO in the ionic liquid has been mentioned in different reports and most use 

TEMPO with a functional group to chemically attach it to the ionic liquid. Wang and co-workers used 

PEG-1000 imidazolium ionic liquid to chemically immobilize TEMPO to the cation, then [CuCl2]- was 

used as counterion. The system was used as combined solvent and catalyst. In another report, TEMPO 

triazolium salts were employed to immobilize TEMPO using dibromobutane to form a linker between 

TEMPO and the imidazolium ring to be used as catalyst with (bis(acetoxy)iodobenzene) to perform 

oxidationin [Hmim][BF4].25 In the present study it was decided to adopt a modified procedure from the 

literature to ease handling and separation.29 The reaction scheme is reported in Figure 5.1 and procedure 

reported in the Experimental Section of this Chapter.   

For the same reason the ligand had to be immobilized as well. For this scope, the ligand 4,4’-bipyridine 

was selected. While other bipyridine complexes can coordinate the metal better as the 2,5-isomer, the 

4,4-isomer is better for immobilization since the nitrogen in the 4 position will be less sterically hindered 

compared the 2,5-disubstituted derivative after immobilization is carried out. The reaction scheme is 

reported in Figure 5.2. As the TEMPO immobilized ionic liquid, the main challenge of this reaction is 

to guarantee monosubstitution on the pyridine ring. However, working with an excess of bromobutane 

allowed the byproducts to be more easily separated compared to bipyridine. 

After checking that the immobilised catalyst (TEMPO and pyridine) gave the same HPLC results as the 

analogous non-immobilised system in Table 5.2 entry 7, the recycling of the solvent was tested. The 

DFF was separated after each cycle by vacuum sublimation, then the cycle was repeated by adding a 

further fraction of HMF. With the high loading of HMF (40%) most of the DFF precipitated from the 

reaction mixture forming a solid block at room temperature. The separation was performed at 80 °C 

under vacuum for 8 h subliming the DFF in the upper walls as a white block, allowing it to be collected 

easily. However, the system performed worse during the second cycle over 6 hours. Increasing the 
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reaction time to 12 h in the second cycle gave slight improvements, but the catalyst was completely 

inactive by the third cycle.  

Addition of pyridine and TEMPO to the third cycle failed to improve the situation suggesting 

that it is the copper species which undergoes to deactivation. This phenomenon was observed already 

in the literature when acetonitrile was used as solvent,20,21 which suggested that the acid generated in 

solution by over oxidation is responsible for the deactivation through the formation of copper hydroxide 

which is insoluble in the reaction mixture. Other reports showed that swapping the chloride counterion 

in triflate allowed the yield to be improved without ultimately preventing deactivation.34 

At the beginning of the project, it was believed that TEMPO sublimation was the main factor 

for the decreased activity of the catalyst. Subsequent results confirmed that it is the copper component 

that is actually the cause of the observed catalytic deactivation. 

Table 5.3 Recycling experiment in [bmim][NTf2] with [TEMPO-bmim][NTf2] (5 mol% respect HMF), 
[bbpy][NTf2] (5 mol% respect HMF) at 40% 5-HMF loading respect the solvent and 5 mol% CuCl 
catalyst loading respect HMF. Conditions: 80 °C, O2 balloon, DFF separation through sublimation 
under vacuum. Results are an average of 3 experiments. 

 

Cycle Time (h) Conversion (%) Isolated yield (%) 
1 6 100 81.1 ± 7.7 
2 6 75.0 ± 1.1 68.0 ± 8.1 
2’ 12 89.0 ± 2.2 77.0 ± 4.2 
3 6 0 0 

 

Synthesis of DFF from fructose in a two-step reaction 
Following the study in Chapter 3, the dehydration of fructose to HMF can be achieved efficiently at 

high loadings and 3.5% water content. By replicating that system, 5-HMF was synthesized at 83% yield 

and 14% loading with 10% HCl loading at 100 °C and converted in situ to DFF by addition of the 

catalyst at 5 mol% loading, obtaining an overall HPLC yield of 62.1 ± 3.2% (isolated yield 55.2 ± 

6.7%). For this reaction, 10 h were needed to achieve full conversion whereas in the previous results 6 

h was sufficient. This may due to the protonation of TEMPO at the radical moiety reducing the active 

species for oxidation.36,37 

The attempt to recycle the whole reaction mixture proved unsuccessful since the reaction 

achieved no conversion. Control experiments with HCl/CuCl and HCl/TEMPO for the dehydration step 

show that both species act as an inhibitor, deactivating the HCl catalyst. Since CuCl has proven to be a 

successful catalyst for dehydration,38,39 attempts were made to dehydrate fructose in [bmim][OTf] but 

the catalyst proved to be incompatible with the solvent. 
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Study of the overoxidation of 5-HMF 
The final stage of the study focused on the analysis of the overoxidation of 5-HMF to FFCA to see 

whether the selectivity can be adjusted by varying the reaction parameters. For this reaction, water is 

an important parameter since it thermodynamically favours the formation of the carboxylic acid from 

aldehydes. Hence [bmim][OTf] was used as solvent since it retains water in the system. First the time 

effect was analysed, increasing the reaction time to 12 h obtaining a consistent product distribution, as 

reported in Table 5.4. 

Table 5.4 Effect of time on product selectivity. Reaction conditions: 5 mol % loading of 
CuCl/[bbpy][NTf2]/TEMPO-[bmim][NTf2,] compared HMF, 10% HMF loading respect the solvent , 
80 °C, 1 bar. 

Time (h) Yield DFF (%) Yield FFCA (%) 
6 95.4 ± 0.4 4.98 ± 0.3 
12 64.2 ± 0.8 26.3 ± 0.5 

 

In order to keep DFF in the solvent phase, oxidation was performed in a high pressure reactor 

at 4 bar O2 at various temperatures. At 4 bar, no sublimation of DFF was observed. At high temperature, 

over 100 °C, traces of FDCA appeared at very low yield (3.1%) but selectivity reached a plateau at 100 

°C suggesting catalyst deactivation. A maximum of 63% of FFCA was obtained and collected after 

sublimation of DFF by diethyl ether washing (5 x 5 mL) as a yellowish powder. 

 

Figure 5.7 Yield of DFF and FFCA at different temperatures. Reaction conditions: 4 bar O2 partial 
pressure, 10% 5-HMF loading. 10% catalyst loading (CuCl/[bbpy][NTf2]/ TEMPO-[bmim][NTf2])  
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Catalyst characterization 
The copper catalyst with different ligands were characterized by XPS and reported in Figure 5.8. 

According to its catalytic cycle, copper can exhibit oxidation states +1 and +2, which can be 

distinguished by XPS by a broad satellite peak centred around 943 and 962 eV, typical of copper(II) 

due to its d9 configuration. On the other hand, copper(I) does not show any satellite peak due to its 

complete full d10 shell which does not allow any charge transfer.40,41 Two main peaks are characteristic 

of the copper spectra and relate to the orbitals 2p1/2 and 2p3/2. The main peak at 2p3/2 is broader for Cu(II) 

and at higher binding energy compared to Cu(I), while the latter is a much sharper peak at lower binding 

energy.42 The presence of the satellites in all our copper complexes indicate that Cu(I) is actually 

oxidized to Cu(II) prior to the actual reaction taking place, suggesting that, while CuCl is stable, the 

addition of the ligand makes the catalyst more sensitive to oxygen undergoing oxidation. Hence, 

TEMPO is needed to reduce the copper and begin the catalytic cycle. According a mechanistic study  

by Stahl and co-workers, di-oxygen will form a bridge between two Cu(II) complexes which undergoes 

a breakdown caused by TEMPO to form the active catalytic form of Cu(II) hydroxide complex which 

will then oxidize the alcohol with the radical TEMPO.41 

 

Figure 5.8 XPS analysis of the catalyst. On the left, catalyst complex CuCl with different ligands. On 
the right, fresh and spent catalyst. 

The binding energies are reported in Table 5.5 for the main peak 2p3/2. Compared to the values 

reported for CuCl2, the shift to lower binding energies indicates that the copper atom is in an 

environment with lower electron density, indicating that the binding with the Cl counteranion may be 

broken to form different Cu(II) structures.  
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Table 5.5 Binding energies for different CuCl-ligand complexes. 

Ligand Cu 2p3/2 (eV) 
CuCl43 932.4 
CuCl2

43 934.8 
[bbpy][NTf2] 933.5 
DABCO 934.3 
DBU 933.1 
Pyridine 934.2 

 

The characterization by XPS of the spent catalyst show a different structure of copper with a 

split of the 2p3/2 orbital from a broad peak at 933.54 eV to two sharp peaks at 931.6 and 934.5 eV. The 

further splitting of the orbital 2p1/2 suggests that a combination of copper (I) and (II) co-exists. The peak 

at 931.6 eV is indicative of copper(I) and is shifted to lower binding energy compared to the original at 

932.4 eV for CuCl, while the Cu(II) peaks are shifted to higher binding energy compared to the fresh 

catalyst.  

 These data, combined with the formation of sharp peak for Cu(II), suggest that a bimetallic Cu 

(II)-Cu(I) complex is formed which is inactive toward oxidation. The higher electron density associated 

with the Cu(I) species can cause the shift of Cu(II) and the same with Cu(I), and vice-versa. The 

formation of a bimetallic complex associated with the split peaks in the XPS spectra was reported by 

Yang and co-workers44 even if a clear reason for the splitting was not given. 

Analysis of the C1s spectra reveals two peaks at 284 eV for C-C bonds, while the peaks at 292 

eV can be assigned to the C-N bond of the ligand. Since no further peaks appeared in the C1s spectra 

(Figure 5.9), this suggested that no insoluble humins (typical side-product with HMF) are formed that 

can deactivate the catalyst.  

 
Figure 5.9 XPS for C1s for fresh and spent catalyst 
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Conclusions 
 
Among the homogeneous catalytic systems reported in the literature in ionic liquids, the 

copper/TEMPO system represents a valuable catalyst for the oxidation of HMF to DFF. With high 

loadings, low oxygen pressure and low temperatures, high yields of DFF can be obtained, gaining 

significant advantages compared to other systems reported previously which use organic solvents, high 

oxygen pressure and suffer from purification problems. The use of the ionic liquid allows a practical 

separation of DFF from the reaction mixture starting from fructose and HMF, through sublimation at 

high purity. Ligands play a crucial role in the catalytic activity and pyridine proved to display the best 

performance, reducing drastically the reaction time and achieving 100 % conversion in less than 6 hours. 

Further modification of the catalyst by immobilization of TEMPO and the ligand allowed the recycling 

to be performed twice but deactivation arises on the third cycle. The reason lies in the deactivation of 

the copper catalyst, which is probably converted into another, inactive form. Further studies are needed 

to increase the stability of the catalyst, allowing improved recycling.  

This study confirms that DFF is a valuable biochemical sugar-derived product that can be easily 

synthesized in ionic liquids with significant advantages both in terms of kinetics and separation. In the 

next chapter, focus will move to the synthesis of FDCA from sugars, an even more valuable product 

which reveals different catalytic challenges for the ionic liquid medium. 
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Chapter 6 Heterogeneous catalytic 
oxidation of HMF into FDCA in ionic 
liquids  
 

 

 

In this Chapter we conclude the analysis of HMF valorisation in ionic liquids. FDCA is the most 

valuable chemical (so far identified) that can be obtained from HMF and much research has been 

focused on developing an efficient technology which can guarantee a competitive price for this 

molecule. Here we will focus on catalyst design for the efficient oxidation of HMF into FDCA in ionic 

liquids. As already demonstrated in Chapter 3, FDCA is a molecule that can be easily separated from 

these solvents, therefore it can potentially establish a path starting from a cheap feedstock as cellulose 

and glucose. This study provides principles to establish a starting point for heterogeneous catalyst 

design for this transformation in ionic liquids. 
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Introduction 
 
The diacid monomer 2,5-furandicarboxylic acid (FDCA) is considered one of the highest value 

molecules that can be derived from sugars. As already mentioned in Chapter 1, market demand for this 

molecule is increasing due to the desire to obtain a completely green bioplastic that can replace PET 

within the food and packaging sector.1 However, viable technologies which guarantee an efficient 

techno-economical path from sugars to FDCA do not currently exist due to the challenges in isolating 

the HMF intermediate. Most research done so far has focused on designing heterogeneous catalysts to 

perform a base free oxidation of HMF to FDCA in water and successful catalysts were developed by 

functionalizing the support, guaranteeing high yield, rapid kinetics and minimal metal leaching.2  

Water is the preferred solvent for this purpose since the oxidation of aldehydes is 

thermodynamically favoured through the formation of geminal diols, which serve as the intermediate 

for the formation of the carboxylic acid.3 This mechanism is well accepted and can be found in any 

organic chemistry book.4 

Other unconventional mechanisms have been reported for the oxidation of aldehydes under 

anhydrous conditions such as the Amoco Mid-Century catalyst5 but this involves a radical mechanism 

at high temperature which can lead to thermal HMF degradation and probably breakdown of the furan 

ring through the action of the radicals.  

Most literature regarding catalytic oxidations report only homogeneous catalysis for the 

selective oxidation of alcohols and still fewer to carboxylic acids. Benzaldehydes undergo oxidation to 

carboxylic acids spontaneously through the formation of radicals (with light) on the carbonyl moiety. 

This leads to the capture of molecular oxygen, forming a benzoperoxy radical which undergoes 

disproportionation, forming the carboxylic acid.6 Ni(acac)2 has proven to be an efficient catalyst for the 

oxidation of different benzyl aldehydes in non-coordinating ionic liquids with [BF4]- and [PF6]- anions.7 

Other examples use stoichiometric oxidants such as H2O2 or tertiarybutylperoxide.8,9 

In this work, we will focus on the heterogeneous catalytic oxidation of HMF in ionic liquids as 

a potential path to valorise sugars to high value added biochemicals. The development of a 

heterogeneous catalyst for oxidation in ionic liquids can be extremely challenging due to the 

coordination properties of the anion.10 For this purpose, the use of an ionic liquid which solubilizes 

FDCA is needed to avoid precipitation onto the catalyst surface, which would cause deactivation of the 

active sites. Hence coordinating anions as Cl-, Br- or acetate have to be used since FDCA is not soluble 

in non-coordinating ionic liquids.11 It has been demonstrated that even small concentrations of 

coordinating anions can drastically affect the selectivity of the oxidation when noble metal catalysts are 

used. Seddon and Stark showed that the activity of a Pd-based catalyst is swapped from oxidation to 

etherification even at low concentration of Cl- ions.12 
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The use of halide-based ionic liquids to perform this reaction has two main advantages for the 

cost and feedstock processing. Considering the same cation, Cl- or Br- based ionic liquids are cheaper 

since fewer reaction steps are required for their synthesis, whereas [OTf]- and [NTf2]- require a 

metathesis step (usually from a halide precursor) with expensive fluorinated salts. In addition, Cl- and 

Br- produce ionic liquids that are capable of dissolving cellulose and glucose, raising the possibility of 

their direct use with a cheaper feedstock that does not impact the food chain. On the other hand, the 

solubility of oxygen in these ILs is very low compared to those containing [OTf]- or [NTf2]- anions, 

which already show lower oxygen solubility compared to organic solvents or water.13 For a possible 

scale-up, mass transfer limitations can have a strong impact. Therefore, for heterogeneous catalysis, the 

low viscosity of imidazolium ionic liquids are the most suitable choice.  

While the selective alcohol oxidation of furanic compounds in ionic liquids has been 

successfully achieved in non-coordinating anion environments,14,15 the oxidation of 5-HMF in 

coordinating ionic liquids has only been recently studied and only a few publications exist. Stahlberg 

and co-workers studied the oxidation of 5-HMF with RuOH on different supports.16 All catalysts 

demonstrated poor selectivity toward DFF and FDCA in most of the imidazolium ionic liquids studied. 

The best selectivity was achieved with [emim][OAc] under very harsh conditions (140 °C, 20 bar O2 

pressure) obtaining 40% yield at full conversion after 24 h. This study demonstrated that while Ru 

proved to be an outstanding catalyst to oxidize HMF to both DFF or FDCA at high yields in organic 

solvents or water,17,18 this was not the case when ionic liquids were used, indicating a strong influence 

of the ions on the mechanism of reaction. Moreover, it is well known that dialkylimidazolium acetate 

ionic liquids form carbenes above 60 °C19 which in this case could be the main species responsible for 

the oxidation. It has already been demonstrated in many reports that carbenes are very good catalysts 

for aldehyde oxidation,20,21 therefore the role of Ru in that system is marginal. Leaching of the catalyst, 

separation of FDCA, low yield, harsh conditions, low HMF loadings and poor solvent stability are the 

main issues in this catalytic system, which represented the first reported example of HMF oxidation in 

ionic liquids. However, the work of Stahlber and co-workers shows interesting insight regarding the 

catalytic oxidation in ionic liquids compared to conventional oxidation systems. While 5-HMF is 

unstable at high temperatures in chloride-based ionic liquids, this degradation seems to be accelerated 

when the catalyst is added, indicating that a different reaction path is undertaken when the hydroxyl 

group is engaged in H-bonding with an anion. 

Yan and co-workers designed a noble metal-free catalyst for the aerobic oxidation of 5-HMF 

based on Zr and Fe oxides. The reaction was still affected by modest yields (60%), low substrate 

loadings and harsh conditions (160 °C, 20 bar O2).22 The authors demonstrated that the Lewis acidity 

of the support does not have a remarkable impact on the reaction while the Lewis basicity remarkably 

impacts the selectivity and reaction rate.23 A control study done by the authors showed that the rate 

limiting step is the oxidation of the alcohol moiety of HMF while the aldehydes are oxidized more 
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rapidly. This suggests that a different mechanism is involved in non-aqueous environment at high 

temperatures. Probably the low strength of the acid sites due to the absence of the noble metals indicates 

that the hydroxyl group of 5-HMF is not adsorbed efficiently onto the catalyst surface while the strong 

basicity allows the adsorption of the aldehyde group (more electrophilic) without the requirement of a 

geminal diol. Another study performed by the authors revealed that, for this type of catalyst, Ce doping 

did not bring any additional benefit compared with other types of catalysts,24 indicating that oxygen 

mobility on the catalyst surface is not a limiting step as shown in other studies carried out in water.25 

The authors developed a two-step reaction to produce FDCA directly from sugars. In the first step, 

fructose was converted to HMF with Amberlyst-15 as the catalyst, then the oxidation was performed in 

a second step with the Fe/Zr catalyst, achieving 46% yield overall. This represents an innovative 

chemical system where both reactions are performed with recyclable heterogeneous catalysts. The main 

drawback lies in the low concentration of HMF (0.1 M) which makes separation unfeasible. Moreover, 

the prospect of working at high loadings is limited by the harsh conditions used (160 °C) and the long 

reaction time (24 h) due to the pronounced instability of 5-HMF under these conditions (as demonstrated 

in Chapter 2).  

Significant improvements in catalyst performance in [bmim]Cl have been developed recently 

by Chen and co-workers, who used heteropoly acids based on Mo and V to achieve 89% yield of FDCA 

from 5-HMF and 44% yield from glucose at 140 °C and 10 bar O2 in 6 h. In this work the authors 

demonstrated a synergic effect between the interaction of the cation and anion of the ionic liquid with 

the catalytic activity of the molybdenum centre.26 Though the catalytic activity is remarkable, the 

catalyst suffers from leaching, losing catalytic activity after the third run. Moreover, the system still 

suffers from difficult product separation due to the low substrate concentration (10 mg/g). 

All of the results reported so far in ionic liquids are HPLC yields and product isolation was not 

attempted due to the low concentrations of FDCA achieved, making the separation unfeasible. 

Recycling was demonstrated only for the catalyst and not the ionic liquid. Chen and co-workers 

proposed an in situ polymerization with ethylene glycol to form PEF directly. This option would be 

extremely beneficial since the resin is completely insoluble in water and addition of a small amount 

would lead to precipitation. However, polycondensation does not seem a feasible option since PEF 

requires high temperatures (>200 °C) whereas, in the case of ionic liquids, carbenes are often formed 

under these conditions, favouring depolymerisation.27 

Improvements in ionic liquid catalysis for both dehydration and oxidation are needed to achieve 

product separation and higher yield of reaction. The main problem in achieving high yields of DFF or 

FDCA from sugars lies in the compatibility of the dehydration and oxidation reactions and the difficulty 

in oxidizing 5-HMF in halogenated ionic liquids. [bmim]Br and [Hmim]Cl represent the ideal solvents 

when fructose is used as a feedstock, since no catalyst is needed for the dehydration; therefore catalyst 
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design would involve only the oxidation step. In this chapter we will investigate new concepts to 

establish an efficient catalyst design for the oxidation of HMF to FDCA in coordinating ionic liquids. 
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Experimental Section 
 
Materials  

Material and methods for ionic liquid is the same as reported in the Chapter 2 (Experimental Section). 

Iron (III) nitrate nonahydrate (>98%), manganese (II) nitrate hexahydrate (98 %) ,  cobalt nitrate 

hexahydrate (98 %), NaBH4 (99 %) , 1,4-dimethyl-4H-1,2,4-triazolium iodide (95 %) and DBU (98%) 

were bought from Sigma Aldrich. RuCl3xH2O (97 %) was bought from Fluorochem. 

 
Catalyst preparation  

The catalyst support was prepared by a co-precipitation method. In a typical preparation, manganese 

and iron nitrates were dissolved in water in the desired metal ratio at a total salt concentration of 20-40 

mg/mL. In a beaker, the metal solution was added dropwise to water at pH 10 with sodium hydroxide 

solution (1 M) to keep the pH at 10. Sodium hydroxide was chosen as the base because it allows for 

better control of the pH, accelerating the procedure. However, it generally provides a lower surface area 

for the final catalyst compared to other bases, such as sodium carbonate. The solution at pH 10 was 

centrifuged and washed with water until a neutral pH was reached. The particles were dried at 60 °C 

and then calcined at 400 °C for 8 h to convert the residual metal hydroxides. Ruthenium was deposited 

onto the catalyst surface via reduction. Catalyst support powder was dispersed in a RuCl3 solution (1 

mg/mL) at the desired mass loading (10%) and stirred overnight under inert atmosphere, then a solution 

of NaBH4 (10:1 respect ruthenium) was added dropwise and stirred overnight. The solution was 

centrifuged and washed with water and ethanol. Since the amount of hydration of RuCl3 is not known, 

the calculation were referred to the anhydrous form. 

In a typical experiment to prepare a support Mn:Fe 1:1, 100 mg of manganese nitrate (0.348 mmol) and 

140.7 mg iron nitrate were mixed with 10 ml of water of water. In a beaker with a 30 ml of NaOH  water 

solution  at pH 10 the metal solution was added dropwise with a pipette and the pH corrected to 10 with 

another solution of sodium hydroxide (1 M). At the end of the addition, the solution was left overnight 

at room temperature, then centrifuge it to separate the solid and the solid washed with water until neutral 

pH was reached (about 1 L of water was required). The solid was dried at 60 °C and then calcinated at 

400 °C in a furnace. 

For ruthenium deposition, in a typical experiment 100 mg of catalyst support was dispersed in 20.5 ml 

of RuCl3 solution (1 mg /ml) . 37.5 mg of NaBH4 were dissolved in 100 ml of water and added dropwise 

to the ruthium chloride solution. The solution was left overnight under stirring and then centrifuged and 

washed with water and ethanol (3*100 ml).                

The same procedure was adopted for Mn/Co support using cobalt nitrate hexahydrate instead of iron 

nitrate.  
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Catalyst characterization 
Catalyst morphology was studied by SEM with a JEOL 2100Plus  and XRD X’pert Pro. Evaluation of 

the Lewis basicity was done by temperature programmed desorption experiments with CO2 according 

to the following method:  

20 mg of sample was placed in a crucible and loaded into the TGA instrument. The sample was 

exposed to a flow of N2 (30 mL/min) for 30 min and then to CO2 at a flowrate of 30 mL/min for 1 h to 

saturate the basic sites of the sample. After that the sample was exposed to a flow of N2 (30 mL/min) 

and warmed at a heating rate of 10 °C/min until 850 °C.  

The results were reported as TGA signal relative to the loss of mass with temperature. 

Conventionally we classify as strong the basic sites which desorb at temperatures higher than 500 °C; 

medium for 300-500 °C and weak for those which do so lower than 300 °C. Distribution of basic 

strength was evaluated as the percentage of the area of the related region relative to the total area. 

Oxidation experiments with carbene 
The oxidation of DFF and FFCA with carbene was done in a 3 ml vials. In a typical experiment 300 

mg of [bmim][OTf] were mixed with 30 mg of DFF (0.242 mmol) and 0.54 mg (1 mol % respect the 

substrate)  of carbene precursor (1,4-dimethyl-4H-1,2,4-triazolium iodide) measured in a high 

precision balance. The reaction was started by adding DBU to the reaction mixture (73.5 mg, 0.48 

mmol) and left stirring for 10 minutes with open cap. 

Oxidation experiments at high pressure 
In order to perform the oxidations, a reactor was designed to run multiple reactions in parallel at high 

pressure. Oxidation with pure oxygen at high pressure and temperature involves a high risk of explosion 

due to the presence of debris and residual lubricant oil which can cause ignition and explosion even 

with small drops.28 Therefore, tubing and fittings were carefully cleaned to remove residual dust from 

assembly/manufacture of the equipment and strict protocols were adopted to remove the lubricants. A 

higher risk occurs in continuous flow since the impact of debris can cause a localized, overheated zone 

which can cause an ignition. Another event that can cause fire is adiabatic compression due to sudden 

interruption of gas flow. In our case, since the oxidation was performed under static conditions, the risk 

of ignition was minimized, requiring no cleaning of the fittings. The reactor was designed with a 

metallic base containing inserts to accommodate reaction vials (3 mL capacity). Each insert was 

connected through metallic tubing to a gas supply oxygen head connected to the cylinder. Each insert 

was equipped with a valve to isolate each reaction vial. In order to guarantee good magnetic stirring the 

vials were designed to be located 2 cm outside the hotplate to be close to the secondary magnetic field 

of the magnet.  
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According to the material selection guidelines, stainless steel exhibits excellent compatibility 

with an oxygen rich environment and so this was chosen as the best compromise between price and 

resistance. 

In a typical experiment, 300 mg of ionic liquid with the desired amount of HMF and 10 mol% 

catalyst loading were prepared in a 3 mL glass vial. The reaction vials were placed in the reactor inserts 

and then pressurised. Each cell was isolated by closing the valves. The reactor was heating on a hotplate. 

In order to avoid the formation of a temperature gradient, the reactor was very well insulated with a 

minimum two layers of glass wool. The start of the reaction was chosen to be when the desired 

temperature was reached (30 min after heating was started). At the end of the reaction the products were 

analysed by HPLC using the same method reported in Chapter 3 (Experimental Section).  
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Results and Discussion 
 
Synthesis of FDCA through homogeneous catalysis 

As mentioned in the introductory paragraph, only a few examples of aerobic homogeneous catalyst 

have been reported for the oxidation of aldehydes to carboxylic acids. One of the most promising 

catalytic systems is the one reported by Howarth29 which demonstrates that a relatively inexpensive 

catalyst such as Ni(acac)2 at low loading can oxidize different benzaldehydes with different substituents 

in non-coordinating ionic liquids in the absence of water. In order to check the reproducibility of these 

experiments, the oxidation of benzaldehyde was performed under the conditions described, leading to 

a similar yield. In the previous chapter it was demonstrated that DFF can be obtained at high yield from 

HMF and fructose, DFF was chosen as the substrate for oxidation to FDCA. However, the catalyst 

proved to be completely inactive towards this substrate. In order to further investigate the oxidation, 

furfural and FFCA were investigated, proving once more to be inactive in this catalytic system. It can 

therefore be concluded that the furan ring inhibits the oxidation in this type of system. The absence of 

water in the solvent suggests that the mechanism of oxidation does not pass through the geminal diol, 

but instead involves autoxidation with a free radical. Even if not demonstrated, Ni(acac)2 is likely to 

form radicals in the absence of light, a mechanism that has been suggested previously.6 Therefore, we 

can speculate that the radical formation at the carbonyl group is thermodynamically unfavoured when 

furan rings are substituted, and harsher conditions are needed to start the reaction such as those used 

with the Amoco Mid-Century catalyst.  

Another catalytic system is that based on carbene catalysts, which is described in many reports. 

It has been widely demonstrated that carbenes can catalyse the oxidation of many aldehydes to form 

carboxylic acids or esters.21,30,31 The advantages in using carbenes lies in the fast kinetics (<5 min), 

room temperature catalysis and atmospheric pressure. It was decided to adopt this technique to oxidize 

DFF and FFCA to FDCA in [bmim][OTf] using a triazolium salt activated with DBU. As can be seen 

in Table 6.1, water content favours the oxidation of FFCA to FDCA, suggesting that it makes a 

contribution to the mechanism of reaction as already proposed by other reports30 (reported in Figure 

6.1). On the other hand, by reducing the concentration of DBU, the reaction was compromised. Indeed, 

an equimolar amount of FDCA and DBU was needed to keep the yield high. This can be related to 

catalyst deactivation due to the acidity of the product since acids inhibit carbene formation. It appears 

necessary to employ high base concentration to neutralize the FDCA to the FDCA-DBU salts. In 

contrast to FDCA, its salt is soluble in the reaction mixture, but it could be separated by adding HCl, 

precipitating the product as a yellowish powder.  
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Figure 6.1 Mechanism of formation of carbene and its role with water in the oxidation of the aldehyde 

While the oxidation of FFCA proved to be successful, the oxidation of DFF proved to be very 

inefficient leading to the formation of an insoluble product. It is likely that the electron-withdrawing 

character of the aldehydes led to a decrease in the energy of the LUMO orbital of the furan ring, 

favouring attachment to the ring rather than to the carbonyl group. 

Table 6.1 Result of the oxidation of DFF and FFCA in [bmim][OTf] at room temperature, 
atmospheric pressure and 10 min. Substrate loading 10% mass respect the solvent. Catalyst loading 
1% mol respect the substrate. 

Substrate Water content (%) DBU concentration (eq) Yield FDCA (%) 

FFCA 0 2 71 

FFCA 1 2 81 

FFCA 2 2 93 

FFCA 2 1 50 

FFCA 2 0.5 10 

DFF 2 2 14 

 

The difficulties in optimizing the reaction conditions led us to study a different methodology 

focusing on heterogeneous catalysis. 

Heterogeneous catalysis: Effect of solvent composition on reaction yield 
In order to evaluate the effect of the ionic liquids on the oxidation of HMF to FDCA, it was decided to 

repeat two examples of base-free oxidation from the literature performed in water and change the 

solvent composition. Two ruthenium catalysts with carbon and metal supports were chosen have already 

proved to be efficient for this purpose when water is used as solvent. 
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Yi and co-workers18 demonstrated that commercial Ru/C can produce HMF at a high yield 

(88%) but the catalysts suffer from poor recyclability due to catalyst leaching. A different support made 

of a mixture of manganese and cobalt designed by Mishra and co-workers32 proved to be stable upon 

recycling and led to a quantitative yield at shorter reaction times. 

Figure 6.2 shows the results of the experiments to test the catalytic activity at different solvent 

compositions with [bmim]Cl and [bmim]Br mixed at 50% with water. Repeating the experiments in 

water gave lower yields compared with the literature values, probably due to differences in reactor set-

up or different catalyst used . The metal support guarantees higher yield compared to the carbon support, 

achieving about 20% higher yield. By changing the solvent composition, the yield decreases drastically, 

indicating an inhibition effect of the anions on the reaction. Chloride anions have a higher hydrogen 

bond ability and exhibit higher inhibition compared with bromide, which has a less marked impact on 

the catalysis.  

 

Figure 6.2 Oxidation of HMF to FDCA with two different catalysts and different solvent composition 
(50:50). O2 pressure 2 bar, 120 °C, 12.6 mg/g HMF concentration 

By considering some observations from the literature, key principles for the design of an 

efficient catalyst in ionic liquids will be established in the following section. 

Strategy for efficient oxidation of HMF to FDCA in ionic liquids 
While most of the literature is focused on optimizing catalyst design in water, the application of these 

catalysts in a non-aqueous environment will likely fail since the catalysts have not been optimized for 

the intended reaction environment. According to the study done by Yan and co-workers,23 Lewis 

basicity performs the key role in the oxidation. Other studies done in DMSO and GVL show that a 
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minimum amount of water is needed to achieve a successful oxidation. In the work of Yang and co-

workers 33 a minimum of 30% water was needed to achieve the oxidation with ruthenium supported by 

a mixture of Zn and Fe oxides. More specifically the authors observed that an optimum ratio between 

water and DMSO exists to maximize the yield. Indeed, in pure water their catalyst does not perform 

well. In another study by Dumesic and co-workers, 50% water was needed to achieve oxidation with a 

Pt/C catalyst.34 The combination of these studies led us to form two hypotheses:  

 Water is necessary for the oxidation even if pure water is not required; 

 There is a relationship between the solvent basicity and Lewis basicity of the catalyst support 

which defines the selectivity and kinetics of reaction.  

Following these principles, it was decided to regulate the Lewis basic sites with 20% water in 

the solvent. Mixtures of metal oxides can show unusual behaviour at different ratios of metals since 

there can be a synergistic effect between sites that can enhance the basicity of the support. Therefore 

many metals do not show a linear behaviour in terms of amount and strength of basic sites at different 

metal ratios. One example is the Fe and Zr oxide mixture where a maximum in basic site strength exists 

at 60% Zr content.23 It was decided to investigate a mixture of Fe and Mn oxides since some reports 

have shown that the strength of the basic sites increases by increasing the manganese content, leading 

to a linear relationship of the chemical properties of the catalyst support.35,36 While manganese 

guarantees strongly basic sites and high surface area, iron is considered to be a promoter of low surface 

area and low active sites, therefore it was expected to act as a regulator of the strength of basic sites. 

Since it has been already proven that Pt and Pd are unsuitable for the aerobic alcohol oxidation,12 

ruthenium is chosen as active centre which will be deposited in the support. This metal proved already 

to be the most suitable metal for the base free oxidation of HMF into FDCA in water, while Pd and Pt 

generally require a homogeneous base.18,32 

Characterisation of the Mn/Fe oxides support 
In Figure 6.3 the morphology of the catalyst at different Mn:Fe molar ratios is reported. It can be 

deduced that high manganese content leads to a more porous structure while at low manganese content 

the morphology of the catalysts assumes the form of large particles with low surface area. PXRD 

showed that all the structure is amorphous since no peaks appeared, indicating that the calcination at 

400 °C was not high enough to crystallize the grains.  
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Figure 6.3 SEM image of catalyst support at different Mn:Fe content. Left column 10 m. Right 
column 2 m. 

Further insights into the chemical properties of the catalyst can be gained from the CO2 

desorption curves. As predicted, higher manganese content guarantees a higher amount of strong basic 

sites, and the contrary with higher iron content. The distribution of the basic sites is reported in Table 

6.2. 

Table 6.2 Evaluation of the basic sites derived from TGA analysis 

Mn:Fe Weak (%) Medium (%) Strong (%) 

1:1 79 16.5 4.7 

2:1 53 30 18.4 

3:1 48.9 32 19.4 

4:1 20.5 59.2 21.5 

5:1 16.8 60.2 24.0 

 

Results of oxidation 
The catalysts were tested at 120 °C and 10 bar O2 pressure with 20% water content over two time 

courses. As this study is a proof of concept, an HMF loading of 2% was used, since this loading is the 

typical of that employed in the literature for studies performed in both water and ionic liquids. The 

results are reported in Figure 6.4. It can be deduced that the support mixture of manganese and iron 

oxide gives higher yields compared to the systems based on carbon and Mn/Co reported previously. 

Ratios between 1:1 to 2:1 lead to an optimum yield of 80% in 5 h and 10 h at full conversion. In the 
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case of too high a manganese content, the yield decreases due to FDCA degradation which could be 

observed in the HPLC chromatogram by a clear split of the peak related to FDCA. This can be ascribed 

to the increased amount of strong basic sites which can lead to further reaction of FDCA. At manganese 

contents of 1:1 or 2:1, the yield reached a maximum of 80% with no FDCA degradation observed in 

the HPLC, suggesting that FDCA is stable when low amount of strong basic sites are present in the 

catalyst support Table 6.2.  The amounts of strong basic sites regulated by the manganese content also 

regulates the reaction kinetics, as high amounts speed up the reaction but with the risk of FDCA 

degradation. The loss of carbon yield can probably be ascribed to side reactions of HMF at the start of 

the reaction since only FFCA was detected as an intermediate. 

While the reaction proved to be easier to control and guarantee high yield with weak basic sites further 

considerations need to be considered for the ruthenium leaching in the solution which is likely to occur 

when low amounts of basic sites are present. In this matter, further studies need to be done in studying 

the leaching in the solution of the metal. This aspect is not considered in this chapter. 

 

Figure 6.4 Oxidation of HMF into FDCA with Ru supported by different mixtures of Mn and Fe (molar 
ratio). Temperature 120 °C, O2 pressure 10 bar, 12.6 mg/g HMF concentration. 

Since [bmim]Cl is a very good solvent for glucose dehydration, a two-step reaction was studied 

to produce FDCA directly from sugars (Figure 6.5). The system used for the dehydration is the one 

elaborated by Zhao and co-workers which has so far led to the best yield (70%) at high loadings (10%).37 

Moreover, it has been demonstrated that water, up to a concentration of 15%, has a beneficial effect on 

the reaction.38 

The first step of the reaction was repeated successfully to give high yields of HMF (68%) from 

glucose with 10% water content. In the second step, water was added to reach 20% (mass) and the 
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reaction was performed with the Ru catalyst with a support based on a Mn:Fe ratio 1:1 for 6 h at 120 

°C. An overall yield of 41% from glucose was achieved, indicating that the oxidation step is still the 

limiting step, preventing the theoretical yield being achieved that would be obtained when starting from 

HMF. This is probably because the HMF concentration achieved after the dehydration is higher than 

2%. Further studies need to be performed to establish optimal conditions to increase the yield at higher 

HMF loading. 
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Figure 6.5 Chemical path adopted to arrive at FDCA from glucose. 
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Conclusion 
 
This study has focused on catalyst design for the efficient synthesis of HMF in the ionic liquid 

[bmim]Cl. It has demonstrated that a mixture of Mn and Fe oxide can favour the oxidation of HMF to 

FDCA by regulating the Mn content in the support. Water content has also a determinant effect since a 

minimum amount is needed to guarantee enough population of geminal diols which will favour the 

oxidation. By optimizing these parameters, an efficient oxidation has been achieved from HMF to 

FDCA with yields over 80%. A two-pot reaction starting from glucose allowed us to obtain a yield of 

40% which currently is a competitive value compared with other studies.  
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Chapter 7 Biorenewable Anionic 
Surfactants as Valuable Replacements 
for Current Detergent Formulations 
 

 

 

 

The surfactants market represents a key sector in the chemical industry covering many different 

applications. The commercial volumes involved are large and the products find many applications in 

everyday life, especially in personal care and the detergents used in household and industry. Due to the 

large volumes in which they are produced, their sustainability in terms of feedstock, synthesis 

procedure, biodegradability of the final product and formulations are crucial parameters to assess the 

environmental impact of the surfactant. As detergent cost is a key factor to be competitive in the market, 

the design of novel surfactants involves enormous challenges. Linear alkyl sulfonate (LAS) surfactants 

have proved successful due to their high performance, low cost and biodegradability. However, in order 

to exhibit their detergent ability, they are used in a formulation with other compounds, raising some 

limitations due to the cost of these additives and their toxicity. In this study, we present a new class of 

bioderived surfactants that could replace the petroleum-derived LAS and exhibit improved performance 

without the need for additives. 
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Introduction 
 
Surfactants are one of the most used high-volume chemical commodities and find application in many 

different fields (household, industries, agriculture and personal care).1 The importance that these 

compounds play in different sectors makes them one of the synthetic chemicals produced in the highest 

volume globally. Indeed, the market size of surfactants was estimated at 15 MT/year in 2014 and this 

is expected to expand further by 4.3% in 2022.2 

The chemical structure of the surfactant, consisting of a hydrophilic and a hydrophobic portion, 

gives them the property to reduce surface tension between two phases and impart a detergent effect, 

emulsifying, foaming and wetting properties to liquids. These attributes make them ideal for the use in 

cosmetics, detergents and personal care products.3 

Surfactants have different chemical structures which categorize them in four different groups 

according to their charge localization, anionic, cationic, non-ionic and amphoteric nature. Anionic 

surfactants predominate in household applications for use in detergents, since they exhibit outstanding 

performance for the removal of dirt, clay and oil stains. These compounds are composed of a polar ionic 

head group (sulfate, sulfonate, phosphate or carboxylate) where the anion is the active site which 

characterizes the surfactant properties. In the early 1940s, fatty acids were widely used as the main 

component for detergents but later, with the development of the petrochemical industry, these were 

completely replaced by oil-derived surfactants which show better performance at lower cost. Of these 

compounds, the linear alkylbenzene sulfonates (LAS) represent the most important surfactants for 

detergent purposes and represent the highest surfactant market sector by volume produced, finding 

applications in washing powders, liquid detergents, household products, industrial cleansers and textile 

production as wetting agents, dispersants and cleansers.4,5 

An optimum surfactant design is based on the selection of the chemical structure of the 

hydrophilic and hydrophobic groups and their relative ratio to meet certain criteria according to the 

desired application. Finally, the surfactant cost depends on the synthesis procedure and formulation will 

define the success of the surfactant in the market. The evaluation of the surfactant is accomplished by 

evaluating different parameters including critical micelle concentration (CMC), Kraft temperature (KP), 

stability, foaming, solubility, emulsifying proprieties, toxicity and biodegradability. In order to achieve 

a good compromise between all these parameters, the final product will be a formulation of different 

chemical compounds where the surfactant is the active ingredient with a percentage (by mass) between 

15 to 30%.4 For cleaning applications, the final formulation is referred to as a detergent or soap. 

The detergent ability of the surfactant is strictly related to the surface tension measurement of 

the resulting water/oil interface. Generally, since the composition of the oil phase in everyday practice 

is variable, most of the characterization of detergency is based on the surface tension between water 

and air at different surfactant concentrations. Of these factors, the critical micelle concentration (CMC) 
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and Kraft point (KP) can be measured. CMC is the minimum concentration of surfactant needed to 

aggregate into micelles, which arbitrarily is chosen as the point at which the surfactant starts to exhibit 

its detergent ability since micelles can trap the oil drops in the water phase. More specifically, the 

surfactant needs to aggregate as spherical micelles since these are the ones which guarantee the 

dispersion of oil in water by stabilizing the oil drops as microemulsions. Other forms of aggregation 

will reduce the detergent ability, forming a secondary liquid/solid phase (liquid crystal). The Kraft point 

(KP) is the minimum temperature needed for the surfactant to form micelles. For commercial purpose 

in the detergents industry, both CMC and KP need to be as low as possible. For this reason it is required 

that the final formulation has a CMC ideally below 2000 ppm and KP below 30 °C to be used as a 

detergent.6 

Other parameters need to be evaluated to fully characterize the performance of the surfactants, 

including solubility in water and resistance to hard water since calcium salts are generally less soluble 

compared to sodium salts. These two parameters have a remarkable influence on the formulation of the 

surfactant since LAS are poorly soluble in water and easily precipitate as calcium salts, reducing the 

concentration in the water phase, hence decreasing the detergent ability of the surfactant. In order to 

cope with this problem, additives are used and these are referred to as builders, chelants and 

hydrotropes. These have the function to increase solubility, retain an effective detergent ability at 

different conditions and ensure other properties such as anti-encrustation, anti-foam or act as foam 

‘boosters’. Hence detergents are produced as formulation of different chemical compounds aimed 

mainly at reducing precipitation and decreasing the KP and CMC. A typical formulation of the detergent 

is reported in Figure 7.1. Despite the versatility of LAS in covering a wide range of properties for 

specific applications, the petroleum-derived nature of these compounds pushes them outside the green 

chemistry sphere. Moreover, even if they are biodegradable through aerobic digestion, the need for 

additives raises environmental concerns due to the nature of these chemical compounds.7 For example 

ethylenediaminetetraacetate (EDTA), sodium tripolyphosphate (STPP), sodium nitrilotriacetate, which 

are typical additives to chelate calcium, exhibit toxicity to human and aquatic life.8–10 Other builders 

that are more environmentally-friendly, such as zeolites or citric acid, are more expensive or have the 

drawback of forming solid particles or display limited performance, which inevitably increases the cost 

of the final product. 

A solution to improve the detergents industry in terms of sustainability and competitiveness 

should be focused in using biorenewable feedstocks and seek surfactants that exhibit better intrinsic 

cleaning ability so that additives are minimised, hence reducing environmental concerns and cost. 
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Figure 7.1 Typical surfactant formulation for LAS.Reproduced with the permission from ref6 

Research efforts have focused on using renewable feedstocks or substituting the hydrophobic 

chain with renewable materials such as fatty alcohols. Direct sulfonation of fatty alcohols produces fatty 

alcohol sulfates, a bio-surfactant present in many cleaning and hygiene products. Their bioderived 

nature (coconut oil or palm kernet), easy synthesis and low toxicity have made them potential substitutes 

for LAS, however they display limited performance in hard water and higher critical micelle 

concentration (3-4 times),11 raising drastically the cost and limiting the market for biodetergents to a 

small percentage (only 3 % of the detergent market). 

Investigations have therefore moved towards seeking a biobased and biodegradable surfactant 

that can display a performance comparable to LAS. Sugar derivatives have attracted much attention for 

their low toxicity and environmental compatibility. A class of non-ionic surfactants has been reported 

by Stensrud and Wicklund in a patent in 2016 derived from HMF through esterification of the hydroxyl 

group and reductive amination of the aldehyde with an amine.12 Lee and co-workers reported another 

HMF-derived surfactant formed with a polar head group composed of a sulfate and hydroxyl group but 

the KP is over 70 °C and its stability is doubtful.13 

Hoffman and co-workers have proposed a new class of biodegradable surfactants derived from 

photooxygenation of furfural with air, but applicability of the compound is challenging due to the high 

KP value.14 Recently, Daunhauer and co-workers6 reported a new class of furan-based surfactants based 

on the Friedel-Crafts acylation of furan and sulfonation with a sulfur trioxide pyridine complex. In their 

work, the authors evaluated the effect of substituting the benzene ring of the LAS with a furan ring and 

analysed different structures with various hydrophobic chains.  
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Figure 7.2 HMF-derived surfactants reported by Stensrud and Wicklund in 2016 (left hand side), Lee 
and co-workers (middle) and Hoffman and co-workers (on the right). 

The surfactants analysed by the authors are summarized in Table 7.1. With the same alkyl chain, 

the new surfactants proved to have superior properties compared to the conventional LAS with higher 

resistance to hard water and a lower Kraft point. Increasing the polarity of the head group by introducing 

a ketone had a detrimental effect on both the CMC and turbidity (measure of resistance to water 

hardness), while branched alkyl chains gave improved CMC performance and turbidity but higher KP. 

Despite the better overall performance of the branched alkyl chains, the yields reported for their 

synthesis are low (<20 %) making it a much more costly product compared to the analogous linear ones. 

Generally, these furan-derived surfactants had better performance compared to LAS since the CMC and 

KP are already within the boundaries of commercial applicability (CMC < 2000 ppm and KP < 30 °C), 

moreover the solubility is higher and resistance to hard water is remarkably good. However, the authors 

did not report the biodegradability of the surfactants despite the fact that furan surfactants can exhibit 

better degradation properties compared to their benzene-based equivalents. 

Table 7.1 Performance of different furan derivative surfactants evaluated by Daunhaur and co-workers 

Surfactant CMC (ppm) KP (°C) Turbidity (ppm) 

 

460 58 < 100 

 
720 

 

30 >50000 

 

11520 <0 230 

 

510 25.7 >50000 

 

This study aims to analyse a new class of furanic surfactants derived from furoic acid and fatty 

alcohols synthesized by Fischer esterification to achieve the following objectives: 
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 Development of a low-cost synthesis process using biorenewable sources to provide the basis 

for industrial application. For this reason, furoic acid represents a sustainable derivative of 

xylose and is cheap and easy to synthesize. Fatty alcohols are natural compounds that can be 

derived from fatty acids. In terms of process, Fischer esterification requires mild conditions 

and proceeds in high yields; 

 Development of a surfactant with superior proprieties compared to LAS in terms of CMC, KP, 

water solubility, biodegradability and turbidity so that no additives are needed. 

 

The new class of surfactants will be referred to as sulfonated alkyl furoates. The routes proposed 

to obtain the final surfactants are reported in Figure 7.3. Two possible routes are possible depending on 

which step is performed first. The first reaction pathway consists of the esterification of the carboxylic 

acid followed by sulfonation at the C4 position. In the second route this is reversed. 

 

Figure 7.3 Reaction scheme of the proposed surfactants. 

Compared to the work of Daunhauer, the proposed surfactants have major potential to be 

biodegradable thanks the presence of the ester group, which is more easily hydrolysed compared to C-

C bonds. Moreover, furoic acid and fatty alcohols are bioderived components and their synthesis has a 

lower impact on the environment. In contrast, the synthesis route proposed by Daunhauer uses furan, 

anhydrides and acyl halides, requiring the use of toxic compounds with higher impact on the 

environment. In our case, both fatty alcohols and furoic acid can be obtained from biomass according 

the scheme reported in Figure 7.4. 
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Figure 7.4 Chemical path for the derivation of furoic acid and fatty alcohols. 

In this study we will discuss the synthetic pathway used to obtain this surfactant and evaluate its 

performance compared to those described by Daunhauer and the commercial surfactants LAS and SDS. 
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Experimental Section 
 
Materials 

Furoic Acid (98 %), 1-octanol (>99 %), 1-dodecanol, 1-hexadecanol (99 %), fuming sulfuric acid (20 

% SO3), chlorosulfonic acid (99%), sulfur trioxide pyridine complex (97 %), pharmaceutical grade 

sodium dodecylbenzenesulfonate (SDBS) and sodium dodecyl sulfate were obtained from Sigma 

Aldrich. Octyl furoate (>97 %) was obtained by TCI. Dichloromethane (DCM) and chloroform were 

obtained from VWR. 

Chloroform was purified from ethanol by washing with water (3 times 3:1 ratio) and distilled 

over phosphorous pentoxide in a distillation tower. The solvent was stored in a dark container to avoid 

decomposition. All other chemicals were used without purification if not otherwise stated. 

Esterification reaction to produce the alkyl furoate  

The fatty alcohol (1 eq) was mixed with furoic acid (1.2 eq) in a round bottom flask followed 

by the addition of sulfuric acid (1 mol% with respect to the fatty alcohol). The reaction was heated at 

140 °C and left until the alcohol was completely consumed (4-5 h). The reaction mixture was diluted 

with DCM (2:1 in volume with respect to the reaction mixture) and filtered to remove byproducts and 

unreacted furoic acid. The organic phase was washed with water (2:1) to remove residual acidity until 

neutral pH was reached. Since the emulsion could not be broken up by centrifugation, sodium chloride 

or ethanol had to be added during the washing to separate the phases. Solvent removal under vacuum 

gave the crude product (75-90 % yield). In the case of the C16 derivative, the product was further purified 

by crystallization from DCM at -20 °C, while for C8 and C12 variants, distillation over activated carbon 

was performed to obtain a purified product as a yellowish liquid. Characterization of the compound was 

done by NMR. 

Octyl Furoate: 1H NMR (DMSO-d6): δ 8 (m, -C-CH-O-, ), 7.3, 6.7 (m x 2, 2 x 1H, 2 x C-CH-

C), 4.23 (t, 2H, O-CH2-CH2, JHH =6.6 Hz), 1.66, 1.4-1.8 (m, CH2 alkyl chain),  0.86 (m, CH2-CH3). 
13C{1H} NMR (DMSO-d6): δ 159.9 (C=O), 147.8 (CH-C-C=O), 144.6 (O-CH-CH), 119, 113 (-C-CH-

CH-C), 65 (O-CH2-CH2), 31.7,31.1,29.1,28.7,25.8,22.7 (6 X C, C-CH2-C), 14.4 (-CH2-CH3) ppm  

Dodecyl Furoate: 1H NMR (DMSO-d6): δ 7.9 (m, -C-CH-O-, ), 7.2, 6.7 (m x 2, 2 x 1H, 2 x C-

CH-C), 4.23 (t, 2H, O-CH2-CH2, JHH =6.6 Hz), 1.66, 1.4-1.8 (m, CH2 alkyl chain),  0.86 (m, CH2-CH3). 
13C{1H} NMR (DMSO-d6): δ 159.9 (C=O), 148.2 (CH-C-C=O), 144.5 (O-CH-CH), 119, 112.5 (-C-

CH-CH-C), 65.7 (O-CH2-CH2), 31.8,29.5,29.2,29.7,28.8,25.9,22.6 (8 X C, C-CH2-C), 14.1 (-CH2-

CH3) ppm. 

              Hexadecyl Furoate.: 1H NMR (CDCl3): δ 7.0, 6.9 (m x 2, 2 x 1H, 2 x C-CH-C), 5.8 (m, -C-
CH-O-, ), 4.1 (t, 2H, O-CH2-CH2, JHH =6.7 Hz), 1.44, 1.37-1.05 (m, CH2 alkyl chain),  0.85 (m, CH2-
CH3). 
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 13C{1H} NMR (CDCl3): δ 158.5 (C=O), 145.7 (CH-C-C=O), 145.5 (O-CH-CH), 117, 111 (-C-CH-CH-
C), 64.4 (O-CH2-CH2), 32,29.9-29.3,28.8,26,23 (6 X C, C-CH2-C), 14.1 (-CH2-CH3) ppm.  
 
Sulfonation with Chlorosulfonic Acid 

Furoate was added to dry chloroform at a concentration of 30 mg/mL and mixed at room 

temperature until full dissolution had been achieved. The reaction flask was then connected to a water-

filled bubbler through which the HCl produced was vented. Chlorosulfonic acid (CSA) was then added 

(1.05 eq). The water was first saturated by HCl and then bubbling began, indicating consumption of 

CSA. The reaction was left until no further bubbling was observed and then analysed by 1H NMR 

spectroscopy to confirm that the reaction was complete with full conversion of the ester and reaction of 

most of the CSA (CSA shift: 10.9 ppm). Chloroform was removed under vacuum to afford a green 

solution which was diluted with water and neutralized to pH 7. Water was then removed under vacuum 

to provide the crude product as a black solid. The product needed to be purified to remove residual 

sodium sulfate salts (formed by neutralization of the excess of chlorosulfonic acid) as well as the 

impurities responsible for the dark colour. Purification of these latter contaminants failed using 

activated charcoal and so an organic solvent was chosen that was capable of selectively removing the 

impurities. A solubility test was carried out for the crude product with hexane, cyclohexane, ethyl 

acetate, THF, chloroform and DCM. The C8 and C12 derivatives proved to be soluble in DCM and 

chloroform, allowing the removal of the sodium sulfate by dissolving the surfactant and filtering. After 

DCM was removed, diethyl ether and THF were used to further purify the product by washing, 

exploiting the low dielectric constant of these solvents which renders salts insoluble. Upon washing, 

the surfactant was obtained as a white powder. In the case of the C16 compound, none of the organic 

solvents showed good solubility. For that compound, it was decided to wash the product with small 

amounts of water to remove the sulfate salt by exploiting the low solubility of this surfactant in the 

water phase. Diethyl ether proved to be unable to purify the product, leaving the C16 in its original 

darkly coloured state below a clear ether phase. For this surfactant, DCM, chloroform and THF proved 

to be efficient in removing the impurities, leaving the surfactant as a white powder. Characterization of 

the compound was done by NMR and MS. For the C16 variant MS was not possible due its low solubility 

in any solvent tested.  

             Sulfonated Octyl Furoate: 1H NMR (D2O): 6.9, 6.7 (m x 2, 2 x 1H, 2 x C-CH-C), 4.2 (t, 2H, O-
CH2-CH2, JHH =6.6 Hz), 1.6, 1.34-1.0 (m, CH2 alkyl chain),  0.8 (m, CH2-CH3). 
 13C{1H} NMR (D2O): δ 158.5 (C=O),  155.8(O-CH-CH,) 144.5 (CH-C-C=O),118.2-112.2 (-C-CH-
CH-C), 66.1 (O-CH2-CH2), 31.7,29.2,29.1.2,28.3,25.7,22.6 (6 X C, C-CH2-C), 13.8 (-CH2-CH3) ppm.  

MS (ES, -ve mode): m/z (abundance) = 303.087 (C13H19O6S-  100%)   

          Sulfonated Dodecyl Furoate: 1H NMR (D2O): δ 6.9, 6.7 (m x 2, 2 x 1H, 2 x C-CH-C), 4.1 (t, 2H, 
O-CH2-CH2, JHH =6.6 Hz), 1.52, 1.2-1.1 (m, CH2 alkyl chain),  0.7 (m, CH2-CH3).  
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13C{1H} NMR (D2O): δ 158.5 (C=O),  155.8(O-CH-CH,) 144.5 (CH-C-C=O),118.2-112.2 (-C-CH-CH-
C), 66.1 (O-CH2-CH2), 31.8,29.5,29.2,29.7,28.8,25.9,22.6 (8 X C, C-CH2-C), 13.8 (-CH2-CH3) ppm.  

MS (ES, -ve mode): m/z (abundance) = 359.1534 (C17H27O6S-  100%)   

Sulphonated Dodecyl Furoate: 1H NMR (D2O): δ 6.9, 6.7 (m x 2, 2 x 1H, 2 x C-CH-C), 4.1 (t, 2H, O-
CH2-CH2, JHH =6.4 Hz), 1.54, 1.26-0.95 (m, CH2 alkyl chain),  0.8 (m, CH2-CH3). 13C{1H} NMR 
(D2O): δ 159.5 (C=O),  156.5(O-CH-CH,) 144.6 (CH-C-C=O),118.9-112.9 (-C-CH-CH-C), 66.1 (O-
CH2-CH2), 32.2, 31-29.3,28.5, 26,22.8 (10 X C, C-CH2-C), 13.8 (-CH2-CH3) ppm.  

 

Further analysis needs to be done for proof of purity with a chromatography technique. For this purpose 

a specific surfactant column is needed but this was not available in our lab.  

Solubility studies 
The solubility studies of different surfactants were performed according to the ISO standard 6839. 

Different concentrations of surfactant were prepared and heated in a water bath until full dissolution 

was achieved. 

Resistance to hard water 

These measurements were performed according to the standard protocol reported in ISO 1063. Calcium 

chloride was used as the cation source. Three different solutions of Ca2+ salts at 6, 9 and 12 molar 

equivalents (3.0, 4.5, and 6.0 mM, respectively) and a mother solution of surfactant in water at 20 °C 

at a concentration of 50 mg/mL were prepared. In a 50 mL test tube, a defined aliquot of mother solution 

was transferred and diluted to 50 mL with the calcium solution to be tested. Five different aliquots of 

surfactant mother solution were tested: 5.0, 2.5, 1.2, 0.6 and 0.3 mL. Every test was assigned a score 

according to Table 7.2. The scores of the 15 tests for each surfactant were summed together and the 

final result was expressed as a mean stability according to Table 7.3. 

Table 7.2 Score corresponding to the appearance of the liquid. Opalescent is a non-clear solution but 
through which objects can be seen. Cloudy is a non-clear solution through which objects cannot be 
seen. 

Appearance of the liquid Score number 

Clear 5 

Opalescent 4 

Cloudy 3 

Slight precipitate 2 

Heavy precipitate 1 
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Table 7.3 Mean stability table. 

Total Score Mean Stability 

15-18 1 

19-37 2 

38-56 3 

57-74 4 

75 5 

 

Critical Micelle Concentration (CMC) 
CMC values were calculated using a Kruss Drop Shape Analyser- DSA25 by the pendant drop method. 

Different surfactant solutions were prepared at room temperature making sure that no solids were 

present. These were loaded into a syringe and attached to the apparatus, which allows controlled 

movement of the plunger. By regulating the plunger progression, a drop was created on the tip of the 

needle. The software of the instrument calculates the surface tension by acquiring the drop geometry 

through a camera. The results are presented as a graph surface tension vs surfactant concentration. By 

increasing the surfactant concentration, the surface tension decreases until reaching a plateau. The 

intersection between the plateau and the initial slope is identified as the CMC. 
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Results and Discussion 
Synthesis of the Furoate Ester 

The main aim of the esterification is to obtain an intermediate furanic ester product compatible with the 

subsequent sulfonation reaction. Since sulfonation is sensitive to functional groups and residual acidity, 

it is important to establish a protocol that ensures high purity of the intermediate, minimising the 

required purification steps. Most importantly the alcohol needs to be completely removed since it can 

undergo sulfonation, making the separation of the product very difficult. 

Most of the esterifications reported in literature were carried out at low temperature (90-100 

°C), with solvent and excess of alcohol. The first approach was to follow this procedure using the 

alcohol as both solvent and reactant in large excess (100:1) to consume all the furoic acid. The reaction 

mixture was then diluted with DCM and washed with sodium bicarbonate and water until neutral pH 

was achieved. Different methodologies were then explored to remove efficiently the excess alcohol, 

while maintaining a high yield of the ester. Column chromatography proved to be unsuccessful since 

the product undergoes decomposition on silica and alumina. 

It was decided to exploit the different physical proprieties of the ester and alcohol. For 

distillation, the compounds need to have a consistent difference in boiling point, while for 

crystallization, melting point is the key parameter to take into consideration. However, this latter 

approach must considered in terms of the affinity of the compounds for the solvent, which plays a 

determining role for the separation. Since octyl furoate is the only ester synthesized and characterized 

in the literature, the melting and boiling points were compared to analyse the possibility of separating 

the product by distillation or crystallization. Table 7.4 lists the physical properties of the alcohol and 

ester with different alkyl chains. The data show strong dependency of the boiling and melting point 

with the nature of the alkyl chain, hence defining the feasibility of the separation technique to be used. 

Data for both alcohol and ester were reported only for C8 chains. In this case, distillation represents a 

potential method due to the large difference in boiling point of the two compounds. By regulating the 

pressure, the ester can probably be boiled selectively due to the excessive difference in vapour pressure. 

In contrast, no values have been reported for the melting point of the ester. However, the lower ability 

for hydrogen bonding of the furan head group compared to the hydroxyl group suggest that the melting 

point should be much lower. This was confirmed by analysing the C12 ester separated in small amounts 

by chromatography. The difference in melting point between dodecanol and dodecyl furoate (10 °C) 

indicates that purification by alcohol precipitation is a valuable option. The purification of the C16 

derivative by distillation is more complex due to the high vacuum required and the risk of 

decomposition at high temperature so, in this case, precipitation is a more viable option. 
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Table 7.4 Physical properties of octanol and octyl furoate 

 Melting Point (°C) Boiling Point (°C) Separation 

Octanol -16 129 (0.4 mbar) 15 Distillation 

Octyl-furoate Not Reported 127 (1.3 mbar) Distillation 

Dodecanol 24 259 (1 atm) Distillation/Precipitation 

Dodecyl-furoate Not reported Not reported Distillation 

Hexadecanol 49.3 334 (1 atm) Precipitation 

Hexadecyl-furoate Not reported Not reported Unknown 

 

For this analysis, separation was tested on a small scale (10 g) for C12 and C16. For the former, 

a distillation apparatus was set up with a condenser at 25 °C. While the separation was achieved 

efficiently, traces of alcohol were still present in the distillate due to the difficulty in regulating the 

pressure and the unknown physical properties of the ester. Precipitation was attempted from DCM at -

20 °C but no precipitate was formed. In the case of the C16 derivative, the alcohol was efficiently 

separated by precipitation even though multiple precipitation steps were required to achieve complete 

purification. This led to a loss of yield since the ester precipitated with the alcohol in small amounts. A 

consistent and efficient protocol for purification which can maximise the yield was difficult to achieve. 

Hence a different option was sought. 

The difficulties associated with the complete removal of the alcohol and its detrimental effect 

on the subsequent sulfonation reaction drove us to explore a different chemical route focused on the 

complete conversion of the alcohol working with an excess of acid. This reaction proved to be limited 

by the low solubility of the furoic acid in the alcohol at the conventional esterification temperature of 

90 °C, which led to low conversion. For this reason, the temperature was increased until full dissolution 

was achieved (140 °C). At this temperature full conversion of the alcohol was achieved in a short 

reaction time with a small excess of furoic acid (1.2 eq) thanks to removal of water by evaporation, 

driving the equilibrium of esterification towards the product according to the Le Chatelier principle. 

However, the solution became dark black indicating the formation of side products. In the case of the 

esterification of the C16 derivative, the black product was clearly visible against the characteristic white 

solid of the C16 ester. In this case the removal of this solid could be achieved by washing with DCM 

which dissolved the product and allowed subsequent filtration of the by-product along with remaining 

furoic acid, both of which are insoluble in DCM. The final product was precipitated from DCM at low 

temperature to obtain a colourless, crystalline solid, which is characteristic of a pure product. 

In the case of C8 and C12 derivatives, most of the solid was removed by dissolution of the 

product in DCM followed by filtration, however, this was not sufficient to achieve a colourless liquid 

since the solution remained dark black after filtration. Hence distillation was used to further purify these 
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compounds. According to these observations, a protocol could be established for the high yield 

production of furanic esters on a large scale and of high purity and reported in the Experimental Section. 

Synthesis of Sulfonated alkyl furoate 

Various sulfonation techniques exist to attach a sulfonic group to an aromatic ring. In order to do so a 

sulfonating agent is required. Three main sulfonating agents are available with different electrophilic 

reactivity, and these are reported in Figure 7.5. Oleum is an overconcentrated solution of sulfuric acid 

with free sulfur trioxide (20 %). Chlorosulfonic acid is a strong acid with a chloride bond which can 

undergo electrophilic substitution; it is considered a strong sulfonating agent although less reactive 

compared to oleum. Sulfur trioxide complex is an adduct formed from sulfur trioxide and pyridine. This 

represents a weaker sulfonating agent since pyridine is a weaker leaving group compared to chloride. 

 

Figure 7.5 Structure of sulfonating agents. 

The choice of the most suitable sulfonating agent depends on the nucleophilicity of the substrate 

to be sulfonated. In our case, since the ester group is electron withdrawing, the nucleophilic behaviour 

of the furan is decreased. Indeed, sulfonation of octyl furoate with a sulfur trioxide complex failed using 

the same method used in the literature for the sulfonation of alkyl furans,6 leaving the compound 

untouched. 

Oleum was then used as a stronger sulfonating agent. The reaction was carried out at room temperature 

by simply dissolving the octyl furoate in the oleum and leaving it overnight. Full conversion was 

achieved. The reaction mixture was then diluted with water, and the product was separated by the 

addition of stoichiometric amounts of barium carbonate to remove all the sulfate as BaSO4, which 

precipitates. The analysis of the crude product by 1H NMR spectroscopy showed that the reaction was 

not regioselective and unknown side products were present. Difficulties in purifying the product led us 

to abandon this route. 

Sulfonation with chlorosulfonic acid (CSA) proved to be the most successful approach. Dry chloroform 

was needed as a solvent to solubilize the CSA and remove ethanol, which is used as a stabilizer. A slight 

excess was used with respect to the substrate (1.05 eq) at 60 °C. The reaction flask was connected to a 

bubbler to vent the HCl formed during the sulfonation. The reaction was monitored by 1H NMR 

spectroscopy to track the final product. Even if the reaction proved to be slow, it reached completion 

overnight with no side products observed. The high selectivity of the reaction makes this route 



186 

 

favourable over the others and further optimization of the synthesis was carried out to maximise the 

yield.  

Solubility studies 

Results of the solubility tests are reported in Table 7.5. 

Table 7.5 Results of solubility tests for different surfactants 

Concentration 
(% weight) 

SDS (°C) SDBS (°C) C8 (°C) C12 (°C) C16 (°C) 

22.5 >50 ---- <0 <0 >50 
20 41-43 >50 <0 <0 >50 

17.5 34-35 --- <0 <0 >50 
15 27-29 43-45 <0 <0 >50 

12.5 27-29 --- <0 <0 >50 
 

The commercial SDBS proved to have the lowest solubility due to the extensive hydrophobicity 

imparted by the benzene ring while SDS achieved higher solubility of 10-15% at room temperature. 

Although the solubility is higher compared to LAS, this surfactant will still need hydrotropes to increase 

the solubility since typical concentrations are between 15-30% of the final formulation. Remarkable 

improvements were achieved by exchanging a furan head group with an ester linkage, especially for the 

C8-C12 alkyl chains, where high solubility was achieved even at very low temperatures, indicating a 

strong influence of the head group polarity on the solubility. The effect of the alkyl chain becomes 

evident at C16 where the surfactants proved to have very low solubility (only 0.05% at room 

temperature). The C8 and C12 derivatives therefore represent potential solutions to the low solubility of 

LAS while C16 will need hydrotropes to enable possible application as a detergent. 

Resistance to hard water 
Further studies were conducted to investigate the resistance to hard water. The results are reported in 

Table 7.6 based on the criteria reported in Table 7.2 and Table 7.3.  

Table 7.6 Results of hard water stability tests 

 Total Score Mean Stability 

SDS 21 2 

SDBS 50 3 

C8 75 5 

C12 75 5 

 

SDBS and SDS proved to have very low resistance, exhibiting extensive precipitation in many tests. In 

contrast, C8 and C12 derivatives demonstrated outstanding solubility, maintaining a clear solution for all 
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calcium concentrations. Since most of the additives used commercially are for chelating calcium ions, 

these results are promising steps toward solving problems related to the toxicity of these compounds 

and reducing the cost of the final product.  

Critical Micelle Concentration 
Results for the CMC calculation are reported in Figure 7.6 and summarized in Table 7.7. According to 

these results, the alkyl chain has a remarkable effect on the CMC, decreasing the concentration about 5 

times for every 4 carbon atoms added. For commercial application it is required that the CMC falls 

below 2000 ppm; usually additives that reduce the CMC (such as NaCl) are required to achieve this 

target. According to the results presented in Figure 7.6, the furoate alkyl surfactants are capable of 

achieving low CMCs comparable to the commercial SDBS and SDS. Specifically, C12 and C16 

derivatives have CMCs much lower than 2000 ppm. For the C16 compound, the solubility represents a 

limitation even if it exhibits the lowest CMC. These results seem to contradict the results of Dauenhauer 

and co-workers which state that higher polarity of the head group leads to lower CMC values. In this 

regard only the Kraft point (KP) shows remarkable improvements while CMC and water resistance 

proved to be drastically reduced. The results demonstrated in this study clearly show that this is not 

valid as a general consideration and CMC is influenced by other factors (e.g. packing factors).16 

 

Figure 7.6 Measurement of surface tension at different concentrations of surfactant. 
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Table 7.7 Calculated CMC for different surfactants. 

Surfactant CMC (ppm) 

SDS 2000 

SDBS 593 

C8 2149 

C12 521 

C16 60 

 

Summary of furoate sulfonated surfactants 
The results obtained so far regarding solubility, resistance to hard water and CMC are consistent with 

the proposal that furoate alkyl sulfonate surfactants are a potential replacement for LAS and represent 

a solution to many issues in detergent formulations. The ester linkage proved to be the key to obtaining 

superior performances compared to C-C and ketone functionalized groups (reported by Park and co-

workers6). This led to high solubility, low CMC and very high resistance to hard water, thus representing 

a valuable molecule that can reduce the need for additives and the cost in surfactant formulations. 

Of all the surfactant tested, the C12 derivative showed the best performance with high solubility, 

low CMC and high resistance to hard water. The combination of high solubility and low CMC gave a 

large population of micelles, which can enhance the detergent ability of the surfactant. It is predicted 

that this surfactant will exhibit high detergency performance without the need for addition of any 

additives, while for C8 and C16 compounds, the addition of salts or hydrotropes to decrease the CMC or 

increase the solubility will be necessary. Compared to the surfactants reported by Parker and co-

workers,6 the alkyl furoate sulfonated C12 has the advantage of having a low KP, high solubility 

(attributed to the ketone functionalization) and low CMC of the furan alkyl linkage. Hence no builder 

(to decrease the KP), salts (to decrease the CMC) or chelate (to improve the stability in hard water) is 

needed to improve the detergent properties. This represents the perfect compromise and surfactant C12 

proved to have superior properties on all aspects compared with the competitors. 
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Table 7.8 Comparison of the properties of tested surfactants and those of Dauenhauer and co-workers. 

 CMC Solubility Hard water 

stability (ppm) 

KP (°C) Additive 

Furoate-C8 2149 High >250 <0 Salt 

Furoate-C12 521 High >250 <0 None 

Furoate-C16 60 Insoluble Not measured >50 Hydrotrope, 

builder 

SDBS 593 Low <100 586 Hydrotrope, 

chelate, builder 

SDS 2000 Medium <100 156 Hydrotrope, 

chelant 

Furan sulfonated-

ketone C126 

11520 High 230 <06 Salt, chelant 

Furan sulfonated C12 6 720 Medium >250 306 Builder 

 

Discussion of the biodegradability 
Biodegradability is one of the main properties that the surfactant needs to possess in order to be 

commercialized since they are primarily disposed of in wastewater treatment (WWT). Water treatment 

plants are composed of different units focused on degrading all of the compounds that can be degraded 

through the action of microorganisms. Thus, water can be returned to the environment without causing 

damage to the ecosystem. The decomposition of the compounds by microorganisms defines the 

biodegradability of the compound. Usual tests state that a compound can be considered biodegradable 

if 60% of the compound is degraded within 28 days by a colony of bacteria. Two different categories 

of microorganisms are used: anaerobic and aerobic. Tests with the first of these are conducted in oxygen 

free systems and degrade the organic compounds into biogas which can then be used to produce 

electricity. This represents the first reaction unit in the wastewater treatment plant. Compounds that 

cannot be degraded anaerobically are then treated by aerobic digestion where, using oxygen, the organic 

compounds are converted into CO2 and water. Biodegradability is generally referred to as aerobic 

digestion in which different protocols are available to assess its decomposition while anaerobic 

digestion requires a more specific study of the compound to assess its compatibility. From a wastewater 

treatment point of view, it is highly desirable that most of the organic compounds are anaerobically 

digested, since biogas is the main added value of the WWT. LAS are not only incompatible with 

anaerobic digestion but have the potential to exhibit an inhibitory effect on the anaerobic bacteria 

community.17 On the other hand, SDS are highly biodegradable in both anaerobic and aerobic digestion 

making them an environmentally friendly surfactant.18 
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Although it has been largely demonstrated that LAS and SDS are readily biodegradable by 

aerobic bacteria,19 different considerations have to be taken into account according to the surfactant 

resistance to hard water. Additives are designed not to precipitate the surfactant during its application 

nor when it is diluted in a richly diverse environment. In this case the surfactant can precipitate before 

entering the digestors with a higher chance of being dispersed in the environment. This was reported by 

different studies of raw sewage, where they reported very high concentrations (up to 35%) of LAS in 

primary settling tanks where insoluble materials are filtered before entering the digestors.18,20 Moreover, 

since LAS are not bioderived, they have a positive net CO2 emission after aerobic digestion. 

In this study, biodegradability tests were not performed on our surfactants but the structure 

suggests that they should be able to biodegrade. We can simplify the mechanism by cleavage of the 

ester group and degradation of the furoic acid and fatty alcohol. Since both feedstocks (furoic acid and 

fatty alcohol) are biodegradable and aerobic cleavage of ester groups has already been demonstrated,21 

it is very likely that the furoate alkyl sulfonated surfactant is also going to be biodegradable. 

In the same way, it is possible to anticipate the digestion by anaerobic microorganisms. Ester 

cleavage by anaerobic digestion and fatty alcohol digestion it has already been well demonstrated.22,23 

Data on furoic acid are not reported for anaerobic digestion, but furfural has been demonstrated as a 

highly compatible feedstock for anaerobic digestion, indicating that the furan ring can be digested in an 

efficient way, in contrast to the benzene ring characteristic of LAS.24,25 The anaerobic degradation of 

the furoate alkyl sulfate are therefore likely to be possible. 

However, in this analysis, major considerations have to be performed on the type of microbial 

community used and standard protocols have to be adopted to assess the compatibility of the two 

different steps. 
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Conclusions 
 
The sulfonated alkylfuroate compounds represent potential substitutes for LAS for application as 

detergents. The chemical structure consists of a sulfonated furan head with an ester linkage to an alkyl 

chain, which yields superior performance compared to that of the commercial surfactants (LAS and 

SDS) and other biobased surfactants synthesized in the literature. The CMC decreases by increasing the 

alkyl chain, with the C16 derivative exhibiting the lowest CMC although its solubility is too low. The 

C12 compound represents the best compromise between solubility and CMC, showing very high 

solubility even at 0 °C in hard water. The superior properties of this surfactant have the potential to 

reduce drastically the need for additives, which represents an environmental concern. Further studies 

need to be done to asses the biodegradability of theses surfactants.  
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Chapter 8 Conclusions and Prospects 
 

 

 

 

The research reported in this thesis has focused on a different approach to synthesizing chemical 

compounds so that both catalysis and separation can be favoured. Chapter 1 describes the reasons why 

we consider our approach the most suitable and ‘green’ for a future application of biochemicals on a 

large scale. By exploiting the high stability, recyclability and great ability to process biomass/sugars of 

the ionic liquids, chemical processes can benefit from great advantages in terms of environmental 

impact. In Chapter 2, ionic liquids was used as solvent to produce carbonaceous material starting from 

HMF. By using spectroscopy and analytical techniques we discovered that ionic liquids can result in 

different humin structures, each with different functional groups and morphology. In particular, humins 

derived from acidic ionic liquids proved to be superior for the extraction of lead from waste water 

treatment.  

In Chapter 3, we demonstrated that ionic liquids are good solvents for the separation of valuable 

furanic compounds derived from HMF. DFF and FDCA can be separated, respectively, by sublimation 

and precipitation by water addition, demonstrating that ionic liquids are superior solvents compared to 

traditional organic solvents for HMF valorisation. While this aspect is very attractive, so far no catalyst 

have been developed for the synthesis of these DFF and FDCA in ionic liquids, therefore we devoted 

two chapters to the synthesis of these molecules in ionic liquids by developing catalysts for the oxidation 

reaction. The CuCl/TEMPO catalytic system proved to be very efficient for the oxidation of furanic 

compounds in non-coordinating ionic liquids. However, it proved to be incompatible with the 
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dehydration reaction in coordinated and halogenated ionic liquids, where the dehydration of sugars to 

HMF is very efficient at high yield and mild reaction conditions. Therefore, in order to apply the 

CuCl/TEMPO system, it was decided to devise a system where the dehydration of fructose can be 

carried efficiently in a non-coordinating ionic liquid so that the HMF formed can be oxidised to DFF in 

a two-step reaction. It was discovered that the key to achieve high yields of HMF from fructose in non-

coordinating ionic liquid was the water content (Chapter 4). Indeed, small variations of the water content 

led to remarkable changes in yield. An optimum water content was found which optimized the yield of 

HMF at high fructose concentration under mild reaction conditions.  

The findings in Chapter 4 were used in Chapter 5 to achieve the oxidation with TEMPO/CuCl 

leading to a near quantitative yield of DFF from HMF at low temperature. The two-step reaction starting 

from fructose proved to be efficient giving an isolated yield of 55%. We believe that this reaction is 

innovative since it combines a good yield with facile separation of the product, however, issues arise 

due to the poor recyclability of the system upon catalyst deactivation. Further studies are needed to 

improve the recyclability of the system and stabilize the copper catalyst. While DFF is a valuable 

molecule, its direct application is still not well explored. It can be converted to FDCA and then 

polymerized to PEF, but that would add one chemical step which will inevitably increase the cost of 

the process. However, as with many bifunctional molecules, there is interest in using these compounds 

for application in polymers and speciality chemicals. Since most research have focused on the synthesis 

of FDCA rather DFF, due to its higher value, more studies need to be carried out on DFF.  

In Chapter 6, we concentrated on developing a catalyst for the oxidation of HMF into FDCA 

in coordinating ionic liquids. The challenge was the fact that noble metal catalysts as Pt and Pd suffer 

from deactivation in halogenated environments, necessitating a different approach to solve the problem. 

We chose to operate in [bmim]Cl since this solvent has proven to be very efficient in the production of 

HMF from cellulose and glucose. A combination of Mn and Fe oxides proved to be very efficient in 

this reaction achieving 80% yield from HMF and 40% glucose in a two-step reaction.  

Finally, Chapter 7 focuses on surfactants derived from pentose derivatives of furans. The 

surfactant derived from furoic acid and fatty alcohol proved to have superior proprieties compared to 

the commercial LAS and SDS with major resistance to hard water, lower Kraft Point, lower CMC and

  higher solubility. The low cost of the feedstock makes these surfactants a potential substitute 

for current detergent formulations with superior proprieties and lower environmental impact.  

We believe that this thesis represents a new approach to solve various issues related to sugar 

processing in the chemical industry. Ionic liquids favour the separation of valuable furanic compounds 

which could be used as substitutes for applications typically reliant on the aromatic oil fraction, BTX. 

However, improvements are needed in terms of recyclability of the catalysts and full recovery of the 

solvents is needed to minimise the waste. In the section below, some prospects for further use of ionic 

liquids in biomass processing are described.  
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Prospects  
 

Biomass-derived feedstocks need sustainable processing to be competitive in the market. Emission of 

CO2 due to energy and chemicals usage needs to be limited. We demonstrate that ionic liquids are 

solvent capable of simplifying the process in terms of reaction conditions and product separation. 

Moreover, the humin side products can be further valorised to a valuable adsorbent. Further valorisation 

can be achieved by finding different applications in batteries and as catalyst supports. Indeed, 

carbonaceous materials attract much interest due to their environmentally-friendly nature, compared to 

classical metal supports, since they are easier to dispose and not harmful to the environment. However, 

noble metals have been shown to leach from classical carbon supports derived from fossil feedstocks 

during the catalytic process, causing environmental problems for metal dispersion in the environment. 

According our experiments, humins have a potential to have high affinity to metal thanks its high 

functionalization, in this matter further studies need to be addressed to analyse the possibility to use this 

material as a catalyst supports that reduce the leaching of metals. 

For a catalytic process, high levels of ionic liquid recovery are needed in a process to guarantee 

high recyclability. In our case, homogeneous catalysis suffers from deactivation, therefore further 

efforts are needed to find ligands which stabilise the copper salts. Regarding heterogeneous catalysts, 

the support that we developed for the oxidation of HMF directly to FDCA was tested under dilute 

conditions, meaning that FDCA still cannot be separated by precipitation. The catalyst needs to be tested 

at higher concentration with no significant loss of yield.  

In the surfactant field, the bioderived furoate surfactants proved to be very promising for 

application in the detergent industry. However, in this field, cost is a key parameter to be considered 

for the success of the surfactant. Furoic acid represents a more expensive product compared to furfural. 

Therefore, a direct synthesis of the furoate from furfural is highly desirable to lower the cost. Oxidative 

esterification of the aldehyde moiety to the ester could be a solution, allowing furfural to be used directly 

as a feedstock for the synthesis of the surfactant. Moreover, biodegradability test need to be performed. 

Since selectivity is the main issue for the oxidation to FDCA in ionic liquids. The use of 

enzymes and electrochemistry could offer a potential solution since these approaches are more selective. 

Herein we describe the potential for ionic liquids in this type of system and the advantages they could 

deliver.  

Application of ionic liquids in enzymatic and electrochemical reactions  
Enzymatic routes for the catalytic oxidation of HMF to DFF and FDCA proved to be very efficient 

using enzymes (oxoreductases) of the category EC 1.1.3 and EC 1.2.3, respectively. These two 

categories of enzymes are able to oxidase primary alcohols and aldehydes using oxygen as the electron 

acceptor. In order for these enzymes to exhibit their catalytic activity, a co-factor (co-enzyme) needs to 
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be added. McKenna and co-workers1,2 have combined the galactose oxidase (GOase M3-5) with 

peroxidase from horseradish (HRP) to oxidise HMF to DFF in high yield. Subsequently they used an 

aldehyde oxidase PaoABC to oxidise DFF to FDCA, again in high yield. However, this reaction proved 

to have multiple drawbacks since the kinetics are slow, low substrate loadings are needed and catalase 

is required to remove peroxides from the by-products.  

Another enzyme reported by Dijkman and co workers3,4 belonging to the category EC 1.1.347 

(alcohol dehydrogenase) named HMFO has been tested for the oxidation of HMF to FDCA in one pot. 

The enzyme uses FAD as co-factor which is already present in the enzyme as a prosthetic group. This 

has the function of acting as active site for the electron transfer of the -carbon of HMF to molecular 

oxygen. Despite the high performance of this enzyme at high loadings, it still deactivates due to leaching 

of FAD.  

According these studies, enzymatic catalysis for HMF oxidation suffers from instability and 

deactivation. A new approach has been developed for the stabilization of enzymes in ionic liquids which 

allows an increase in temperature, allowing the increase in the kinetics of reaction and limits the 

deactivation of the enzyme.5,6 The application of this methodology for the enzymes used in HMF 

oxidation could be beneficial for combining the high selectivity of the enzymes with the faster kinetics 

that can be achieved through stabilization.  

Electrochemical oxidation is another field to be explored for this reaction. Trials have been 

performed using water as solvent,7–9 achieving high yields. Ionic liquids have the potential to enhance 

the reaction kinetics and selectivity thanks to the higher conductivity of the solvent, achieving higher 

current with lower voltage in the electrochemical cell.  

 

This thesis sets out the case for the use of ionic liquids in sugar processing, showing that they 

have great potential for rendering the synthesis of economically feasible bioderived products to compete 

with oil-derivative ones. Industry can be reluctant to adopt such techniques, since most chemical 

processing is inspired by traditional petrochemical approaches, which rely heavily on organic solvents 

and non-carbon neutral processes. A different approach needs to be adopted to achieve a more 

sustainable approach to the processing and valorisation of feedstocks that can reduce waste and CO2 

emissions.  

 “The human mind adjusts itself to a certain point of view, and those who have regarded nature 
from one angle, during a portion of their life, can adopt new ideas only with difficulty.” 

Antoine Lavoiser 
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A. Appendix 
 

Characterization Ionic Liquids 
 

 

 

Figure A. 1 1H NMR spectrum of [bmim]Cl in deuterated DMSO. 

 

 

Figure A. 2  13C{1H} NMR spectrum of [bmim]Cl in deuterated DMSO. 
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Figure A. 3 Mass spectrum of [bmim]Cl. 

 

[bmim]Cl.: 1H NMR (DMSO-d6): δ 9.62 (s, 1H, N2CH), 7.92, 7.84 (m x 2, 2 x 1H, 2 x N-CH), 4.20 (t, 
2H, N-CH2-CH2, JHH = 7.2 Hz), 3.88 (s, 3H, N-CH3), 1.77, 1.24 (m x 2, 2 x 2H,N-CH2-CH2-CH2-CH3), 
0.87 (t, 3H, -CH2-CH3, JHH = 7.3 Hz) ppm. 13C{1H} NMR (DMSO-d6): δ 137.2 (N2-CH), 124.1, 122.7 
(2 x N-CH), 48.8 (N-CH2-CH2-CH2-CH3), 36.14 (NCH3), 31.8 (NCH2CH2CH2CH3), 19.2 (NCH2-CH2-
CH2-CH3), 13.7 (N-(CH2)2-CH2-CH3) ppm. MS (ES, +ve mode): m/z (abundance) = 357 (31) 
[(bmim)2Br]+, 139 (100) [bmim]+. 
 
 
 

 

Figure A. 4 1H NMR spectrum of [bmpyr]Cl in deuterated DMSO. 
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Figure A. 5 13C{1H} NMR spectrum of [bmpyr]Cl in deuterated DMSO. 

 

 

Figure A. 6 Mass spectrum of [bmpyr]Cl. 

 

[bmpyr]Cl : 1H NMR (DMSO-d6): 3.58-3.39 (m, 6H, 2,5-pyrrole-CH2 and N-CH2-CH2-CH2-CH3), 3.03 
(s, 3H, N-CH3), 2.02-2.05 (m, 2 x 2H, 3,4-pyrrole-CH2), 1.65 (m, 2H, NCH2CH2CH2CH3, JHH = 7.2 
Hz), 1.2 (m, 2H, NCH2CH2CH2CH3, JHH = 7.3 Hz), 0.86 (t, 3H, N-CH2-CH2-CH2-CH3, JHH = 7.3 Hz) 
ppm. 13C{1H} NMR (DMSO-d6): 63.7 (s, N-CH2-CH2-), 63.0 (s, 2,5-pyrrole-CH2), 47.6 (s, NCH3), 25.4 
(s, 3,4-pyrrole-CH2), 21.4 (s, N-CH2-CH2-CH2-CH3), 19.8 (s, N-(CH2)2-CH2-CH3), 14.0 (s, N-(CH2)3-
CH3). m/z (abundance) = 142(100) [bmpyr]+. 
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Figure A. 7 1H NMR spectrum of [bmim]OTf in deuterated DMSO. 

 

 

Figure A. 8 13C{1H} NMR spectrum of [bmim]OTf in deuterated DMSO 

[bmim]OTf : 1H NMR (DMSO-d6): δ 9.08 (s, 1H, N2CH), 7.76-7.69- (m x 2, 2 x 1H, 2 x N-CH), 4.17 
(t, 2H, N-CH2-CH2, JHH = 7.2 Hz), 3.85 (s, 3H, N-CH3), 1.77- 1.26 (m x 2, 2 x 2H,N-CH2-CH2-CH2-
CH3), 0.9 (t, 3H, -CH2-CH3, JHH = 7.4 Hz) ppm. 13C{1H} NMR (DMSO-d6): δ 137.7 (N2-CH), 123.6-
122.4 (2 x N-CH),119.2 (CF3), 49.1 (N-CH2-CH2-CH2-CH3), 35.8 (NCH3), 32.0 (NCH2CH2CH2CH3), 
19.0 (NCH2-CH2-CH2-CH3), 13.8 (N-(CH2)2-CH2-CH3) ppm. MS (ES, +ve mode): m/z (abundance) = 
139 (100) [bmim]+. 
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Figure A. 9 1H NMR spectrum of [bmpyr]OTf in deuterated DMSO. 

 

 

Figure A. 10 13C NMR spectrum of [bmpyr]OTf in deuterated DMSO.  
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Figure A. 11 Mass spectrum of [bmpyr]OTf. 
 

[bmpyr]OTf.: 1H NMR (DMSO-d6): 3.51-3.26 (m, 6H, 2,5-pyrrole-CH2 and N-CH2-CH2-CH2-CH3), 
2.98 (s, 3H, N-CH3), 2.02-2.08 (m, 2 x 2H, 3,4-pyrrole-CH2), 1.68 (m, 2H, NCH2CH2CH2CH3, JHH = 
7.2 Hz), 1.32 (m, 2H, NCH2CH2CH2CH3, JHH = 7.3 Hz), 0.94 (t, 3H, N-CH2-CH2-CH2-CH3, JHH = 7.3 
Hz) ppm. 
13C{1H} NMR (DMSO-d6): 119.4 (s,CF3),63.9 (s, N-CH2-CH2-), 63.3 (s, 2,5-pyrrole-CH2), 47.8 (s, 
NCH3), 25.2 (s, 3,4-pyrrole-CH2), 21.5 (s, N-CH2-CH2-CH2-CH3), 19.7 (s, N-(CH2)2-CH2-CH3), 14.1 
(s, N-(CH2)3-CH3). 
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Figure A. 12 1H NMR spectrum of [bmim]Br in deuterated DMSO. 

 

 

Figure A. 13 13C{1H} NMR spectrum of [bmim]Br in deuterated DMSO. 
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Figure A. 14 Mass spectrum of [bmim]Br. 

 

[bmim]Br: 1H NMR (DMSO-d6): δ 9.33 (s, 1H, N2CH), 7.86, 7.78 (m x 2, 2 x 1H, 2 x N-CH), 4.20 (t, 
2H, N-CH2-CH2, JHH = 7.2 Hz), 3.87 (s, 3H, N-CH3), 1.76, 1.25 (m x 2, 2 x 2H,N-CH2-CH2-CH2-
CH3), 0.88 (t, 3H, -CH2-CH3, JHH = 7.3 Hz) ppm. 13C{1H} NMR (DMSO-d6): δ 137.2 (N2-CH), 124.1, 
122.7 (2 x N-CH), 48.8 (N-CH2-CH2-CH2-CH3), 36.14 (NCH3), 31.8 (NCH2CH2CH2CH3), 19.2 
(NCH2-CH2-CH2-CH3), 13.7 (N-(CH2)2-CH2-CH3) ppm. MS (ES, +ve mode): m/z (abundance) = 357 
(31) [(bmim)2Br]+, 139 (100) [bmim]+. 

 

Figure A. 15 1H NMR spectrum of [bmim][NTf2] in deuterated DMSO. 
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Figure A. 16 13C{1H} NMR spectrum of [bmim][NTf2] in deuterated DMSO 

 

 

 

 

 

Figure A. 17 Mass spectrum of [bmim][NTf2]. 

[bmim][NTf2]: 1H NMR (DMSO-d6): δ 9.33 (s, 1H, N2CH), 7.86, 7.78 (m x 2, 2 x 1H, 2 x N-CH), 4.20 
(t, 2H, N-CH2-CH2, JHH = 7.3 Hz), 3.87 (s, 3H, N-CH3), 1.76, 1.25 (m x 2, 2 x 2H,N-CH2-CH2-CH2-
CH3), 0.88 (t, 3H, -CH2-CH3, JHH = 7.4 Hz) ppm. 13C{1H} NMR (DMSO-d6): δ 136.7 (N2-CH), 124.06, 
122.6 (2 x N-CH), 121.7 (CF3) 48.9 (N-CH2-CH2-CH2-CH3), 36.1 (NCH3), 31.7 (NCH2CH2CH2CH3), 
19.1 (NCH2-CH2-CH2-CH3), 13.5 (N-(CH2)2-CH2-CH3) ppm. MS (ES, +ve mode): m/z (abundance) = 
558 (100) [(bmim)2NTf2]+, 139 (25) [bmim]+. 
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Figure A. 18 1H NMR spectrum of [bmpyr][NTf2] in deuterated DMSO. 

 

 

 

Figure A. 19 13C{1H} NMR spectrum of [bmpyr][NTf2] in deuterated DMSO. 
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Figure A. 20  Mass spectrum of [bmpyr][NTf2] 
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Ionic Liquid as Green Solvent for Separation of Furanic 
Compounds 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 21 Cold finger apparatus for sublimation of DFF. 

 

 

 

 

 

 

 

 

 

 

Figure A. 22 Sublimed DFF from the IL on the condenser tip (left) and collected DFF (right). 
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Figure A. 23 Comparison between the commercial DFF and the sublimed material (left) and 
comparison of the bulk IL after first sublimation and second sublimation (right). 
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Rapid High-Yield Fructose Dehydration to HMF in Mixtures 
of Water and the Non-Coordinating Ionic Liquid 
[bmim][OTf] 
 

 

 

Figure A. 24 Crude 5-HMF product prior DCM washing with impurities in the furan region 

 

 

Figure A. 25 H-NMR spectra for the purified 5-HMF after DCM washing 
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Figure A. 26 C-NMR spectra for the purified 5-HMF after DCM washing 

 

5-HMF: 1H NMR (DMSO-d6): 9.56 (s, 1H, O=CH), 7.51 (d, 1H, H-furan), 6.62 (s, 1h, H-furan), 5.60 
(t, 1H, CH2-OH), 4.52 (d, CH2-OH) . 13C{1H} NMR (DMSO-d6): δ 178 (s, O=CH), 161,151 (s, O-C-C 
furan),123,110 (s, C-furan), 57 (C-C-OH) 
 

 

Figure A. 27 H-NMR of recovered ionic liquid [bmim][OTf] 
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Figure A. 28 Mass spectra of isolated HMF 

 

149 HMFNa+ 
139 Levelunic acid Na+ 

127 HMF H+ 
109 (HMF H+)-H2O 
83 Formic acid Na+ 
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Catalytic Oxidation of 5-HMF into DFF in [bmim][OTf] with 
immobilized TEMPO-pyridine ionic liquid and CuCl 
 

 

 

Figure A. 29 1H NMR spectrum of Intermediate A reduced with excess phenylhydrazine in deuterated 
CDCl3. 

 

 

Figure A. 30 1H NMR spectrum of [TEMPO-bmim][NTf2] reduced with excess phenylhydrazine in 
deuterated CDCl3. 
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Figure A. 31 13C{1H} NMR spectrum of [TEMPO-bmim][NTf2] reduced with excess phenylhydrazine 
in deuterated CDCl3. 

 

 

Figure A. 32 Mass spectrum of [TEMPO-bmim][NTf2]. 

 

Intermediate A (reduced form, phenylhydrazine resonances omitted): 1H NMR (400 MHz, CDCl3): δ 
1.18 (s, 6H, piperidine-Me), 1.24 (s, 6H, piperidine-Me), 1.46 (t, 2H, piperidine-CH, JHH = 11.8 Hz), 
1.69 - 1.77 (m, 2H, O-CH2-CH2-CH2-CH2-Br), 1.91 - 2.08 (m, 4H, O-CH2-CH2-CH2-CH2-Br, 
piperidine-CH), 3.44 - 3.63 (m, 5H, O-CH2, BrCH2, piperidine-CH) ppm. 
 
[TEMPO-bmim][NTf2] (reduced form, phenylhydrazine resonances omitted): 1H NMR (400 MHz, 
CDCl3): δ 1.26 (s, 6H, piperidine-Me), 1.35 (s, 6H, piperidine-Me), 1.53 - 2.12 (m, piperidine-CH; O-
CH2-CH2-CH2-CH2-imidazolium; O-CH2-CH2-CH2-CH2-Br; piperidine-CH), 3.51 (t, 2H, imidazolium-
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CH2, JHH = 11.9 Hz), 3.59 - 3.72 (m, 3H, O-CH2, piperidine-CH), 3.84 (s, 3H, CH3-imidazolium), 7.18 
(m, 1H, CH-imidazolium), 7.22 (m, 1H, CH-imidazolium), 7.41 (s, 1H, C-CH-C) ppm. 13C{1H} NMR 
(100 MHz, CDCl3) δ 137.1 (N2CH), 123.0 – 121.0 (2 x NCH), 69.1 (N-CH2-CH2-CH2-CH2), 67.1 (-
CH2-CH2-O), 61.0 (piperidine O-C-C), 49.6 (piperidine, C-C-N), 43.8 (piperidine, C-C-C), 36.1 
(NCH3), 26.1 - 27.2 (N-CH2-CH2-CH2-CH2), 20.9 (piperidine, 2 x C-CH3) ppm. MS (ES, +ve mode): 
309 (100) [TEMPO-bmim]+. MS (ES, -ve mode): 279 (100) [NTf2] . 
 
 

 
Figure A. 33 1H NMR spectrum of DFF in deuterated DMSO. 

 

 

Figure A. 34 13C{1H} NMR spectrum of DFF in deuterated DMSO. 
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Figure A. 35 Mass spectrum of DFF. 

DFF: 1H NMR (400 MHz, DMSO) δ 9.78 (s, 2H, CH=O), 7.64 (s, 2H, furan CH) ppm. 13C{1H} NMR 
(100 MHz, DMSO) δ 121.9 (furan C-C=C), 154.0 (O-C=C), 180,7 (O=C=C) ppm. MS (ES, +ve mode): 
m/z 125 (100) [M+H]+. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 36 On the left, photograph of the reaction mixture after 6 h showing sublimed DFF (white) 
while further material precipitates from the reaction mixture. On the right,  DFF after vacuum was 
applied for 6 h at 80°C. 
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Figure A. 37 1H NMR spectrum of FFCA in deuterated DMSO. 

 

 

Figure A. 38 13C{1H} NMR spectrum of FFCA in deuterated DMSO. 

FFCA: 1H NMR (400 MHz, DMSO) δ 9.73 (s, 1H, CH=O), 7.60 - 7.40 (d, 2 x 1H, 2 x C-CH-CH-C, 
JHH =7.4 Hz) ppm. 13C{1H} NMR (100 MHz, DMSO) δ 193.3 (O=CH-C), 159.5 - 153. (2 x C-CH-CH-
C), 149.0 (-COOH), 122.7-118.9 (2 x C-C-O) ppm. MS (ES, +ve mode): m/z 141 (100) [M+H]+. 
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Biorenewable Anionic Surfactants as Valuable Replacement 
of Current Detergent Formulations 
 

 

 

Figure A. 39 H-NMR octyl furoate 

 

Figure A. 40 C-NMR octyl furoate 

Octyl Furoate: 1H NMR (DMSO-d6): δ 8 (m, -C-CH-O-, ), 7.3, 6.7 (m x 2, 2 x 1H, 2 x C-CH-C), 4.23 
(t, 2H, O-CH2-CH2, JHH =6.6 Hz), 1.66, 1.4-1.8 (m, CH2 alkyl chain),  0.86 (m, CH2-CH3). 13C{1H} 
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NMR (DMSO-d6): δ 159.9 (C=O), 147.8 (CH-C-C=O), 144.6 (O-CH-CH), 119, 113 (-C-CH-CH-C), 
65 (O-CH2-CH2), 31.7,31.1,29.1,28.7,25.8,22.7 (6 X C, C-CH2-C), 14.4 (-CH2-CH3) ppm.  
 

 

Figure A. 41 H-NMR Sulphonated Octyl Furoate 

 

 

Figure A. 42 C-NMR Sulphonated Octyl Furoate 
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Figure A. 43  Mass spectrum Sulfonated Octyl Furoate 

 

Sulphonated octyl furoate.: 1H NMR (D2O): 6.9, 6.7 (m x 2, 2 x 1H, 2 x C-CH-C), 4.2 (t, 2H, O-CH2-
CH2, JHH =6.6 Hz), 1.6, 1.34-1.0 (m, CH2 alkyl chain),  0.8 (m, CH2-CH3). 13C{1H} NMR (D2O): δ 
158.5 (C=O),  155.8(O-CH-CH,) 144.5 (CH-C-C=O),118.2-112.2 (-C-CH-CH-C), 66.1 (O-CH2-CH2), 
31.7,29.2,29.1.2,28.3,25.7,22.6 (6 X C, C-CH2-C), 13.8 (-CH2-CH3) ppm.  
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Figure A. 44 H-NMR dodecyl furoate 

 

 

Figure A. 45 C-NMR dodecyl furoate 
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Figure A. 46  Mass spectrum Sulfonated Dodecyl Furoate 

 

Dodecyl Furoate.: 1H NMR (DMSO-d6): δ 7.9 (m, -C-CH-O-, ), 7.2, 6.7 (m x 2, 2 x 1H, 2 x C-CH-C), 
4.23 (t, 2H, O-CH2-CH2, JHH =6.6 Hz), 1.66, 1.4-1.8 (m, CH2 alkyl chain),  0.86 (m, CH2-CH3). 13C{1H} 
NMR (DMSO-d6): δ 159.9 (C=O), 148.2 (CH-C-C=O), 144.5 (O-CH-CH), 119, 112.5 (-C-CH-CH-C), 
65.7 (O-CH2-CH2), 31.8,29.5,29.2,29.7,28.8,25.9,22.6 (8 X C, C-CH2-C), 14.1 (-CH2-CH3) ppm.  
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Figure A. 47 H-NMR Sulphonated dodecyl furoate 

 

Figure A. 48 C-NMR Sulponated Dodecyl Furoate 

Sulphonated Dodecyl Furoate:  1H NMR (D2O): δ 6.9, 6.7 (m x 2, 2 x 1H, 2 x C-CH-C), 4.1 (t, 2H, O-
CH2-CH2, JHH =6.6 Hz), 1.52, 1.2-1.1 (m, CH2 alkyl chain),  0.7 (m, CH2-CH3).  
13C{1H} NMR (D2O): δ 158.5 (C=O),  155.8(O-CH-CH,) 144.5 (CH-C-C=O),118.2-112.2 (-C-CH-CH-
C), 66.1 (O-CH2-CH2), 31.8,29.5,29.2,29.7,28.8,25.9,22.6 (8 X C, C-CH2-C), 13.8 (-CH2-CH3) ppm.  

MS (ES, -ve mode): m/z (abundance) = 359.1534 (C17H27O6S-  100%)   
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Figure A. 49 H-NMR Hexadecyl Furoate 

 

 

 

Figure A. 50 C-NMR hexadecyl Furoate 
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Hexadecyl Furoate.: 1H NMR (benzene-d6): δ 7.0, 6.9 (m x 2, 2 x 1H, 2 x C-CH-C), 5.8 (m, -C-CH-O-
, ), 4.1 (t, 2H, O-CH2-CH2, JHH =6.7 Hz), 1.44, 1.37-1.05 (m, CH2 alkyl chain),  0.85 (m, CH2-CH3). 
13C{1H} NMR (benzene-d6): δ 158.5 (C=O), 145.7 (CH-C-C=O), 145.5 (O-CH-CH), 117, 111 (-C-CH-
CH-C), 64.4 (O-CH2-CH2), 32,29.9-29.3,28.8,26,23 (6 X C, C-CH2-C), 14.1 (-CH2-CH3) ppm.  
 

 

 

 

Figure A. 51 H-NMR Sulphonated hexadecyl furoate 
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Figure A. 52 C-NMR sulphonated hexadecyl furoate 

Sulphonated Hexadecyl Furoate.: 1H NMR (D2O): δ 6.9, 6.7 (m x 2, 2 x 1H, 2 x C-CH-C), 4.1 (t, 2H, 
O-CH2-CH2, JHH =6.4 Hz), 1.54, 1.26-0.95 (m, CH2 alkyl chain),  0.8 (m, CH2-CH3). 13C{1H} NMR 
(D2O): δ 159.5 (C=O),  156.5(O-CH-CH,) 144.6 (CH-C-C=O),118.9-112.9 (-C-CH-CH-C), 66.1 (O-
CH2-CH2), 32.2, 31-29.3,28.5, 26,22.8 (10 X C, C-CH2-C), 13.8 (-CH2-CH3) ppm.  
 


