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Summary 

 

Our society strongly depends on depleting fossil fuels. Thus, renewable resources 

should be found to make products. For example, from biomass we can obtain many 

platform chemicals like furfural (FF) and hydroxymethylfurfural (HMF), which can be 

used as a chemical building block for pharmaceutical precursors, lubricants, 

adhesives, solvents and plastics. 

 

With the current state of the art, (hemi-) cellulose can be hydrolyzed into 

monosaccharides, which can be further converted into FF and HMF. This process 

results in diluted aqueous acidic solutions with a relatively small fraction of FF and 

HMF. Subsequently, a separation step is required to obtain the desired 

monosaccharides, preferably in higher concentrations. Common separation 

methods often include one or more distillation steps, resulting in high energy 

consumptions, or require organic solvents as extracting agents. A major drawback 

of the use of organic solvents is their relatively high volatility and toxicity, posing 

possible risks for safety, health and environment.  

 

Alternative separation methods are desirable for the sustainable production of FF 

and HMF from biomass. New biobased solvents, so-called deep eutectic solvents 

(DESs), have been recognized as interesting alternatives to replace organic solvents 

currently used in research and the chemical industry. Their main advantage is their 

negligible vapor pressure. Additional advantages of the new biobased solvents are 

their biodegradability, non-toxicity, tunability and their easy preparation, which 

makes them relatively cheap. This thesis focuses on the development of new 

biobased solvents for one specific application: to extract FF and HMF out of aqueous 

solutions.  
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In Chapter 2 the solubility of different sugar-derived molecules was experimentally 

determined in six different DESs. The Kamlet-Taft parameters of the DESs were 

determined and correlations with the solubility data were established. Moreover, 

thermophysical properties such as viscosity and decomposition temperature were 

measured. The hydrophobic DES, deca-N8888Br, had the most interesting solubility 

properties and was found to be a promising extractant for selective extraction of FF 

and HMF from aqueous solutions. 

 

Subsequently, 507 combinations of different constituents were screened for DESs 

formation in Chapter 3. All their physicochemical properties were measured. Their 

sustainability and future use was investigated on the basis of four main criteria: the 

density difference with water, a sufficiently low viscosity, the amount of DES that 

transfers to the water phase and the pH of the water upon mixing. Five newly 

developed DESs Thy:Cou (2:1), Thy:Men (1:1), Thy:Cou (1:1), Thy:Men (1:2) and 1-

tdc:Men (1:2) satisfied all four criteria. 

 

In Chapter 4, head-space gas chromatography mass spectrometry (HS-GC-MS) was 

used for the first time to measure the total vapor pressure of hydrophobic DESs and 

the partial pressure of each DES constituent. Moreover, activity coefficients, 

enthalpies of evaporation and Arrhenius activation energies for fluid displacement 

were obtained and correlated to the measured vapor pressure data. It was confirmed 

that the total vapor pressures of the hydrophobic DESs are very low in comparison 

to those of commonly used volatile organic solvents like toluene. Finally, the total 

vapor pressures of the hydrophobic DESs were successfully predicted with 

Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT). 

 

The new hydrophobic DESs were applied as extracting agents for FF and HMF in 

Chapter 5. Diffusion coefficients of ten different hydrophobic DESs were tested and 

compared to the benchmark toluene. It was found that the hydrophobic DESs 
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selectively extract FF and HMF from aqueous solutions without extraction of sugars 

with comparable or better distribution coefficients compared to toluene.    

 

In Chapter 6 the effects of different acid concentrations, temperatures and solvent-

to-feed ratios on the reaction yield of xylose to FF was measured. Fifteen organic 

solvents were screened to extract FF out of aqueous solutions. To determine the 

effect of solvent addition on the reaction yield, the two best extraction solvents, two 

solids and four hydrophobic DESs were added to the reaction mixture and the yield 

of FF, conversion of xylose and the degradation of FF as a function of time were 

measured. Almost all solvents decrease the degradation of FF except toluene and 

some solvents lead to a 3 times higher production yield. 

 

In Chapter 7 twelve different supported DES liquid membranes were prepared and 

characterized and introduced to the literature for the first time. It was observed that 

the addition of the DES enhances the transport of FF and HMF through the polymeric 

membrane support and that the supported liquid membranes (SLMs) are interesting 

for (in situ) isolation of FF and HMF from aqueous solutions, e.g. in biorefinery 

processes. 

 

Finally, Chapter 8 presents a comparison of the three different extraction techniques: 

liquid-liquid extraction after reaction, in-situ extraction and SLMs. Moreover, the 

recovery of the solvents was investigated.  

 

Overall, it can be summarized that the new biobased solvents are a good alternative 

to replace the organic solvents. They are tunable, more sustainable, less volatile, 

cheaper, less prone to degradation of FF. This all leads to an increase of the 

production yield and process efficiency. 
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Problem definition 

One of the greatest challenges in the twenty-first century is the evolution from a 

society mainly dependent on fossil resources to an almost fossil fuel-free culture. 

The increase of environmental awareness, global warming/climate change and 

reduction of fossil resources have contributed to the urgent search for novel 

sustainable alternatives1,2. 

Because of multiple threats such as the growing population, protection of the 

environment, climatic change, and in order to enable the sustainable production of 

food, feed, chemicals, fuels and materials, the industrial sector must shift from non-

renewable raw materials to renewable feedstocks. Between the various types of 

renewable biomass, lignocellulose is expected to become the main feedstock of the 

future chemical and energy industry, because of its large availability, huge 

generation rate and widespread occurrence. Wood is the most abundant type of 

lignocellulosic biomass, and some types of woods are very fast growing 

(Eucalyptus). The application of lignocellulosic materials as raw materials for the 

industry gives important technological challenges, derived from their complex 

composition and morphology. The three main structural components of wood, i.e. 

hemicellulose, cellulose and lignin, can be separated on the basis of their diverse 

properties.  
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Aim 

The main reasons for developing bio-refining processes are the depletion of fossil 

resources and the reduction of emissions from carbon dioxide and other greenhouse 

gasses.  However, the cost of processing renewables to chemicals and fuels is often 

too high to be economically feasible, partly due to the fact that traditional synthesis 

routes developed and optimized for hydrocarbons are not easily adapted for 

renewables1. 

Lignocellulosic biomass is a promising alternative to non-renewable resources for 

the sustainable supply of fuels and chemicals in the future2,3. The hydrolysis of 

lignocellulose has recently been mentioned as the most important entry point into a 

bio-refinery4. Already in 1920, the first acid hydrolysis of lignocellulose was 

developed5. Most important products are glucose (by hydrolysis of cellulose), xylose 

(by hydrolysis of hemicellulose) and phenols (by hydrolysis of lignin)6. These 

products can be further converted into useful building blocks for the chemical 

industry, such as furfural (FF) and hydroxymethylfurfural (HMF), levulinic acid, 

glycols, etc.7,8,9. FF and HMF are key derivatives used for the production of a wide 

range of important chemicals, including pharmaceuticals and phenolic resins, as well 

as an intermediate for lubricants, nylon, adhesives, plastics and solvents10,11. 

FF is mainly obtained by the dehydration of xylose in the presence of an acidic 

catalyst at high temperatures11,12. However, FF yields are still relatively low. 

Secondary reactions between the FF and its precursors are the primary cause of 

these low yields13,14,15. High yields can only be achieved by rapid and continuous 

removal of the FF from the aqueous reaction mixture.  

Purifications, separations and solvent recoveries determine the economic feasibility 

of the FF and HMF production process16. The isolation of these sugar-derived 

chemicals is the main challenge in their production17. Up to now, steam stripping and 

liquid-liquid extraction with toluene are the most commonly applied isolation 

methods18,19,20. Steam stripping is highly energy-intensive. The effectiveness of 

liquid-liquid extraction depends on the solvent selection. Organic carbonates, such 

as, methylisobutylketone (MIBK), 2-methyltetrahydrofuran (2-MTHF), 2-butanol and 
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ionic liquids (ILs) have also been used for HMF extraction18. Several solvents, for 

instance o-propylphenol and o-isopropylphenol, have been identified possessing up 

to five times higher partitioning coefficients compared to the previously applied 

solvent 2-MTHF19. These solvents have the potential to significantly improve the 

HMF synthesis. Unfortunately, most applied extractants are not environmentally 

benign. 

 

Conventionally, liquid-liquid extraction is used for the recovery of FF. If this extraction 

step could be performed simultaneously with the reaction (i.e. in-situ extraction)13, 

undesired side reactions (further conversion/degradation of FF to humins) can be 

prevented. In that case, the dehydration of xylose to FF should be conducted in the 

presence of an immiscible solvent, so that most of the FF can be transferred from 

the aqueous (reaction) phase to the solvent (extraction) phase almost immediately 

after it is formed, preventing any further degradation of the FF. Thereafter, the FF 

can be recovered from the solvent by simple binary distillation. 

(In-situ) extraction with toluene has problems in the solvent recovery step due to the 

formation of a heterogeneous azeotrope between toluene and water 15,16. Therefore, 

a lot of research is dedicated to the search for alternative extracting agents. For a 

correct solvent selection, the following properties should be considered: distribution 

ratio, selectivity, density, recoverability, environmental impact, viscosity, toxicity, 

flammability and thermal and chemical stability. 

 

In the search for sustainable solvents for the dissolution and extraction of biomass-

derived platform chemicals, deep eutectic solvents (DESs) could be an interesting 

alternative. DESs were reported for the first time in 200321,22,23. The synthesis of 

hydrophobic DESs has been reported for the first time in 201524. DESs are mixtures 

of one or more hydrogen bond acceptors (HBAs) and one or more hydrogen bond 

donors (HBDs) that, when mixed together in the proper molar ratio, show a large 

decrease in melting point compared to the initial compounds25,26,27. It is widely 

accepted that DESs have a low vapor pressure, wide liquid range, water compatibility 
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and biodegradability. DESs can be easily prepared using cheap renewable 

precursors. They have the potential to act as effective solvents for the complete 

dissolution and extraction of a wide range of non-polar and polar compounds and 

have been proposed as alternatives to several conventional and often toxic organic 

solvents.  

In the biomass processing field, DESs can have additional advantages over 

conventional solvents. These include inhibition of water reactivity (only to some 

extent), stabilization of carbohydrates and furanic derivatives through hydrogen bond 

interactions, decrease of polyol viscosity, and compatibility with few enzymes. 

Recently, DESs have received particular attention for the dehydration of hexoses 

and pentoses to furanic derivatives such as HMF and FF28.  

 

Therefore, hydrophobic DESs are expected to be promising solvents for in-situ 

extraction of FF or HMF from its reaction mixture. However, the effect of hydrophobic 

DESs on the prevention of FF degradation has never been investigated before.  

For many applications in separation technology, it is necessary that the total vapor 

pressure of the DES is as low as possible. The advantage is that other compounds 

might be separated from the DES by distillation without contamination by the DES 

and without any DES emissions into the atmosphere. While it is generally claimed 

that DESs have a very low total vapor pressure26, in reality almost no vapor pressure 

data for DESs have been reported so far, so this general statement is not yet proven 

quantitatively. Knowledge of vapor pressure data is also of most importance for 

thermodynamic modelling as well as for classifying the DESs as compared to 

common organic solvents like toluene. 

 

Measurements are very time consuming and not everything can be measured, so 

modeling is required. This is advantageous for analyzing interactions and for the 

application and validation of thermodynamic models such as the Perturbed-Chain 

Statistical Associating Fluid Theory (PC-SAFT). PC-SAFT modelling of the phase 

behavior of DESs was applied for the first time in 201529. In a following work, CO2 

solubilities in DESs were modelled30. Pure component parameters and binary 
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interaction parameters (kij) were fitted to density data only. Using the pseudo pure 

approach (where the DES was treated as one single compound) it was found that 

the pure-component parameters are DES-specific and the kij depend on the ratio of 

the DES constituents. This approach was successful and simple, but new 

parameters are required for each ratio of the DES constituents within one DES.  

 

In conclusion, the work described in this thesis aims to: 

Improve the feasibility of FF/HMF production in a biorefinery 

process 

 

 

Thesis outline 

 

This thesis concerns the development of designer solvents for the extraction of FF 

and HMF from aqueous solutions. 

 

The solubility of pure compounds FF and HMF (not real biomass) was studied in 

Chapter 2. Moreover, the thermal stability, viscosity and Kamlet-Taft parameters of 

the six different DESs, which were selected on the basis of their viscosity (too high 

viscosity also makes solubility measurements very complicated) and hydrophobicity 

(one hydrophobic and five hydrophilic DESs). In addition, it would be valuable to be 

able to predict these properties, because experiments are time-consuming. For 

example, solubilities may be predicted on the basis of the DES polarity/polarizability 

and hydrogen-bond acidity or basicity using the Kamlet-Taft parameters31,32,33,34. 

 

The hydrophobic DES presented in Chapter 2 show great promise, especially 

application-wise, but improvements should be made. These improvements should 

include lowering cross contamination of the DES and water phase. Furthermore, the 

constituents of the DES should be more sustainable to ensure the production of truly 

‘green’ hydrophobic DESs.  
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Chapter 3 describes the investigation on the production of new hydrophobic DESs 

that are more sustainable, achieved by overcoming the disadvantages of the current 

DESs. For this, several plant extracts, terpenes, were selected to investigate their 

ability to form eutectic mixtures35. To investigate the sustainability of these 

hydrophobic DESs four parameters were investigated. These are the viscosity, 

density, pH of the water phase and the amount of organics that were transferred to 

the water phase. Ideally, the components of the DESs should also be cheap, 

biodegradable and non-toxic.  

For many applications in separation technology, it is necessary that the total vapor 

pressure of the DES is as low as possible. This has the advantage that other 

compounds might be separated from the DES by distillation without contamination 

by the DES and without any DES emissions into the atmosphere. While it is generally 

claimed that DESs have a very low total vapor pressure26, in reality almost no vapor 

pressure data for DESs have been reported so far, so this general statement is not 

yet proven quantitatively. Knowledge of vapor pressure data is also of great 

importance for thermodynamic modelling, as well as for classifying the DESs as 

compared to common organic solvents like toluene. In Chapter 4, head-space gas 

chromatography-mass spectrometry (HS-GC-MS)36,37 was used to measure the 

partial pressure of the constituents of six hydrophobic DESs individually, as well as 

their total vapor pressure for the first time. Activity coefficients can be calculated from 

the measured partial pressure data, and this will provide quantitative information on 

the interaction between the two DES constituents. The activity coefficients will also 

be correlated to the viscosities of the six DESs, which are Newtonian solvents38,39, 

via activity energy relations. The interactions between the DES constituents 

significantly affect the measured total vapor pressures. In addition, the total vapor 

pressures of the six DESs will be predicted with the PC-SAFT model for the first time 

using the individual constituents approach. Finally, the six DESs have indeed a very 

low volatility compared to conventional organic solvents. 
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After the discovery of new biobased solvents which also have low volatility, the 

extraction of FF and HMF is investigated. In Chapter 5, the distribution coefficients 

of FF and HMF in ten hydrophobic DES/water systems are investigated and 

compared with the benchmark solvent, toluene. First, the effects of the DES:water 

ratio was studied, the starting concentration of FF and HMF, the addition of impurities 

(e.g. sugars), the temperatures, and the pH values on the distribution coefficient of 

one DES (decanoic acid-tetraoctyl ammonium bromide). This DES was selected 

because of its known selectivity for FF/HMF over sugars (Chapter 2)38 and used to 

determine suitable extraction conditions. Thereafter, the solubilities of FF, HMF and 

glucose were measured in ten new discovered different hydrophobic DESs (Chapter 

3). Also, the distribution coefficients of FF and HMF for these ten DESs were 

measured at the selected extraction conditions.  

 

In Chapter 6, first 15 hydrophobic volatile organic solvents were evaluated as FF 

extracting agents to predict the distribution coefficient of a solvent. The FF 

distribution coefficients were experimentally determined and a relationship between 

the structure of the solvent and the obtained distribution coefficient was established. 

Two extracting agents with the highest distribution coefficients (i.e. carvacrol and 2 

sec-butyl phenol), as well as two solid chemicals that interact with FF (i.e. thymol 

and menthol), and a benchmark (i.e. toluene), were selected to determine the 

behavior of the degradation reaction of xylose to FF. The best reaction conditions 

were determined and selected (4wt% xylose, 20wt% H2SO4, 403 K) to investigate 

the influence of the selected extracting agents on the xylose conversion and the FF 

yield.  

Four hydrophobic DESs, which were selected on basis of their molecular structure, 

viscosity, distribution coefficient for FF and selectivity for acid, were tested as in-situ 

extracting agents to reduce the degradation of FF during the integrated process 

(combined reaction and in-situ extraction).  
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If these hydrophobic DESs could be impregnated in liquid membranes, their recovery 

would be easier, and less DES would be required for FF and HMF recovery. 

Moreover, a liquid membrane reactor would allow for in-situ FF and HMF removal, 

preventing further side-reactions13,14,15. In Chapter 7, 12 different supported 

hydrophobic DES liquid membranes were developed, characterized and their water 

and air stability was tested. The recovery of FF and HMF with the hydrophobic DES 

impregnated SLMs was investigated and the diffusivities of both compounds (FF and 

HMF) through the membranes are studied and their concentrations in both feed and 

receiving phase are measured.  

 

In Chapter 8 the recovery of the DESs had a closer look. The obtained VLE data are 

compared to the predicted VLE data.  

Finally, an economic evaluation is performed and is concluded with a summary of 

the main conclusions and recommendations for further research.   

 

 

 

 

 

 

 

 

 

 



2  

Thermophysical properties 

and solubility of different sugar-

derived molecules in deep eutectic 

solvents 

In this chapter, the solubility of the sugar derived molecules furfural (FF), 

hydroxymethylfurfural (HMF), dimethyladipate, glucose, fructose, cyclopentanediol, 

cyclopentanone and tetrahydrofurfurylalcohol was experimentally screened in six 

different DESs (five hydrophilic and one hydrophobic) at 30-50-80°C. The Kamlet-

Taft parameters of the DESs were also determined and correlations with the 

solubility data were established. Moreover, the thermophysical properties (viscosity, 

decomposition temperature) of the six DESs were measured. All DESs showed 

Newtonian viscosity behavior. Their thermal stability was good, but decreased when 

sugars were added to the DES phase. The hydrophobic DES had the most 

interesting solubility properties (highest solubility for FF and HMF, and lowest 

solubility for the monosaccharides glucose and fructose) and is water-immiscible. 

Moreover, the hydrophobic DES has the highest Kamlet-Taft π parameter (measure 

of dipolarity/polarizability ratio) that can be related to the high selectivity for HMF and 

FF over glucose. Thus, especially the hydrophobic DES is a promising extractant 

that can be used for selective removal of FF and HMF by liquid-liquid extraction from 

aqueous biomass solutions, e.g. in biorefineries. 

 



This chapter has been published as:  

Carin H. J. T. Dietz, Maaike C. Kroon, Martin van Sint Annaland, and Fausto Gallucci, J. Chem. 

Eng. Data 2017, 62, 3633−3641 

 

 



Thermophysical Properties and Solubility of Different Sugar-Derived Molecules in Deep 

Eutectic Solvents 

 

13 
 

2.1 Introduction 

In the biomass processing field, DESs can have additional advantages over 

conventional solvents. These include: i) inhibition of water reactivity (only to some 

extent), ii) stabilization of carbohydrates and furanic derivatives through hydrogen 

bond interactions, iii) decrease of polyol viscosity, and iv) compatibility with few 

enzymes.  

In this chapter, six different DESs are screened for the first time for FF and HMF 

extraction capability. The most suited DESs should possess a high solubility for FF 

and HMF and a low solubility for glucose and fructose. Additionally, they should 

possess a resistance to higher temperatures (applied during the production of FF 

and HMF). Moreover, the viscosity should be as low as possible to ensure fast 

extraction kinetics and easy operation of adsorption columns. Finally, it would be 

valuable to be able to predict these properties, because experimentation is time-

consuming. For example, solubilities may be predicted on the basis of the DES 

polarity/polarizability and hydrogen-bond acidity or basicity using the Kamlet-Taft 

parameters17, 18, 19, 20, 21. 

The solubilities of the sugar-derived molecules HMF, FF, dimethyladipate, glucose, 

fructose, cyclopentanediol, cyclopentanone, tetrahydrofurfurylalcohol in 6 different 

DESs (acetic acid : imidazole (1:1), levulinic acid : betaine (2:1), urea : choline 

chloride (2:1), ethylene glycol : choline chloride (2:1), glycolic acid : n-

tetraethylammonium chloride (2:1) and decanoic acid : tetraoctylammonium bromide 

(2:1)) have been studied. These DESs were selected on the basis of their acceptable 

viscosity and hydrophobicity (one hydrophobic and five hydrophilic DESs were 

selected). The solubility of pure compounds was studied in order to ensure 

reproducibility of the experiments. Moreover, the thermal stability, viscosity and 

Kamlet-Taft parameters of the selected DESs were measured. 
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2.2 Experimental 

2.2.1 Chemicals 

The chemicals used in this work, including their source, purity and melting point (as 

stated by the supplier)22 are presented in Table E.1.  

 

2.2.2 DESs preparation and thermophysical characterization 

The proper amounts of HBD and HBA were weighed and premixed in the desired 

molar ratios, and placed in a round bottom flask to produce an approximate amount 

of 25 g of DES using a balance “AX205 (by METTLER TOLEDO) with an uncertainty 

in the measurement of ±0.2·10-4 g. The round bottom flask was stirred and heated 

in an oil bath at 40 °C to obtain a liquid, the DES.  Thermostatic bath (IKA RCT basic) 

with a temperature controller (IKA ETS-D5) with an uncertainty in the measurement 

of ±0.1 K. Karl Fischer analysis with a 899 Coulometer (Metrohm Karl Fischer) with 

an uncertainty of 1%, was used for measuring the water content of the DESs.  

Six different DESs were prepared by weighing, i.e. acetic acid: imidazole (1:1), 

levulinic acid: betaine (2:1), urea : choline chloride (2:1), ethylene glycol : choline 

chloride (2:1), glycolic acid : n-tetraethylammonium chloride (2:1) and decanoic acid 

: tetraoctylammonium bromide (2:1) (Table 2.1). It should be noted that acetic acid: 

imidazole shows some proton transfer and could in principle be partly considered as 

a protic IL. 
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Table 2.1. DESs prepared in this work including their HBD, HBA, HBD:HBA ratio and abbreviation. 

 HBD  HBA 
Molar 
ratio* Abbreviation 

acetic acid imidazole 1:1 AcAC-Im 

levulinic acid betaine 2:1 Le-Be 

urea choline chloride 2:1 Urea-ChCl 

ethylene 
glycol 

choline chloride 2:1 EG-ChCl 

glycolic acid 
n-tetraethyl 

ammoniumchloride 
2:1 Gly-N2222Cl 

decanoic acid 
tetraoctyl 

ammoniumbromide 
2:1 Deca-N8888Br 

 

Rheology measurements were performed on an Anton Paar Physica MCR 301 

rheometer with the concentric cylinder CC27 system (inner and outer diameter are 

26.66 mm and 28.92 mm, respectively). For each sample, first dynamic 

measurements were performed twice with a constant frequency of 6.3 rad/s and a 

strain of 0.001; before and between the measurements series the sample was stirred 

for 100 s at 100 s-1. Subsequently, viscosity measurements were performed at 

different shear rates between 0.001 and 100 s-1 until steady state conditions were 

achieved at 303-323-353 K. Temperature accuracy is ±0.03 K and the torque 

uncertainty is max. 0.5%. The rheometer was calibrated with viscosity standards 

APN7.5, APS3 and APN415 from Anton Paar. 

Decomposition temperatures were obtained using thermogravimetric analysis 

(TGA). TGA was performed using a TA Instruments TGA Q500.  The temperature 

accuracy is ±1 °C and the weight uncertainty ±0.1%. The data was analyzed with the 

Universal Analysis 2000 software. A sample of 10 mg was heated from 298 to 873 

K at a heating rate of 10 K min-1 under nitrogen flow. All measurements were carried 

out in duplo. 
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2.2.3 Solubility of sugar-derived molecules in DESs 

The solubilities of the sugar-derived molecules in the selected DESs were measured 

(in duplo) via the cloud point method. Five grams of every DES was weighed in a 

vial. The vials were heated to 303, 323 and 353 K, respectively, and every two hours 

a small amount of the sugar-derived molecule was added to the vials. Only if the 

small amount was dissolved after 2 h, the experiment was continued.  

Solvatochromic properties of the DESs were determined (in duplo) to predict the 

solubilities of sugar-derived molecules in DESs. For these measurements, the DESs 

were dried under vacuum for 3 days and stored in a dry box. The water content of 

each DES was no more than 50 ppm as measured by Karl Fischer titration (Table 

2.2). 

Table 2.2. Water content of the six different DESs after drying under vacuum for 3 days. 

DES Water content (ppm) 

Deca-N8888Br 35 

EG-ChCl 39 

AcAc-Im 43 

Le-Be 42 

Urea-ChCl 37 

Gly-N2222Cl 48 

 

The dye was dissolved in a DES in the concentration range of 10-5 to 10-4 M. The 

sample was filled into a dry quartz cell with a light path of 1 cm. The absorbance was 

recorded with a Shimadzu UV 1800 UV-visible spectrophotometer with automatic 

baseline correction (accuracy ±0.1 nm at 656 nm, ±0.002 Abs at 0.5 Abs, ±0.004 

Abs at 1.0 Abs and ±0.006 Abs at 2 Abs). The temperature was controlled at 293 K. 

Each absorbed peak was fitted with a Gaussian profile to obtain the wavelength 

corresponding to its maximum value.  

The Kamlet-Taft parameters were calculated according to the following equations 

(Eqs. (1)–(5)): 
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     (1) 

The normalized ETN polarity is obtained by measuring the wavelength 

corresponding to maximum absorption in a solvent: 

4.32/7.30)30(  TTN EE      (2) 

where ET(30) in kcal-1mol-1 is 28591/λmax(reich) (nm); here, λmax is the wavelength 

corresponding to maximum absorption. The Kamlet-Taft parameter π* is obtained 

by measuring the wavelength of maximum absorbance, νmax in kK (kilokeyser,10-3 

cm-1), of the dye N,N-diethyl-4-nitroaniline: 

s/0max

*         (3) 

where ν0 =27.52 kK and s = -3.182; here, ν0 is the regression value for a reference 

solvent system, and s the susceptibility of intensity of the spectral absorption due to 

changing solvent dipolarity/polarizability. Parameter π* provides a measure of a 

solvent’s dipolarity/polarizability ratio. The Kamlet-Taft parameter α was determined 

with: 

5.16/)31.30)23.0*(6.14)30((   TE    (4) 

Parameter α provides a measure of a solvent’s hydrogen-bond donating acidity 

(HBD). The Kamlet-Taft parameter β was obtained by measuring the relative 

difference of solvatochromism between 4-nitroaniline (1) and N,N-diethyl-4-

nitroaniline (2): 

  8.2/64.2035.1 max)1(max)2(      (5) 

where v(1)max and v(2)max are the wavelengths of maximum absorbance of dissolved 

4-nitroaniline and N,N-diethyl-4-nitroaniline, respectively. Parameter β provides a 

measure of a solvent’s hydrogen-bond-accepting basicity (HBA). 

    4

max 10dye/1dye  



Chapter 2 

 

18 
 

2.3 Results and discussion 

2.3.1 DESs preparation and thermophysical characterization 

The viscosity, thermal stability and solubilities of sugar-derived molecules in these 

different DESs were determined at different temperatures and atmospheric pressure. 

Figure 1 shows the dynamic viscosities and shear stresses at different shear rates 

and temperatures. The dynamic viscosities at a shear rate of 100 s-1 are presented 

in Table 2.3. The viscosities of all the tested DESs are much higher than the viscosity 

of water and similar to that of ILs33,34. As expected, the viscosity decreases upon an 

increase of temperature. Furthermore, it can be observed that the viscosity of all the 

DESs is in the same order of magnitude and comparable previous measurements 

for urea:ChCl (Table 2.4)21,41,42,43 and EG-ChCl (Table 2.5)26,43,44. It should be 

mentioned that in most previous studies, kinetic viscosities (ν) instead of dynamic 

viscosities (ŋ) were reported; these properties are related to each other by density 

via: ν = ŋ/ρ. Moreover, in previous studies, the applied shear stress and water 

content of the DES were not always reported. 

 

Table 2.3. Dynamic viscosity (ŋ) at different temperatures for six different DESs (stirred for 100 s at 100 

s-1) at p = 1.01 bar. 

DES ŋ / Pa·s * ŋ / Pa·s * ŋ / Pa·s * 

  (at 303 K)  (at 323 K)  (at 353 K)  

Deca-N8888Br 0.469 0.174 0.056 

EG-ChCl 0.035 0.019 0.009 

AcAc-Im 0.054 0.020 0.006 

Le-Be 0.838 0.221 0.056 

Urea-ChCl 0.893 0.197 0.044 

Gly-N2222Cl  0.268 0.087 0.027 

* Standard uncertainties are u(η) = 0.005 Pa·s, u(T) = 0.03 K and u(p) = 0.03 bar 
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Table 2.4. Comparison of the viscosity (ŋ in mPa·s) of Urea-ChCl at different temperatures in the present 

work and literature. 

T (K) Xie et al.41 
Chemat et 

al.42 
Abbot et 

al.21 
Agostino et al.43 This work 

298 1571.0 748.09 447.0 449   

303 953.7 511.61  330 893 

308 403.2 351.46 208.0 231  
318 195.9 169.57  161  
323 143.6 86.09 108.0 119 197 

328 107.7 63.20  95  
353   24.81   44.0 

 

Table2.5. Comparison of the viscosity (ŋ in mPa·s) of EG-ChCl at different temperatures in the present 

work and literature. 

T (K) Mjalli et al.44 Zhang et al.26 

 
Agostino et al.43 

 
This work 

293   36 37  

298 41 36 35  

303   33 35 

 

Figure 2.1 shows a linear behavior of the shear stress as a function of the shear rate 

(for sufficiently high shear rates) for all the different DESs at all three investigated 

temperatures, from which it can be concluded that these DESs behave as Newtonian 

fluids (= constant viscosity with shear rate) in the measured temperature range. 

At a constant strain of 0.001 and a frequency of 6.3 rad s-1 the storage modulus G’ 

(elastic energy “returning”) and the loss modulus G” (dissipative energy 

“absorbance”) for the six different DESs at 303, 323 and 353K were determined. An 

overview of the results for the G” can be found in Table 2.6. G’ was in all cases below 

0.1 Pa, which is below the detection limit. 

It can be noted that all measured DESs show constant and reversible viscoelastic 

behavior, although their G” differ from each other and they are temperature 
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dependent. Higher temperatures result in lower G”, and smaller differences between 

the different DESs. In general, it can be observed that a DES with a higher viscosity 

shows a higher loss modulus.  
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Figure 2.1. Shear Stress and dynamic viscosity versus shear rate of six different DESs at a) 303 K, b) 

323 K, c) 353 K and atmospheric pressure (p = 1.01 bar): black Urea-ChCl; red Le-Be;blue Gly-N2222Cl; 

pink Deca-N8888Br; green AcAc-Im; dark blue  EG-ChCl. 

A 

B 
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Table2.6. Loss Modulus (G”) for the six different DESs at 303-323-353 K at p = 1.01 bar. 

 DES   G” / Pa *  G” / Pa *  G” / Pa * 

  (at 303 K) (at 323 K) (at 353 K) 

Deca-N8888Br 3.027 0.992 0.298 

EG-ChCl 0.211 0.117 0.061 

AcAc-Im 0.324 0.116 0.048 

Le-Be 4.792 1.176 0.281 

Urea-ChCl 5.207 1.036 0.225 

Gly-N2222Cl 1.634 0.502 0.175 

* Standard uncertainties are u(G”) = 0.005 Pa, u(T) = 0.03 K and u(p) = 0.03 bar 

Next, the thermostability of the six different DESs was measured. The TGA results 

are plotted in Figure 2.2 and the onset data can be found in Table 2.7. Some DESs 

(EG-ChCl, Gly-N2222Cl, Le-Be) showed more than one transition, but in these cases 

only the lowest transition is reported in Table 2.8.  Except for AcAc-Im and EG-ChCl, 

the DESs are stable up to approximately 423 K or higher. The reaction temperature 

of sugars hydrolysis is typically 453 K; thus, for in-situ extraction the tested DESs 

are not (yet) optimized. 

Table 2.7. Onset thermal decomposition point from TGA for glucose and fructose, six different DESs and 

mixtures of sugars in the DES (Gly-N2222Cl) at p = 1.01 bar. 

 DES onset point TGA (K) * 

AcAc-Im 336 

Le-Be 439 

Urea-ChCl 459 

EG-ChCl 357 

Gly-N2222Cl 416 

Deca-N8888Br 415 

fructose 185 

glucose 458 

Gly-N2222Cl + fructose 349 

Gly-N2222Cl + glucose 394 

* Standard uncertainties are u(T) = 1 K and u(p) = 0.03 bar 



Chapter 2 

 

22 
 

Moreover, the thermal stability of the sugars glucose and fructose was determined, 

as they can degrade under influence of temperature. At higher temperatures, 

caramelization and subsequent pyrolysis becomes more pronounced. The so-called 

Maillard reaction is a chemical reaction between amino acids and reducing sugars. 

This process is accelerated in an alkaline environment45. The thermal stability of 

mixtures of DESs with sugars was determined and plotted in Figure 2.3. The results 

show that the DES phase is less thermally stable when sugars are added. Also, the 

sugars are more stable without the presence of the DES. Thus, the DES probably 

accelerates the degradation reaction of the sugars.   
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Figure 2.2.  Thermostability of the six different DESs: Gly-N2222Cl ;  EG-ChCl ;  

Deca-N8888Br ;  AcAC-Im ;  Le-Be ;  Urea-ChCl 
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Figure 2.3. Thermostability of sugars and Gly-N2222Cl with sugars dissolved:     fructose ; 

glucose ;  Gly-N2222Cl+fructose ; Gly-N2222Cl+glucose. 

 

2.3.2 Solubility of sugar-derived molecules in DESs 

The solubility of FF46,47,41 and glucose48,49 in water was determined first to validate 

the experimental method used. As can be seen in Tables 2.8 and 2.9, these 

solubilities are in the same order of magnitude as previously measured in literature. 

Next, the solubility of the following sugar-derived components in the six different 

DESs at 303-323-353 K was determined: HMF, FF, dimethyladipate, glucose, 

fructose, cyclopentanediol, cyclopentanenone, tetrahydrofurfurylalcohol. For all 

compounds (except FF and HMF) the stated solubilities are the solid solubilities, but 

for FF and HMF the stated solubilities are in fact liquid miscibilities (as these 

compounds are liquid at the temperatures applied, see Table 1). The solubility results 

are presented in Table 2.10.  

It can be observed that the temperature does not have a significant influence on the 

solubility in the DESs. Only the solubility of glucose and fructose in the different 
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DESs show some significant differences at higher temperatures, but most likely this 

is related to the fact that these sugars are degraded or converted to other 

components at higher temperatures. This can also provide an explanation for the 

observed higher solubility of the sugars in the DESs at higher temperatures. 

Furfuryl alcohol dissolves completely in all DESs. The solubility of FF and HMF is 

good in all DESs except the DESs containing ChCl, where their solubilities are 

slightly lower. All DESs have a low solubility for sugars. The hydrophobic DES Deca-

N8888Br is most interesting for biomass extractions, because it is water-immiscible 

(earlier published data shows that the water solubility in deca-N8888Br is only 920 

ppm12) and shows high solubility for all sugar-derived components except the sugars 

themselves.  

Table 2.8. Comparison of the solubility (in weight fraction, w) of FF in water at different temperatures in 

the present work and literature at p = 1.01bar. 

T (K) 
CRC hand 

book50 Wongsawa et al.51 Sigma-Aldrich40 This work* 

293 0.0766   0.0715 0.061 

298   0.0408   
* Standard uncertainties are u(w) = 0.005, u(T) = 0.2 K and u(p) = 0.03 bar 

 

Table 2.9. Comparison of the solubility (in mole fraction, x) of glucose in water at different temperatures 

in the present work and literature at p = 1.01 bar. 

T (K) 
 

Alves et al.48 Gray et al.49 This work* 

293 0.0451 0.08029 0.0797 

298  0.09147  

303 0.0571 0.11386 0.1122 

323  
 0.1336 

* Standard uncertainties are u(x) = 0.005, u(T) = 0.2 K and u(p) = 0.03 bar 
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Table 2.10. Solubility (in weight fraction, wi) of HMF, FF, dimethyladipate, glucose, fructose, 

cyclopentanediol, cyclopentanone, tetrahydrofurfurylalcohol in the six selected DESs at three different 

temperatures at p = 1.01bar. 

 Component HMF* FF* 
dimethyl 
adipate*  

furfuryl 
alcohol* 

cyclopenta 
none* 

cyclopenta 
diol* 

glucose* fructose* 

AcAc-Im (1:1)          
303 K 

m m m m m 0.90 0.50 0.35 

                                  
323 K 

m m m m m 0.90 0.51 0.35 

                                  
353 K 

m m m m m 0.90 m m 

Le-Be (2:1)               
303 K 

m m m m 0.75 0.75 0.20 0.20 

                                  
323 K 

m m m m 0.75 0.75 0.20 0.20 

                                  
353 K 

m m m m m 0.75 0.20 0.20 

Urea-ChCl (2:1)        
303 K 

0.80 0.80 <0.02 m 0.25 0.03 0.35 0.35 

                                  
323 K 

0.85 0.85 <0.02 m 0.25 0.15 0.35 0.35 

                                  
353 K 

0.90 0.90 <0.02 m 0.26 0.15 m m 

EG-ChCl (2:1)          
303 K 

m 0.95 0.05 m 0.50 m 0.20 0.50 

                                  
323 K 

m 0.95 0.05 m 0.50 m 0.20 0.50 

                                  
353 K 

m 0.96 0.06 m 0.51 m m m 

Gly-N2222Cl 
(2:1)   303 K 

m m 0.15 m m m 0.24 0.14 

                                  
323 K 

m m 0.16 m m m 0.24 0.14 

                                  
353 K 

m m 0.16 m m m m m 

Deca-N8888Br 
(2:1) 303 K 

m m m m m m 0.10 0.10 

                                  
323 K 

m m m m m m 0.10 0.10 

                                  
353 K 

m m m m m m 0.10 0.10 

* m = completely miscible 

* Standard uncertainties are u(w) = 0.005, u(T) = 0.2 K and u(p) = 0.03 bar 

The DES EG-ChCl was selected to test whether the ratio of the HBA and HBD 

influences the solubility of HMF and FF, since FF is not completely miscible in this 

DES. The results are presented in Table 2.11, showing that HMF is miscible in all 
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ratios, whereas FF is not completely miscible for the ratios 1:1, 2:1 and 3:1. The 

solubility increases with increasing amount of ethylene glycol (HBD) in the DES. 

Again, the temperature was found not to have a significant influence on the solubility 

of HMF and FF. The viscosity of the DES EG-ChCl (1:1) at 303 and 353 K was too 

high to dissolve any HMF or FF (kinetically limited). 

Table 2.11. Solubility (in weight fraction, wi) of HMF and FF in EG-ChCl at different molar ratios (1:1, 2:1, 

3:1 and 4:1) and temperatures at p = 1.01 bar. 

Component HMF* FF* 

EG-ChCl (1:1)  303 K - - 

                          323 K - - 

                          353 K m 0.90 

EG-ChCl (2:1)  303 K m 0.95 

                          323 K m 0.95 

                          353 K m 0.96 

EG-ChCl (3:1)  303 K m 0.95 

                          323 K m 0.95 

                          353 K m 0.95 

EG-ChCl (4:1)  303 K m m 

                          323 K m m 

                          353 K m m 
* m = completely miscible 

* Standard uncertainties are u(w) = 0.005, u(T) = 0.2 K and u(p) = 0.03 bar 

 

2.3.3 Kamlet-Taft parameters 

After drying, the DESs have a water content below 50 ppm, and their Kamlet-Taft 

parameters were measured. To validate the experimental method, the Kamlet-Taft 

parameters of ethanol were measured first and compared to literature (see Table 8). 

It was concluded that the method was reproducible and gave similar results for 

ethanol as reported before in the literature. The measured Kamlet-Taft parameters 

for the six different DESs are summarized in Table 2.12. Since FF and HMF have 

almost the same solubilities and similar behavior, it can be observed that the glucose 

solubility decreases with increasing dipolarity (π) of the DES. The other Kamlet-Taft 
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parameters do not strongly correlate with the glucose and HMF solubilities. In 

general, it can be observed that if the dipolarity (π) is high (and α and β are relatively 

low), the solubilities of HMF and FF are higher, and the solubilities of the sugars are 

lower in the DES. This results in the highest selectivity for HMF and FF over glucose 

in biomass extraction processes. This is the case for Deca-N8888Br, which is the 

only hydrophobic DES tested, and therefore the most interesting for biomass 

extraction processes. Other hydrophobic DESs will be designed and tested in future 

research. 

 

Table 2.12. Kamlet-Taft parameters for the six different DESs and ethanol as reference from literature 

 Component Et (30) EtN π Α β 

Ethanol 52.269 0.666 0.549 0.945 0.732 

Ethanol lit 51.900 0.654 0.540 0.830 0.770 

AcAc-Im 81.224 1.559 0.850 1.909 0.345 

Le-Be 85.859 1.702 0.908 2.064 0.376 

urea-ChCl 58.112 0.846 1.112 1.140 0.913 

EG-ChCl 57.760 0.835 1.021 1.128 0.908 

Gly-N2222Cl 87.434 1.751 1.021 2.116 0.391 

Deca-N8888Br 58.951 0.872 1.649 1.168 0.334 

 

The performance of the DESs studied in this work is similar to the performance of 

previously investigated ILs. For example, it was previously shown that solubilities of 

fructose and glucose in ILs are in the range of 0.02-0.35 in mole fraction30,31, which 

are in the same range as the solubilities found for fructose and glucose in the DESs 

tested in this work. Moreover, FF and HMF were also fully miscible with many ILs 

and therefore ILs could be used as water-immiscible extractants for the recovery of 

FF derivates32. The main advantage of the DESs over the ILs is probably their higher 

‘greenness’ and their lower cost, making them interesting alternative extractants 

compared to ILs for the selective removal of FF and HMF by liquid-liquid extraction 

from aqueous biomass solutions, e.g. in biorefineries. 
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2.4 Conclusions 

In this chapter the physical properties and the solubility of various sugar-derived 

molecules in six different DESs (viz., acetic acid : imidazole (1:1), levulinic acid : 

betaine (2:1), urea : choline chloride (2:1), ethylene glycol : choline chloride (2:1), 

glycolic acid : n-tetraethylammonium chloride (2:1) and decanoic acid : 

tetraoctylammonium bromide (2:1)) have been experimentally determined. The 

dynamic viscosity of all six DESs is comparable to those observed for other DESs, 

and they all show Newtonian behavior. In general, it is observed that a DESs with a 

higher viscosity posses a higher loss modulus. All DESs are thermally stable up to 

at approximately 423 K. Sugars have a detrimental influence on the thermostability 

of the DESs. The solubility of sugars (glucose and fructose) is low in the six different 

DESs. A lower ratio of HBA:HBD results in a higher solubility for FF for the DES 

consisting of EG:ChCl. The hydrophobic DES (decanoic acid : tetraoctylammonium 

bromide (2:1)) showed the highest solubility for all other sugar-derived molecules 

(except for the sugars themselves). Therefore, this DES is most interesting as 

solvent investigated for actual biomass extractions. Finally, the Kamlet-Taft 

parameters of the different DESs were also determined and it was found that 

especially the dipolarity parameter (π) correlates well with a decreasing solubility of 

glucose, and therefore an increasing selectivity for HMF and FF over glucose.   

 

 

 



3  

A search for sustainable hydrophobic 

deep eutectic solvents 

In this chapter, deep eutectic solvents (DESs) are identified and characterized. In 

total 507 combinations of solid components are tested, which results in the 

identification of 17 new hydrophobic DESs. Four criteria are introduced to assess 

the sustainability of these hydrophobic DESs, i.e. a viscosity smaller than 100 mPa·s, 

a density difference between DES and water of at least 50 kg·m-3 upon mixing of the 

DES and water, low transfer of the DES to the water phase and minor to no pH 

change. The results show that the new hydrophobic DESs: Thy:Cou (2:1), Thy:Men 

(1:1), Thy:Cou (1:1), Thy:Men (1:2) and 1-tdc:Men (1:2), satisfy these criteria and 

are thus promising DESs. These new DESs can be considered as natural deep 

eutectic solvents, which are commonly accepted as environmentally friendly. A 

selected group of the hydrophobic DESs were used for the extraction of riboflavin 

from water. They show higher removal of riboflavin in comparison to decanoic 

acid:tetraoctylammonium bromide (2:1).  
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3.1 Introduction 

The hydrophobic DESs presented in Chapter 2 are promising extraction solvents for 

the extraction of FF and HMF, but several improvements are needed. These include 

lowering the cross contamination of the DES and water phase when used for 

extraction. Furthermore, the constituents of the DES should be more sustainable, 

e.g. biodegradable, non-toxic and non-volatile, to ensure the production of truly 

‘green’ hydrophobic DESs. Here, an investigation on the search for and 

characterization of new more sustainable hydrophobic DESs is presented. This is 

achieved by overcoming the disadvantages of the small group of currently available 

hydrophobic DESs. For this reason, a group of plant extracts called terpenes were 

selected for this research to investigate their ability to form eutectic liquid mixtures.  

Recently, terpenes have shown great promise for the formation of eutectics. The 

combination of these components can be considered as natural deep eutectic 

solvents (NADES), which are generally accepted as environmentally friendly55,56. 

The following components were used as DES constituents in this work: decanoic 

acid (deca), dodecanoic acid (dode), menthol (men), thymol (thy), 1-tetradecanol (1-

tdc), 1,2-decanediol (1,2-dcd), 1-10-decanediol (1,10-dcd), cholesterol (chol), trans-

1,2-cyclohexanediol (1,2-chd), 1-napthol (1-nap), atropine (atr), tyramine (tyr), 

tryptamine (tryp), lidocaine (lid), cyclohexanecarboxaledhyde (chcd), caffeine (caf) 

and coumarin (cou). Some components were used as hydrogen bond donors 

(HBDs), while others were used as hydrogen bond acceptors (HBAs). A few of these 

components can both donate and accept hydrogen bonds. Some of the 

combinations with lidocaine were previously presented in the literature as eutectic 

mixtures57,21,58. Since there is no proper definition and boundary conditions for DESs, 

these binary mixtures containing lidocaine were considered as DESs. To investigate 

the sustainability of these hydrophobic DESs four parameters are investigated: the 

viscosity, the density, the pH of the water phase and the amount of organics that is 

transferred to the water phase coexisting with the DES. Density and viscosity values 

are selected as relevant criteria, because these properties influence the separation 

efficiency of the DES and H2O phase and determine the amount of energy needed 
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to pump these fluids. For ease of processability, the viscosity should be as low as 

possible, while the difference of the density between the DES and water should be 

as large as possible. To accelerate the extraction process, the amount of DES that 

is transferred to the water phase and the pH are chosen since cross contamination 

of water and DES phase should be minimized. There should be a limited change in 

pH, because the amounts of the DES that transfers to the water phase should be as 

low as possible. Ideally, the components of the DESs should also be cheap, 

biodegradable and non-toxic. Here, the focus is on several physical-chemical 

properties of the new DESs. More detailed investigations on their sustainability and 

toxicity should be further addressed with specific methods as stated in the 

literature59,60, even as these DES based on natural components are generally 

accepted as environmentally friendly55,56. Next to the main criteria before mixing, 

water contents and thermogravimetric analysis (TGA) are measured. Nuclear 

magnetic resonance (NMR) of the DES is performed to investigate whether the DES 

remains an unreacted mixture.  
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3.2 Experimental 

3.2.1 Chemicals 

All new chemicals used in this chapter were ordered from Sigma-Aldrich. Their 

purities (as stated by the supplier) and CAS numbers are reported in Table E.1. 

 

3.2.2 Preparation of the hydrophobic DESs 

The formation of hydrophobic DESs was tested by mixing two solid components at 

three different molar ratios, e.g. 2:1, 1:1 and 1:2, as described in Chapter 2. The 

formation of the hydrophobic DESs was investigated via a standard procedure. After 

preparation and premixing, the flasks were heated and stirred for 2 h at a 

temperature of 313.15 K. In case a homogenous liquid sample was produced, the 

flask was kept at room temperature for 24 h to check its stability. The sample was 

considered a DES if no crystals were present in the liquid after 24 h. The samples 

that formed no liquid were further heated to 333.15 K. The same procedure as 

explained before was used. If no liquid was formed at 333.15 the temperature was 

heated to 353.15 K, after which the same procedure was used.  

The combinations of components that formed a DES on the 2-gram scale, were 

scaled up to form 50 g of DES. For the 50-gram scale it was investigated whether 

the DESs were also formed at room temperature. Only the DES that were also stable 

at a 50-gram scale were further analyzed. During the analyses, crystals were formed 

in some DESs after a long time. These DESs were discarded from the investigation 

and not further analyzed.  

3.2.3 Mixing with water 

18.0 g of MilliQ water was weighed in a 50 mL Centrifuge tube (CELLSTAR®), after 

which 18.0 g of hydrophobic DES was added. Proper mixing was induced via mixing 

on an IKA KS 4000 I incubating shaker (500 RPM, RT). After shaking, the DES and 

water phase was separated via centrifugation with a Sigma 2-16 KL centrifuge. The 



Chapter 3 

 

34 
 

DESs deca:men (1:1), deca:men (1:2), men:lid (2:1), thy:lid (2:1), thy:cou (2:1), 

thy:men (1:1), thy:lid (1:1), thy:cou (1:1), thy:men (1:2), 1-tdc:men (1:2), 1,2-dcd:thy 

(1:2), 1-nap:men (1:2) were centrifuged for 10 min at 6000 RPM, while the DESs 

deca:Lid (2:1), deca:atr (2:1), dode:lid (2:1), dode:atr (2:1) and atr:thy (1:2) were 

centrifuged for 60 min at 12.000 RPM. After centrifugation, the DES and water phase 

were taken with a needled syringe. For the DESs dode:lid (2:1) and dode:atr (2:1) 

no proper phase separation could be achieved. Thus, these were excluded from 

analysis after mixing with H2O. 

 

3.2.4 Water content 

The water content of the DESs was measured with a Mettler Toledo D39 Karl Fischer 

titration apparatus (coulometer). The DESs deca:lid (2:1), deca:atr (2:1) and atr:thy 

(1:2) had a higher water content and could not be properly measured on the D39 

Karl Fischer. Thus, these were measured on a Metrohm type 899 coulometer. The 

coulometers were filled with 20 mL chloroform and 80 mL Hydranal Coulomat AG. 

The DES 1-nap:men (1:2) could not be measured on a coulometric Karl Fischer, so 

it was measured on a volumetric Karl Fischer apparatus. A Metrohm type 795 KFT 

volumetric Karl Fischer was used. Before use of the Karl Fischer apparatuses, they 

were checked with water standard of 0.01, 0.1 and 1.0%.  

 

3.2.5 Physicochemical properties 

The physicochemical properties determined for the hydrophobic DESs are the 

density and the viscosity. The density was determined with an Anton-Paar DMA 4500 

M with a deviation of the density of ±50·10-6 g·cm-3 and a temperature variation of 

±0.05 K. The discrepancy of the density from the several reference oils that were 

measured was not more than ±0.00001 g·cm-3. The viscosity was measured with an 

Anton Paar Lovis 2000 ME rolling ball viscometer. All hydrophobic DESs, except for 

atr:thy (1:2), were measured in a glass capillary with an inner diameter of 1.8 mm 
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equipped with a gold-coated ball. The variation coefficient was maximum 0.2%, while 

the forward/backward deviation was at most 1.0%. The capillary was calibrated with 

the N100 synthetic base oil, which was supplied by Paragon scientific ltd. For the 

DES atr:thy (1:2) the viscosity measurement before mixing was performed on an 

Anton Paar Physica MCR 301 rheometer, because of its high viscosity. A concentric 

cylinder system (CC27) was used. The inner diameter is 26.66 mm, while the outer 

diameter is 28.92 mm. After mixing with H2O, the capillary of 2.5 mm was used for 

atr:thy (1:2), also equipped with a gold-coated ball. The variation coefficient for this 

capillary was maximally 0.5%, while the forward/backward deviation was at most 

1.0%. 

 

3.2.6 Thermogravimetric analysis (TGA) 

The decomposition temperatures of the DESs were measured with a TGA Q500 from 

TA Instruments. The weight accuracy is 0.1%, while the temperature accuracy is 1 K. 

A heating rate of 10 K·min-1 was used from 298.15 to 873.15 K. The thermograms 

were analyzed with the TA Instruments Universal Analysis 2000 software (versions 

4.5A, Build 4.5.0.5). 

 

3.2.7 Nuclear magnetic resonance (NMR) 

Both hydrogen (1H) and carbon (13C) nuclear magnetic resonance (NMR) were 

performed. A Bruker 400 automatic NMR was used with 128 scans and a relaxation 

time of 3 s for the 1H and 1000 scans with a relaxation time of 3 s for the 13C. 8” 

Wilmad NMR tubes with an outside diameter of 5 mm were used for the 

measurements, in which DES diluted with chloroform was added. Analysis of the 

spectra was conducted with Mestrenova (version v11.0.4-18998) and ChemBiodraw 

(version 348-208690-1653).  
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3.2.8 pH of the water phase  

The pH of the water phase was measured with a Mettler Toledo seven compact 

pH/Ion meter (S220). A 5 point calibration was performed in the range of a pH of 2 

to 7. Standards with higher pH were tested and also gave adequate results. The pH 

measuring range of the meter is from -2 to 20. The pH accuracy is ±0.002, while the 

accuracy of the temperature is ±0.5 °C. The probe connected to the pH meter is an 

InLab Micro 51343160.  

 

3.2.9 Total organic carbon (TOC) 

The total organic carbon (TOC) of the water phase was determined by a Shimadzu 

TOC-L CPH/CPN with auto sampler ASI-L (24 mL vails). The amount of TOC is 

calculated by two calibrations curves (0-10 ppm and 0-100 ppm). The vial was filled 

with a 100 times diluted sample and 0.5 wt% 1 mol·L-1 hydrochloric acid was 

automatically added before injection. The injection volume was set to 50 µL. The 

TOC amount was measured in duplicate with an uncertainty <1.5%. 
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3.3 Results and discussion 

The tested combinations for this search are presented in Table 2, where the 

molecules expected to behave as hydrogen bond donors (HBDs) are depicted on 

the left side (first column) and the hydrogen bond acceptors (HBAs) on top (first row). 

Ratios of 2:1, 1:1 and 1:2 between the HBD and HBA were chosen and all ratios 

were tested on a 2 gram scale. Components that formed no DESs are excluded. Of 

the 507 initial experiments, 29 mixtures liquefied upon mixing and leaving the 

samples at room temperature for 24 h, which at that point were assumed to be 

hydrophobic DESs (green cells in Table 3.1).  

From these expected hydrophobic DESs a batch of 50 gram was produced, of which 

some of them showed some minor to major crystal formation on the bottom of the 

glass after storage for some time (up to 30 days). These were excluded from the 

screening, which resulted in an amount of 17 hydrophobic DESs that were further 

investigated. These are: deca:lid (2:1), deca:atr (2:1), deca:men (1:1), deca:men 

(1:2), dode:lid (2:1),  dode:atr (2:1), men:lid (2:1), thy:lid (2:1), thy:cou (2:1), thy:men 

(1:1), thy:lid (1:1), thy:cou (1:1), thy:men (1:2), 1-tdc:men (1:2), 1,2-dcd:thy (1:2), 1-

nap:men (1:2), atr:thy(1:2). 
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Table 3.1. Combination of substances that formed liquids (marked cells) on a 2 g scale. Components 

that formed no liquid with another substance were excluded from the table. 

  HBA men lid thy atr cou 

HBD ratio           

deca 2:1        

 1:1         

 1:2        

dode 2:1        

 1:1       

 1:2      

men 2:1       

 1:1      

 1:2      

thy 2:1        

 1:1         

 1:2       

1-tdc 2:1      

 1:1      

 1:2        

1,2-dcd 2:1      

 1:1       

 1:2        

1,2-chd 2:1      

 1:1       

 1:2       

1-nap 2:1      

 1:1       

 1:2       

atr 2:1      

 1:1      

 1:2       

tyr 2:1      

 1:1      

 1:2      

tryp 2:1      

 1:1       

 1:2       
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3.3.1 Densities and viscosities 

Of these DESs, the water content, density and viscosity were measured after 

preparation, which are presented in Table 3.2. 

Table 3.2.Water contents, densities and viscosities of the hydrophobic DESs after preparation. The 

water contents were measured at room temperature (22 ± 1 °C), while the densities and viscosities are 

measured at 20.0 °C. For the water contents 3 or 4 consecutive measurement were performed, while for 

the densities and viscosities duplicates were measured from the same batch. All measurements were 

performed at atmospheric pressure (1.0 bar ± 0.3 bar). 

DES 
Water content 

[ppm] Density [g·cm-3] 
Viscosity 
[mPa·s] 

deca:lid (2:1) 253.8 ± 3.6 0.961295 ± 0.000005 360.60 ± 0.10 

deca:atr (2:1) 596.3 ± 14.2 1.026500 ± 0.000000 5985 ± 7.00 

deca:men (1:1) 223.3 ± 7.1 0.899770 ± 0.000030 20.03 ± 0.04 

deca:men (1:2) 278.6 ± 2.3 0.899510 ± 0.000010 27.67 ± 0.01 

dode:lid (2:1) 151.7 ± 2.1 0.949495 ± 0.000005 370.55 ± 0.15 

dode:atr (2:1) 478.3 ± 7.4 1.008750 ± 0.000005 5599.5 ± 116.50 

men:lid (2:1) 265.7 ± 2.6 0.939175 ± 0.000005 68.05 ± 0.08 

thy:lid (2:1) 255.1 ± 3.2 0.989080 ± 0.000005 122.05 ± 0.05 

thy:cou (2:1) 233.0 ± 0.9 1.050465 ± 0.000005 31.35 ± 0.01 

thy:men (1:1) 306.8 ± 4.8 0.936555 ± 0.000005 53.14 ± 0.00 

thy:lid (1:1) 296.0 ± 2.5 0.993115 ± 0.000005 177.15 ± 0.15 

thy:cou (1:1) 217.3 ± 6.3 1.091795 ± 0.000005 29.16 ± 0.03 

thy:men (1:2) 313.6 ± 4.4 0.923835 ± 0.000005 67.85 ± 0.03 

1-tdc:men (1:2) 257.9 ± 2.9 0.872055 ± 0.000005 43.86 ± 0.01 

1,2-dcd:thy (1:2) 350.9 ± 5.5 0.952325 ± 0.000005 64.25 ± 0.06 

1-nap:men (1:2) 200.0 ± 8.2 0.971095 ± 0.000005 120.90 ± 0.20 

atr:thy (1:2) 1105.6 ± 13.2 1.062285 ± 0.000005 86800 1 

 

1Measured at a shear rate of 43.4 s-1  
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The water contents after preparation varied from approximately 200 to 1100 ppm, 

which are all low amounts of water, especially compared to the hydrophobic DESs 

based on quaternary ammonium salts. These had water contents varying from 920 

to 8140 ppm. Presumably, these low amounts of water in the hydrophobic DESs will 

only have small effects on the densities and viscosities. Of the 17 hydrophobic DESs 

tested, the densities of dec:atr (2:1), dode:atr (2:1), thy:cou (2:1), thy:cou (1:1), and 

atr:thy (2:1) are higher than that of water. The other 12 hydrophobic DESs have 

densities lower than water.  

As mentioned before, a viscosity that is too high will lead to larger energy costs upon 

use in the industry. Previous results from van Osch et al.24 showed viscosities in the 

range of 173 to 783 mPa·s, while Ribeiro et al.61 presented viscosities in the range 

of approximately 10 to 220 mPa·s. The 17 hydrophobic DESs presented in this 

publication have a viscosity ranging from 20 to 86800 mPa·s. Preferably, the 

viscosity should be as low as possible and comparable to water (1 mPa·s), however, 

it is considered that viscosities up to 100 mPa·s are acceptable for industrial 

applications. This means that the following DESs satisfy this criterion: deca:men 

(1:1), deca:men (1:2), men:lid (2:1), thy:cou (2:1), thy:men (1:1), thy:cou (1:1), 

thy:men (1:2), 1-tdc:men (1:2) and 1,2-dcd:thy (1:2). In a later stage the water 

contents, densities and viscosities are evaluated after mixing with water.  

 

3.3.2 TGA 

A criterion that often is investigated for DESs is their stability at higher temperatures. 

This gives more information about the temperature range, in which a DES can be 

used without solidification or degradation of the DES. Measuring melting 

temperatures for DESs is challenging, since in most cases not a melting point but a 

glass-transition temperature is found.  

Thermograms were measured to determine the degradation temperatures of the 

hydrophobic DESs. They represent the weight loss of a DES over an increase of 

temperature. Thermograms selected with the criterion of a DES viscosity lower than 

100 mPa·s are presented in Figure 3.1 and 3.2. 
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Figure 3.1. Thermograms of the DESs Men:Lid (2:1),  DecA:Men (1:2), 1-tdc:Men (1:2), 1,2-dcd:Thy 

(1:2) and DecA:Men (1:1). The x-axis shows an increase in temperature [°C], while the y-axis shows the 

loss in weight [%]. 
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Figure 3.2. Thermograms of the DESs Thy:Men (1:2), Thy:Men (1:1), Thy:Cou (1:1), Thy:Cou (2:1) The 

x-axis shows an increase in temperature [°C], while the y-axis shows the loss in weight [%]. 
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The thermograms of the selected hydrophobic DESs all show a one-step decay of 

weight loss, expect for men:lid (2:1). For this DES also a second plateau was 

observed.  Most likely this second plateau is caused by one of the components that 

degrades earlier. From Figure 1 it can be seen that the difference between the 

hydrophobic DESs deca:men (1:2) and deca:men (1:1) is quite remarkable. Despite 

the fact that the same components are used for these two hydrophobic DESs, the 

thermogram for deca:men (1:1) has a much later decay in weight loss than deca:men 

(1:2). It is anticipated that this effect is a combination of a higher volatility of men and 

an interaction effect between the deca and men that is stronger at the 1:1 ratio. For 

the hydrophobic DESs thy:men (1:1) and thy:men (1:2) and for thy:cou (1:1) and 

thy:cou (2:1) the differences in thermograms are only small.  

Table 3.3 gives an overview of the degradation temperatures (Tdeg) from the 

thermograms of the hydrophobic DESs. The lowest degradation temperature is 

measured for men:lid (2:1) with only 363.6 K, although it should be mentioned that 

this temperature is based only on the first decay and not the second one. All 

hydrophobic DESs based on thymol, menthol and coumarin have degradation 

temperatures between 378.7 K and 390.8 K, which is considerably lower than one 

of these more volatile components is mixed with a less volatile component such as 

decanoic acid, dodecanoic acid, lidocaine or atropine. Combinations of these less 

volatile components (decanoic acid, dodecanoic acid, lidocaine or atropine) gives 

rise to higher degradation temperatures varying from 443.1 K to 477.0 K.  

 

 

 

 

 

 

 

 



A search for sustainable hydrophobic deep eutectic solvents 

 

43 
 

Table 3.3 Degradation temperatures of the newly developed hydrophobic DESs. 

DES Tdeg (K) 

deca:lid (2:1) 443.1 ± 2.6 

deca:atr (2:1) 444.8 ± 4.5 

deca:men (1:1) 410.2 ± 2.0 

deca:men (1:2) 382.9 ± 1.7 

dode:lid (2:1) 459.8 ± 4.1 

dode:atr (2:1) 477.0 ± 3.7 

men:lid (2:1) 363.6 ± 0.4 

thy:lid (2:1) 412.9 ± 4.5 

thy:cou (2:1) 390.8 ± 2.9 

thy:men (1:1) 381.9 ± 4.9 

thy:lid (1:1) 424.4 ± 4.9 

thy:cou (1:1) 392.9 ± 2.1 

thy:men (1:2) 378.7 ± 3.8 

1-tdc:men (1:2) 386.3 ± 8.4 

1,2-dcd:thy (1:2) 395.7 ± 5.0 

1-nap:men (1:2) 388.5 ± 6.9 

atr:thy (1:2) 429.6 ± 2.1 
 

 

These results show that the degradation temperature and volatility highly depend on 

the components that are chosen. This is a factor that should be considered in the 

production of all DESs, both hydrophilic and hydrophobic. For innovative solvents 

such as aprotic ionic liquids it is generally known that they all have a moderate to 

high degradation temperature and a low volatility, less dependent on the 

components. For DESs, a combination of two or more solids, both the volatility as 

the degradation temperature should be properly investigated to obtain more 

knowledge about the system.  
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3.3.3 NMR  

NMR analysis of the newly developed hydrophobic DESs was performed to 

investigate whether reactions occur between the components of the DES. 

Furthermore, NMR was used to check the ratio of the DESs. An example, thy:cou 

(2:1) of an analyzed 1H and 13C NMR is shown in Figure 3.3 and 3.4 respectively. 

1H NMR was used to verify the experimental molar ratio of the DESs and to check 

whether reactions occur between the constituents. The ratio of the DES was 

determined by taking a specific peak of thy and cou and divide the integrals of these 

peaks. The peak of thy at 3.25 ppm, labelled with number 19, has integral 2.00, while 

at 6.4 ppm, labelled with 4 the peak of cou has an integral of 1.00. Thus the molar 

ratio of the DES thy:cou is indeed 2:1. Similar calculations were performed for the 

components of other DESs and it is shown that they are all in the expected 

theoretical molar ratios, which is also an indication that no reaction occurred between 

the components. 

13C NMR was also performed to investigate whether the two constituents of the DES 

reacted with each other. Which would lead to extra peaks in the NMR spectra. As 

we can see from Figure 4 (thy:cou) all peaks attributed to the original components 

are clearly identified in all the other DESs and show that no reactions took place 

between the constituents of the DESs. 
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Figure 3.3. 1H NMR of the DES thy:cou (2:1).  

 

Figure 3.4. 13C NMR of the DES thy:cou (2:1). 
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3.3.4 Density and viscosity after mixing with water 

The developed hydrophobic DESs are interesting solvents for the removal or 

extraction of components from water, so it is of interest to investigate how their 

properties change after mixing with water. First, the water contents, densities and 

viscosities upon mixing with water were investigated. For the hydrophobic DESs 

composed of dode:lid (2:1) and dode:atr (2:1), no proper phase separation could be 

achieved after mixing the DESs with water, which is probably due to a combination 

of the density that is too close to that of water, a higher viscosity and a DES that is 

less hydrophobic. The results for the remaining hydrophobic DESs are depicted in 

Table 3.4. As expected, the water contents of all the DESs increase. Most DESs 

have a low to moderate water content after mixing with water, which varies from 1.64 

to 5.14 wt%. The DES composed of 1-nap:men (1:2) has a rather low water content, 

with only 0.13 wt%. Two of the developed DESs have a high water content. deca:lid 

(2:1) has a water content of 20.6 wt%, while this is 33.9 wt% for deca:atr (2:1). Why 

these DESs uptake these high amounts of water is not completely clear. Most likely 

they are less hydrophobic or complexes with water are easily formed.  

The densities change slightly due to the uptake of water. The biggest changes occur 

for deca:lid (2:1) and 1-nap:men (1:2). When these hydrophobic DESs are used in 

combination with water, good phase separation is a necessity. In theory, phase 

separation becomes more difficult when the density of the hydrophobic DES is close 

to the density of water. The densities of deca:lid (2:1), deca:atr (2:1), thy:lid (2:1) and 

thy:lid (1:1) are very close to the density of water, which can cause problems upon 

phase separation. Preferably, the density between the DES and water is as big as 

possible, approximately 0.05 g·cm-3 and larger, such as for the DESs deca:men 

(1:1), deca:men (1:2), men:lid (2:1), thy:cou (2:1), thy:men (1:1), thy:cou (1:1), 

thy:men (1:2) and 1-tdc:men (1:2).  

The addition of water to a DES normally leads to a decrease in viscosity, due to a 

small amount of water uptake. Also for most of the hydrophobic DESs tested here 

this applies. However, a small increase in viscosity is observed for the DES 

deca:men (1:1). Upon repeating the experiment, the same result was obtained. A 
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thorough explanation for this behavior lacks. Also remarkable is the insignificant 

decrease in viscosity for most hydrophobic DESs. Apparently, the increase of water 

content from ppm levels to approximately 1.64 to 5.14 wt% induces only minor 

changes. For example, deca:lid (2:1) has only a minor change in viscosity, while the 

increase in water content is large. The result of deca:lid (2:1) is in good agreement 

with previous reported results 24. The large decrease in viscosity for deca:atr (2:1) 

corresponds to the increase of its water content. Moreover, the DES consisting of 

atropine and thymol in a 1:2 molar ratio has a considerable decrease in the viscosity. 

To summarize, the DESs that satisfy the viscosity of 100 mPa·s or lower are: 

deca:atr (2:1), deca:men (1:1), deca:men (1:2), men:lid (2:1), thy:cou (2:1), thy:men 

(1:1), thy:cou (1:1), thy:men (1:2), 1-tdc:men (1:2) and 1,2-dcd:thy (1:2) and 

1-nap:men (1:2). 

 

Table 3.4 Water contents, densities and viscosities of the hydrophobic DESs after mixing with water. 

The water contents were measured at room temperature (22 ± 1 °C), while the densities and viscosities 

are measured at 20 °C. For the water contents 3 or 4 consecutive measurement were performed, while 

for the densities and viscosities duplicates were measured from the same batch. All measurements 

were performed at atmospheric pressure (1.0 bar ± 0.3 bar). 

DES 
Water content 

[ppm] Density [g·cm-3] 
Viscosity 
[mPa·s] 

deca:lid (2:1) 206273.7 ± 4613.1 0.983475 ± 0.000165 141.6 ± 0.00 

deca:atr (2:1) 338617.3 ± 6496.1 1.025470 ± 0.000005 80.59 ± 1.69 

deca:men (1:1) 21033.3 ± 70.2 0.902940 ± 0.000005 20.47 ± 0.00 

deca:men (1:2) 20717.0 ± 78.1 0.902340 ± 0.000010 26.24 ± 0.04 

men:lid (2:1) 24075.6 ± 176.4 0.942190 ± 0.000000 59.00 ± 0.00 

thy:lid (2:1) 16350.2 ± 96.3 0.990850 ± 0.000005 100.20 ± 0.00 

thy:cou (2:1) 24780.6 ± 89.4 1.049995 ± 0.000005 26.78 ± 0.01 

thy:men (1:1) 18105.1 ± 61.9 0.938119 ± 0.000010 42.01 ± 0.02 

thy:lid (1:1) 17703.3 ± 250.1 0.994365 ± 0.000005 149.80 ± 0.70 

thy:cou (1:1) 25448.5 ± 153.7 1.090235 ± 0.000005 25.82 ± 0.01 

thy:men (1:2) 16932.0 ± 122.4 0.925560 ± 0.000000 52.17 ± 0.02 
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3.3.5 pH of the water phase 

For future use of hydrophobic DESs it is of importance that the pH of the water phase 

upon mixing of the two phases has only minor changes, since the change of pH is a 

proof of DES transfer to the water phase. An increase or a decrease can have a 

negative result on an extraction, or if microorganisms are present in the water phase, 

it can even lead to their destruction. Furthermore, acidification or basification of water 

can have an undesirable effect on equipment. Thus, as a criterion it is set that the 

pH of the water phase after mixing with the hydrophobic DES should be between 6 

and 8. From Table 3.5 it can be observed that 8 hydrophobic DESs satisfy this 

criterion, namely deca:lid (2:1), deca:atr (2:1), thy:cou (2:1), thy:men (1:1), thy:cou 

(1:1), thy:men (1:2), 1-tdc:men (1:2), atr:thy (1:2). Surprisingly, deca:lid (2:1) has a 

neutral pH, while all water phases mixed with a DES composed of decanoic acid are 

acidic and all water phases mixed with a DES containing lidocaine become basic. 

 

Table 3.5 pH of the water phases after mixing for 2 h with the hydrophobic DES. 

DES pH of the water phase 

deca:lid (2:1) 6.96 

deca:atr (2:1) 6.54 

deca:men (1:1) 4.16 

deca:men (1:2) 4.29 

men:lid (2:1) 10.04 

thy:lid (2:1) 9.15 

thy:cou (2:1) 7.64 

thy:men (1:1) 7.24 

thy:lid (1:1) 9.29 

thy:cou (1:1) 6.97 

thy:men (1:2) 7.34 

1-tdc:men (1:2) 7.14 

1,2-dcd:thy (1:2) 4.64 

1-nap:men (1:2) 5.95 
Most likely the acidic and basic effect cancel each other. The same also applies for 

deca:atr (2:1) where decanoic acid has an -COOH group and atropine a basic amine. 
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Moreover, it was remarkable that atr:thy (1:2) has a pH of 7.53. Atropine has an 

amine group, while thymol has no groups that should induce pH change, so upon 

transfer of the components to the water phase they should induce a more basic pH. 

Finally, it is peculiar that the pH of 1,2-dcd:thy (1:2) is 4.64. Both components of 

these DES are alcohols, so the pH was expected to be more neutral upon transfer 

of DES to the water phase.   

 

3.3.6 Total organic carbon in the water phase  

Total organic carbon (TOC) was used for determining the amount of organics in the 

water phase (Table 3.6). The TOC value of deca:lid (2:1) was considerably higher 

than the amounts measured previously62. This can be explained by the difficult 

sampling of the water phase after centrifugation. All DESs prepared with atropine 

have high TOCs. All hydrophobic DESs prepared with menthol had TOC values 

lower than 1000 ppm, except for men:lid (2:1). It is hypothesized that this is caused 

by a complexation of menthol with lidocaine, a complex that becomes slightly more 

hydrophilic in comparison with its pure components. Remarkably, also the DESs 

composed of thymol and coumarin have slightly higher TOC values. Overall, it can 

be concluded that the amount of organics that transfers to the water phase is rather 

low in comparison with previously reported hydrophobic DESs.  
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Table 3.6 TOC values in the water phases. 

DES  TOC value [ppm] 

deca:lid (2:1) 58489 

deca:atr (2:1) 6475 

decA:men (1:1) 276 

decA:men (1:2) 390 

men:lid (2:1) 2108 

thy:lid (2:1) 777 

thy:cou (2:1) 1162 

thy:men (1:1) 583 

thy:lid (1:1) 1175 

thy:cou (1:1) 1596 

thy:men (1:2) 474 

1-tdc:men (1:2) 273 

1,2-dcd:thy (1:2) 898 

1-nap:men (1:2) 795 

atr:thy (1:2) 4917 
 

The amount of the organic phase that transfers to the water phase should be as low 

as possible. The field of ILs shows different ranges of transfer of the organic phase 

to the water phase. Parmentier et al. showed that approximately 31.5 mg·L-1 of the 

IL [P8888][oleate] in 0.05 M NaCl solution and values lower than 25 ppm for the 

tetraalkylammonium oleate and linoleate based ionic liquids in the water phase. In 

mole fractions this gives 7.41·10-7 ([P8888][oleate]) and 6.02·10-7 ([N8888][oleate])63,64. 

Freire et al. 65 showed that for the IL [C4mim][C(CN3)] a mole fraction of 5.62·10-3 

dissolves, while for fluorinated ILs these mole fractions vary from 1.01·10-3 

([C4mim][PF6]) to 3.54·10-4 ([C6mim][PF6])27 . In comparison, for the DES thy:cou 

(1:1) the mole fraction of total organic carbon that is dissolved in the water phase is 

1.43·10-4, while this is 2.80·10-5 for 1-tdc:men (1:2). Thus, the amount of the newly 

developed hydrophobic DES that transfers to the water phase is comparable to 

fluorinated ILs except for deca:lid (2:1), deca:atr (2:1), men:lid (2:1), and atr:thy (1:2).  
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3.4 Conclusions 

This work showed the development of new, sustainable, hydrophobic DESs. From 

507 combinations of two solid components, 17 became a liquid at room temperature, 

which were further assessed for their sustainability via four criteria. These criteria 

are: a viscosity as low as possible, a density that should be rather different than the 

density of the water phase, a water phase that has no change in its pH upon mixing 

with water and a low amount of DES that transfers to the water phase.   

The specified criterion for the viscosity, was a viscosity lower than 100 mPa·s. Before 

mixing with water the DESs deca:men (1:1), deca:men (1:2), men:lid (2:1), thy:cou 

(2:1), thy:men (1:1), thy:cou (1:1), thy:men (1:2), 1-tdc:men (1:2) and 1,2-dcd:thy 

(1:2) have a lower viscosity than water, while after mixing these are deca:atr (2:1), 

deca:men (1:1), deca:men (1:2), men:lid (2:1), thy:cou (2:1), thy:men (1:1), thy:cou 

(1:1), thy:men (1:2), 1-tdc:men (1:2) and 1,2-dcd:thy (1:2) and 1-nap:men (1:2). 

Regarding the density, the criterion was set at a density between the DES and water 

as large as possible (bigger than 0.05 g·cm-3). The hydrophobic DESs deca:men 

(1:1), deca:men (1:2), men:lid (2:1), thy:cou (2:1), thy:men (1:1), thy:cou (1:1), 

thy:men (1:2) and 1-tdc:men (1:2) satisfy this criterion. 

Furthermore, the criterion of the change in pH of the water phase showed that the 

hydrophobic DESs deca:lid (2:1), deca:atr (2:1), thy:cou (2:1), thy:men (1:1), thy:cou 

(1:1), thy:men (1:2), 1-tdc:men (1:2) and atr:thy (1:2) have negligible change in their 

pH. The amount of organics that transfers to the water phase was comparable for all 

developed hydrophobic DESs except for deca:lid (2:1), deca:atr (2:1), men:lid (2:1), 

and atr:thy (1:2). 
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4  

Determination of the total vapor 

pressure of hydrophobic deep 

eutectic solvents: Experiments and 

PC-SAFT modelling 

In this chapter, head-space gas chromatography mass spectrometry (HS-GC-MS) 

was used for the first time to measure the total vapor pressure of hydrophobic deep 

eutectic solvents (DESs). The new method was developed as a valid alternative for 

thermogravimetric analysis (TGA), as TGA did not allow obtaining reliable total vapor 

pressure data for the hydrophobic DESs studied in this work. The main advantage 

of HS-GC-MS is that the partial pressure of each DES constituent and the 

contribution of each DES constituent to the total vapor pressure of the mixture can 

be measured. The results give a clear indication of the interactions occurring 

between the DES constituents. Also, activity coefficients, enthalpies of evaporation 

and activation energies for fluid displacement were obtained and correlated to the 

measured vapor pressure data. It was confirmed that the total vapor pressures of 

the hydrophobic DESs are very low in comparison to vapor pressures of commonly 

used volatile organic solvents like toluene. The total vapor pressures of the 

hydrophobic DESs were successfully predicted with Perturbed-Chain Statistical 

Associating Fluid Theory (PC-SAFT) when using PC-SAFT parameters for the 

individual DES constituents. 

 



This chapter has been published as:  

Carin H. J. T. Dietz, Jemery, T. Creemers, Merijn A. Meuleman, Christoph Held, Gabriele Sadowski, 

Martin van Sint Annaland, Fausto Gallucci and Maaike C. Kroon.  ACS Sustainable Chem. Eng 2018, 

62, 3633−3641 
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4.1 Introduction 

For many applications in separation technology, it is necessary that the total vapor 

pressure of the DES is as low as possible. This has the advantage that other 

compounds might be separated from the DES by distillation without contamination 

by the DES and without any DES emissions into the atmosphere. While it is generally 

claimed that DESs have a very low total vapor pressure26, in reality, almost no vapor 

pressure data for DESs have been reported so far, so this general statement is not 

yet proven quantitatively. Knowledge of vapor pressure data is also of utmost 

importance for thermodynamic modelling as well as for classifying the DESs as 

compared to common organic solvents like toluene, and this will be the key objective 

of this chapter. 

The most common screening method for total vapor pressure measurements is the 

use of a thermogravimetric analyzer (TGA), which has been used to investigate the 

vapor pressure of liquids as well as the sublimation pressure of solids66-69. This 

method has also been used for the assessment of the total vapor pressure of many 

ILs and a few hydrophilic DESs. Another method for measuring vapor pressure data 

is the Knudsen method, which has also been used before to measure the total vapor 

pressure of a few ILs and hydrophilic DESs70,71. A disadvantage of both methods is 

that only the total vapor pressure of the DES (i.e., a binary mixture) is measured and 

not the two partial vapor pressures of the DES constituents separately72. Moreover, 

these experiments are very time-consuming. The total vapor pressures of 

hydrophobic DESs have never been reported before. New total vapor pressure data 

open the door to parameterize thermodynamic models, and partial pressure data for 

DES constituents would allow comparing to predictions with thermodynamic models. 

By this, quantitative information on the interactions between the DES constituents 

becomes available.  

Interactions between DES constituents are usually quantified by activity coefficients 

of the DES constituents, which for the DESs have been recently accessed by solid-

liquid equilibrium measurements 72. However, activity coefficients derived from these 
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measurements are both concentration-dependent and temperature-dependent. In 

contrast, total vapor pressure data of DESs are accessible at isothermal conditions. 

This is advantageous for analyzing interactions and for the application and validation 

of thermodynamic models such as the perturbated chain statistical associating fluid 

theory (PC-SAFT). PC-SAFT modelling of the phase behavior of DESs was applied 

for the first time in 201573-75. In a following work, CO2 solubilities in DESs were 

modelled30. Pure component parameters and binary interaction parameters (kij) were 

fitted to density data only. Using the pseudo pure approach (where the DES was 

treated as one single compound) it was found that the pure-component parameters 

are DES-specific and the kij depend on the ratio of the DES constituents. This 

approach was successful and simple, but new parameters are required for each ratio 

of the DES constituents within one DES. In contrast, the pure-component 

parameters were constituent-specific and the kij was ratio-independent when 

applying the individual-component approach; in this approach the DES was 

modelled as a mixture of its constituents. Despite higher complexity the individual-

component approach is much more elegant as DESs with the same constituents but 

with different composition can be modelled with the same PC-SAFT parameters. 

Thus, in this chapter the individual-component approach will be used for PC-SAFT 

modelling of the total vapor pressure and even more for the partial pressures of the 

DES constituents. 

A new method, head-space gas chromatography-mass spectrometry (HS-GC-MS) 

36,37, used for the first time to measure the partial pressure of the constituents of six 

hydrophobic DESs individually, as well as their total vapor pressure. Activity 

coefficients will be calculated from the measured partial pressure data, and this will 

provide quantitative information on the interaction between the two DES 

constituents. The activity coefficients will also be correlated to the viscosities of the 

six DESs, which are Newtonian solvents76,38, via activity energy relations. The results 

of this chapter shows that the interactions between the DES constituents significantly 

affect the measured vapor pressures. In addition, the total vapor pressures of the six 

DESs will be predicted with the PC-SAFT model for the first time using the individual 
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constituents approach. Finally, we will conclude that the six DESs have indeed a 

very low volatility compared to conventional organic solvents. 
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4.2 Experimental 

4.2.1 Chemicals 

The chemicals used in this work, including their purity, source and melting points, 

are presented in Table E.1.  

 

4.2.2 DESs preparation  

Table 4.1 presents the six DESs prepared and used in this work, including their 

hydrogen bond donors (HBDs), hydrogen bond acceptors (HBAs), the ratio between 

the HBD and HBA and made as described in Chapter 2 

Table 4.1. DESs prepared in this work including their HBD, HBA, HBD:HBA ratio and their abbreviation. 

 HBD  HBA Molar ratio Abbreviation 

Decanoic acid Thymol 1:1 deca-thy 

Decanoic acid Lidocaine 2:1 deca-lid 2:1 

Decanoic acid Lidocaine 3:1 deca-lid 3:1 

Decanoic acid Lidocaine 4:1 deca-lid 4:1 

Decanoic acid Menthol 1:1 deca-men 

Thymol Lidocaine 2:1 thy-lid 

 

 

4.2.3 Vapor pressure measurements 

Vapor pressures of the six prepared DESs can be analyzed using two methods: (i) 

the conventional TGA method, and (ii) the new HS-GC-MS method developed in this 

work. TGA was performed using a TA Instruments TGA Q500. The temperature 

accuracy is ±1 K and the weight uncertainty is 0.1%. The data were analyzed with 

the Universal Analysis 2000 software. Experiments were carried out at atmospheric 

pressure and under a constant nitrogen flow rate (60 ml min-1). A sample of 20-40 
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mg was held isothermally at the experimental temperature for 40 min and the weight 

loss of the sample in time was recorded. All measurements were peformed in duplo 

to ascertain reliability of the measurements. The weight loss against time was plotted 

and a linear fit was used to determine DES evaporation rates. Since some 

components are very hygroscopic and water can influence the rate of evaporation, 

each sample was heated to 373 K for 10 min before the measurement. Decanoic 

acid and thymol were selected as reference to determine the constant k (cf. Eq. 2) 

used to determine vapor pressures from the measured evaporation rates. 

HS-GC-MS measurements were performed using a HS20 head space, a GC-2010-

plus gas chromatograph of Shimadzu (with a capillary 100% dimethylpolysiloxane 

Agilent DB-1MS ultra inert column with a length of 30 m, diameter of 0.25 mm and a 

film thickness of 0.25 μm), and a MS QP2020 of Shimadzu. The head-space keeps 

the sample at a certain temperature, with an accuracy of ±0.5 K, for a specified 

period of time. By means of GC and MS, the constituents were separated and 

detected77,37. The sample line temperature has an accuracy ±0.5 K and the transfer 

line temperature ±0.5 K. The GC2010plus has an accuracy in temperature ±1% 

(calibration at 0.01 K). Helium was used as carrier gas. 0.5 g DES was put in 20 mL 

vials and incubated for different times (5-15-30-60-120 min) at different temperatures 

(313-333-353-373 K). After incubation, 1 mL of the gas-phase was sampled and the 

concentrations of the DES constituents in the gas-phase were analyzed with GC-

MS. From these concentrations it is possible to determine vapor pressure data using 

the Clausius-Clapeyron equation. Vapor pressure measurements were repeated five 

times, and the standard deviation was found to vary between 3.4 and 20 Pa, 

depending on the DES’ structure and temperature. 

 

4.2.4 Viscosity measurements 

Rheology measurements were performed with an Anton Paar Physica MCR 301 

rheometer with a concentric cylinder CC27 system (inner and outer diameter are 

26.66 mm and 28.92 mm, respectively). First, dynamic measurements were 

performed twice for each sample with a constant frequency of 6.3 rad/s and a strain 
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of 0.001, temperature 293 till 333K. Before and between the measurement series, 

the sample was stirred for 100 s at 100 s-1. Subsequently, viscosity measurements 

were performed at different shear rates between 0.001 and 100 s-1 until steady state 

conditions were achieved at 293 K. Temperature accuracy is ±0.03 K and the torque 

uncertainty is max. 0.5%. 

 

4.2.5 PC-SAFT  

PC-SAFT has been first introduced by Gross and Sadowski78. It is based on 

statistical thermodynamics from Barker and Henderson79. PC-SAFT is a perturbation 

theory, which accounts for association and dispersive forces that perturb the hard-

chain reference system. In PC-SAFT the residual molar Helmholtz energy a
res

 is 

calculated by the sum of free energies caused by hard-chain repulsion a
hc

, 

dispersion forces a
disp

 and site-site specific hydrogen bonding interactions a
assoc

. (Eq. 

1) 

 

a
res = a

hc + a
disp + a

assoc      (1) 

 

For more information regarding PC-SAFT, the corresponding formulas, the 

Berthelot-Lorenz and Wolbach-Sandler mixing rules, and the parameterisation, the 

interested reader is referred to previous works74,78,80,81.  

In this chapter the ratio specific individual constituent approach is used, because 

different molar ratios of DESs are compared. The segment number (mseg,i), the 

temperature-independent segment diameter (σi), the dispersion-energy parameter 

(ui/kB), the association-energy parameter (εAiBi/kB) and the effective volume of an 

association site (κAiBi) are available from the literature and shown in Table 4.2, 

including their literature references. 
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Table 4.2. PC-SAFT pure component parameters for all the DES constituents. The parameters were 

obtained from literature75,82,60,83. 

Compounds Mw/g·mol-1 mseg,i σi/Ӑ ui/kB (K) Nsite 
ɛ AiBi/kB 

(K) 
k AiBi 

Decanoic 
acid 

172.27 7.147 3.339 242.46 2B 2263.00 0.020 

Lidocaine 234.34 5.294 2.585 323.00* 4C 1830.73 0.020 

Menthol 156.27 3.038 4.244 217.55 2B 3530.68 0.057 

Thymol 150.22 4.012 3.816 290.22 2B 1660.00 0.062 
* was re-fitted to experimental vapor pressure data of pure lidocaine from ref. 84,80 
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4.3 Results and discussion 

 

4.3.1 Suitability of TGA method for vapor pressure determination of 

hydrophobic DESs 

The conventional technique for measuring sublimation pressures and vapor 

pressures of pure components is the thermogravimetric analysis (TGA)22. Price and 

Hawkins70 examined Eq. (2) for pure components with known vapor pressure and 

they found a linear relationship between the vapor pressure (Pvap) and a parameter 

(v) related to the weight loss in time in TGA measurements with the same constant 

k for all the investigated materials: 

 

vapP k v          (2) 

where: 



















M

T

dt

dm
v         (3) 

In equation 3, dm/dt is the mass decrease in time in TGA measurements (g min-1), 

M is the molecular mass (g mol-1) and T is the temperature (K). In previous works, 

the total vapor pressure of several ILs [20] and a few hydrophilic DESs72 was 

investigated with the TGA method and it was found that TGA is a useful method for 

rapid total vapor pressure screening. 

The suitability of the conventional TGA method for measuring the total vapor 

pressure of several hydrophobic DESs was analyzed. First, the value of k (assumed 

to be constant for all materials in previous works 69,70,86) for the pure components 

ethylene glycol, glycerol, decanoic acid and thymol were determined using the TGA 

method. Ethylene glycol and glycerol were chosen to confirm the reproducibility of 

our results with previous literature71, while decanoic acid and thymol were selected 

as the reference substances of known vapor pressure used in this work. Therefore, 

the evaporation rates of ethylene glycol, glycerol, decanoic acid and thymol (dm/dt) 
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were measured in the temperature range of 343-393 K and the parameter ν was 

calculated (Eq. 2). Figure 4.1 shows a plot of the vapor pressures (Pvap) of ethylene 

glycol, glycerol, decanoic acid and thymol against the calculated ν at different 

temperatures. As expected, all substances show indeed a linear relationship, so that 

parameter k can indeed be determined from the slope. For ethylene glycol a k-value 

of -2.0 106 Pa min g-1/2 mol -1/2 K1/2 was found, which is identical to the value found 

previously by other authors71, validating our TGA method. However, for glycerol it 

was found that k = -7.8 105 Pa min g-1/2 mol -1/2 K1/2, for decanoic acid k = 1.8 104 Pa 

min g-1/2 mol -1/2 K1/2 and for thymol the k-value found was -3.2 103 Pa min g-1/2 mol -

1/2 K1/2. Thus, contrary to previous works, all substances have different values for k 

in this work. As the value of k is not constant for all hydrophobic DES constituents, 

Eq. 2 cannot be used to determine the unknown total vapor pressures of the 

hydrophobic DESs investigated in this work. Thus, the TGA method is apparently 

not suitable for the determination of the total vapor pressure of the hydrophobic 

DESs studied in this work. 
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Figure 4.1. Plot of the vapor pressure (Pvap) versus the parameter v (Eq. 2) for A) ethylene glycol, B) 

glycerol, C) decanoic acid, and D) thymol. 

 

4.3.2 Suitability of HS-GC-MS method for vapor pressure determination of 

hydrophobic DESs 

Since the TGA method was found to be unsuitable, it was necessary to develop a 

new method to measure and study the volatility of hydrophobic DESs and the effect 

of the DES constituents. The method developed in this work and applied for the first 

time to hydrophobic DESs is the head-space gas chromatography-mass 

spectrometry (HS-GC-MS) method. This method specifically determines vapor-liquid 

equilibria (VLE) and can handle samples with unknown components. 
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Using HS-GC-MS the composition of the vapor phase is analyzed at known 

composition of the liquid phase, and the measured peak area in the gas 

chromatogram needs to be related to the vapor pressure. This can be done using 

the Clausius-Clapeyron equation, which describes the relationship between the 

vapor pressure (Pvap) and the temperature (T) of a liquid (or solid) when the VLE is 

reached: 

exp
vap

vap H
P C

RT

 
  

 

       (4) 

 

where ΔHvap (J mol-1) is the evaporation enthalpy, R (J mol-1 K-1) is the universal gas 

constant and C (-) is an integration constant (when assuming that the evaporation 

enthalpy is temperature-independent within the relatively small temperature range 

studied)76. Because the peak areas are directly proportional to the vapor pressure, 

the peak area follows the same shape as a function of the temperature: 

 

𝐴𝑟𝑒𝑎 = exp (
−𝐴

𝑇
+ 𝐵)       (5) 

Where A and B are component related constants. Combining Eq. 4 and 5 yields the 

vapor pressure as a function of the area of the peak: 

 

(ln( ) )
exp

v
v

ap
ap H Area B

P C
A R

   
  

 

     (6) 

The HS-GC-MS set-up was validated by measuring vapor pressure data for toluene 

with the new set-up and comparing these data with literature84. From Figure 4.2 it 

can be concluded that the newly measured data for toluene are in close agreement 

with the literature data80. Thus, the HS-GC-MS method can be used to measure 

vapor pressures. The only drawback of this method is that literature values of the 

pure components are required, as calibration curves are prepared using literature 

data. Thus, for all individual components to be studied, these calibrations curves 

were recorded and calibrated to the pure-component vapor pressure data. 
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Figure 4.2. Vapor pressure of toluene vs. temperature. Black squares: literature data80; red circles: this 
work 

 

Next, the suitability of the HS-GC-MS method for measuring the total vapor pressure 

of several hydrophobic DESs was studied. First, the time to reach VLE using the HS-

GC-MS method was investigated. It can be noted that the vapor pressure already 

becomes stable after 10 min. Thus, VLE is reached within 10 min. Therefore, the 

time for equilibration was set to 15 min for all experiments in the remainder of this 

work, in order to ensure that VLE was always achieved. 

The HS-GC-MS method is only suitable for measuring the total vapor pressure of 

hydrophobic DESs, if the partial pressures of both DES constituents when added up 

together follow the Clausius-Clapeyron equation, i.e. showing exponential 

dependence on the temperature. Therefore, the partial pressures of both 

constituents in the six different DESs were measured at four different temperatures 

(313, 333, 353 and 373 K) and summed to represent the corresponding total vapor 

pressure of the six DESs. In Figure 4.3A, the total vapor pressures of all hydrophobic 
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DESs are plotted as a function of temperature. For all DESs indeed a linear 

correlation can be observed for the dependence of the logarithm of the total vapor 

pressure on the reciprocal temperature (Figure 4.3B). It can be concluded that the 

total vapor pressure of the studied hydrophobic DESs indeed obey the Clausius-

Clapeyron equation; hence, the HS-GC-MS method is suitable for determining the 

total vapor pressure of the hydrophobic DESs studied in this work. An additional 

advantage of this method is that the partial pressures of both constituents within the 

DESs are also obtained. 
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Figure 4.3. The total vapor pressures of deca-lid 2:1 (black square), deca-lid 3:1 (red circles), deca-lid 
4:1 (blue triangle), deca-men (purple turned triangle), deca-thy (green diamond), thy-lid (dark blue star) 
A. plotted against temperature, B. linearized with reciprocal temperature. 

 

 

4.3.3 Total vapor pressures of hydrophobic DESs and partial pressure of the 

DES constituents 

The total vapor pressures of the six hydrophobic DESs and the partial pressures of 

their constituents were measured at different temperatures using the HS-GC-MS 

method. The results are presented in Table 4.3 and graphically depicted in Figure 

4.4. It was found that deca-men has the highest total vapor pressure and deca-lid 

2:1 the lowest one. The results show that the total vapor pressure is dominated by 

the constituent with the highest vapor pressure. The vapor pressures of the 

A B 
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constituents follow the order: menthol > thymol > decanoic acid > lidocaine. This 

results in the following order for the total vapor pressure of the DESs: deca-men > 

deca-thy > thy-lid > deca-lid 4:1 > deca-lid 3:1 > deca-lid 2:1. 

Assuming ideal-mixture behaviour, the total vapor pressure of a DES can be 

predicted by Raoult’s law: 

𝑃𝑖 = 𝑥𝑖𝑃𝑖
𝑣𝑎𝑝

        (7) 

In which Pi (Pa) is the partial pressure of the DES constituent i in the DES, xi is the 

mole fraction of constituent i in the DES and Pi
vap is the vapor pressure of the pure 

constituent i. The total vapor pressure of the DES is identical to the sum of the partial 

pressures.  

A mixture made up of two or more compounds has cohesive and adhesive forces. In 

an ideal mixture all interactions are the same as if a pure component was present. 

A real mixture generally shows either positive (cohesive forces are stronger) or 

negative (adhesive forces are stronger) deviations from Raoult’s law. Therefore, the 

modified Raoult’s law is generally used for real mixtures: 

 

𝑃𝑖 = 𝑥𝑖𝛾𝑖𝑃𝑖
𝑣𝑎𝑝

        (8) 

where 𝜸𝒊 (-) is the activity coefficient of constituent i in the DES, which is used to 

correct for the non-ideality of the DES. 

 

Besides the measured vapor pressures, Figure 4.4 also shows the calculated partial 

pressures and total vapor pressures using Raoult’s law for ideal-mixture behaviour. 

From Figure 4.4A it can be noted that the calculated total vapor pressures of the 

hydrophobic DES deca-thy using Raoult’s law are similar to the measured values, 

suggesting ideal-mixture behaviour. However, the partial pressures of decanoic acid 

are under predicted, while the partial pressures of thymol are over predicted, 

indicating that deca-thy is in fact a non-ideal mixture. The calculated total vapor 

pressures of the hydrophobic DESs deca-lid 2:1, deca-lid 3:1 and deca-lid 4:1 

(Figures 4.4B, C and D) using Raoult’s law are all lower than the measured values; 
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that is, the interactions among the different DES constituents are less attractive than 

in the pure DES constituents. Thus, the DESs are non-ideal mixtures showing activity 

coefficients greater than 1. Contrary to that, the calculated total vapor pressures of 

the hydrophobic DESs deca-men and thy-lid (Figures 4.4E and F) using Raoult’s law 

are higher than all measured values. Thus, the HBD-HBA interactions are more 

attractive than the interactions between HBA-HBA or HBD-HBD. Therefore, deca-

men and thy-lid are also non-ideal mixtures, in this case showing activity coefficients 

lower than 1. These data will be used in the following sections to study the interaction 

between constituents of the DESs. 
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Table 4.3. Partial pressures of the DES constituents within the DESs and total vapor pressures for six 

DESs at different temperature. 

DES  T [K] PHBD [Pa] PHBA [Pa] Ptot  [Pa] 

deca-thy 313 0.5 4.4 4.9 

  333 4.3 41.8 46.1 

  353 19.8 126.6 146.4 

  373 68.2 398.2 466.3 

deca-lid 2:1 313 0.0 0.0 0.0 

  333 1.9 0.0 1.9 

  353 11.2 0.1 11.3 

  373 55.1 0.4 55.5 

deca-lid 3:1 313 0.0 0.0 0.0 

  333 2.8 0.0 2.8 

  353 14.8 0.1 14.8 

  373 81.0 0.2 81.2 

deca-lid 4:1 313 0.0 0.0 0.0 

  333 2.4 0.0 2.4 

  353 23.8 0.1 23.8 

  373 87.3 0.2 87.5 

deca-men 313 0.6 6.0 6.6 

  333 3.8 28.7 32.5 

  353 15.7 136.8 152.8 

  373 82.2 458.7 540.9 

thy-lid 313 2.9 0.0 2.9 

  333 15.0 0.0 15.1 

  353 82.1 0.1 82.2 

  373 329.1 0.3 329.4 

a Standard uncertainties are u(T) = 0.5 K and u(P) = 0.5 Pa. 
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Figure 4.4. Partial pressures of DES constituents within a DES and total vapor pressures of DESs as 
function of temperature. A.) deca-thy (purple), B.) deca-lid 2:1 (brown), C.) deca-lid 3:1 (brown), D.) deca-
lid 4:1 (brown), E.) deca-men (orange), and F.) thy-lid (cyano). DES constituents: decanoic acid (red 
crosses); thymol (blue circles); lidocaine (green triangles); menthol (yellow squares); experimental data 
from this work (symbols); calculated total vapor pressures using Raoult’s law (lines). 
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The mixture deca-lid forms a DES (liquid mixture) at room temperature at different 

molar ratios (i.e., deca-lid 2:1, 3:1 and 4:1 are all liquids at room temperature). At all 

these ratios, the deca-lid mixture exhibits higher experimental total vapor pressures 

than those calculated with Raoult’s law (see Fig. 4.4B, C and D) that assumes ideal-

mixture behaviour. Especially the partial pressure of decanoic acid in the deca-lid 

mixtures at molar ratios 2:1 (= 67% decanoic acid), 3:1 (= 75% decanoic acid) and 

4:1 (= 80% decanoic acid) is much higher than the vapor pressure of pure decanoic 

acid. However, it is anticipated that the partial pressure of decanoic acid in mixtures 

with an even higher decanoic acid content will again approach the vapor pressure of 

pure decanoic acid. This was confirmed by measuring the partial and total vapor 

pressures of deca-lid mixtures at molar ratios of 9:1 (= 90% decanoic aid) and 19:1 

(= 95% decanoic acid) at 373 K, and comparing these with the values at molar ratios 

2:1, 3:1 and 4:1 at the same temperature (see Figure 4.5). It should be mentioned 

that the 9:1 and 19:1 mixtures did not form liquids at room temperature; therefore, 

the comparison was done at 373 K in order to measure isothermal equilibrium 

pressures between liquid and vapor phase. 
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Figure 4.5. Partial and total vapor pressures at 373 K of mixtures consisting of decanoic acid and lidocaine 
at different mole fractions of decanoic acid. Symbols represent experimental data (decanoic acid: red 
crosses; lidocaine: green triangles; DES deca-lid: black triangles. Lines represent ideal total vapor 
pressure (black line) and ideal partial pressures (lidocaine: green; decanoic acid: red) obtained from 
Raoult’s law. 
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The observed increase in partial pressures of decanoic acid in the deca-lid mixtures 

at mole fractions of decanoic acid above 67% (molar ratio of 2:1) as compared to the 

ideal mixture is associated with the effect that addition of lidocaine weakens the 

cohesive forces between the different decanoic acid molecules. Up to a molar ratio 

of 2:1 (= maximum coordination), this is compensated by an increase in adhesive 

forces between lidocaine and decanoic acid. However, at molar ratios higher than 

2:1, the adhesive forces cannot further increase due to steric hindrance (repulsion 

between the tails of decanoic acid). Therefore, the partial pressures of decanoic acid 

increase significantly at molar ratios higher than 2:1. Furthermore, at very high 

concentrations of decanoic acid in the mixture (above 90%), approaching a pure 

decanoic acid system, the cohesive forces between the decanoic acid molecules are 

restored and partial pressures go down back to the vapor pressure of pure decanoic 

acid. 

DESs are generally assumed to have a very low volatility. This can now be quantified 

for the hydrophobic DESs studied in this work. The total vapor pressures of the 

measured hydrophobic DESs are therefore compared to those of a commonly used 

volatile organic solvent (toluene). In Figure 4.6 the vapor pressures of toluene36,87 

and the DES deca-men, which is the most volatile DES studied in this work, are 

compared. The difference between the vapor pressures depends strongly on 

temperature due to the exponential dependency. It was found that the total vapor 

pressure (between 320 K and 380 K) of the most volatile DES deca-men is 150–

1000 times lower than the vapor pressure of toluene. The other studied hydrophobic 

DESs have even lower total vapor pressures than deca-men, and the differences in 

total vapor pressures between those DESs and toluene are even larger.  Thus, the 

total vapor pressures of the hydrophobic DESs studied in this work are indeed much 

lower than those of commonly used volatile organic solvents like toluene, and the 

exact values have now been quantified for the first time. 
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Figure 4.6. The total vapor pressure of the DES deca-men 1:1 (orange squares; this work) and the vapor 

pressure of toluene (black line 28) at different temperatures. 

 

4.3.4 Interactions between DES constituents 

Despite the fact that total vapor pressures of hydrophobic DESs are very low in 

comparison to those of commonly used volatile organic solvents, they still can give 

information about the interactions between the constituents of the DESs. Interactions 

are generally quantified by the activity coefficients of the components in a mixture. 

The activity coefficients for the DES constituents were calculated using modified 

Raoult’s law (Eq. 7). Furthermore, other important thermodynamic data, such as 

enthalpies of evaporation, were obtained using the Clausius-Clapeyron equation 

(Eq. 4). 

The activity coefficients of the DES constituents in the six different DESs obtained 

with Eq. (7) are reported in Table 4.4. The results show that the activity coefficients 

of all DES constituent have similar values independent of the DES the constituent is 

part of. For example, decanoic acid has activity coefficients greater than one in each 

of the considered DESs. Thymol and lidocaine have activity coefficients lower than 

one, independent of the fact whether they present the HBD or HBA in the DES.  
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Table 4.4. Individual activity coefficients of the DES constituents (HBD and HBA) at four different 

temperatures. 

DES  T [K] γHBD γHBA 

deca-thy 313 2.8 0.3 

  333 4.0 0.8 

  353 3.5 0.8 

  373 2.7 0.8 

deca-lid 2:1 313  NAb NAb 

  333 1.3 0.3 

  353 1.5 0.3 

  373 1.6 0.3 

deca-lid 3:1 313  NAb  NAb 

  333 1.7 0.3 

  353 1.7 0.2 

  373 2.1 0.2 

deca-lid 4:1 313  NAb  NAb 

  333 1.4 0.2 

  353 2.6 0.2 

  373 2.2 0.2 

deca-men 313 3.4 0.3 

  333 3.6 0.3 

  353 2.7 0.5 

  373 3.2 0.6 

thy-lid 313 0.25 NAb 

  333 0.2 0.1 

  353 0.4 0.3 

  373 0.5 0.2 

a Standard uncertainties are u(T) = 0.1 K and u(γ) = 0.1 

b NA = Not available, as it was below the detection limit of the equipment 
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Another possibility to quantify the interactions between the HBD and HBA within a 

DES is to determine the activation energy for fluid displacement under shear stress. 

Therefore, viscosities of all six DESs were measured to allow determination of these 

activation energies. This is only possible if the DESs are Newtonian liquids, for which 

the viscosity is constant under different shear rates. The viscosity results for all six 

DESs at different shear rates at 293 K and atmospheric pressure are presented in 

Figure 1 in the appendices, showing that the all the DES exhibit indeed Newtonian 

behaviour. Table A.4.2 in the appendices Information presents the measured 

viscosities of all six DESs at eight different temperatures. 

 

A higher viscosity means that the molecules can pass each other with more difficulty 

as a result of stronger attractive interactions, which would translate to higher 

Arrhenius activation energies. In case of Newtonian liquids, the dynamic viscosity (η 

in Pa·s) can be related to the gas constant (R = 8.3145 J mol-1 K-1)), the Arrhenius 

activation energy (Ea in J mol-1), the pre-exponential (entropic) factor (As in Pa·s), 

and the temperature (T in K) using Eq. 9 76: 

 

ln(𝜂) = ln(𝐴𝑠) +
𝐸𝑎

𝑅
(

1

𝑇
)        (9) 

 

Thus, it is possible to obtain Ea values and As values from the intercept and the slope 

of the straight line (Ea/R), respectively, of a plot of the logarithm of the viscosity 

against the reciprocal temperature. Table 4.5 show the obtained values for Ea and 

ln(As). The observed trend for the activation energies is: deca-thy < deca-men < thy-

lid < deca-lid 4:1 < deca-lid 3:1 ≈ deca-lid 2:1.  
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Table 4.5. The logarithm of the pre-exponential factor (ln(As)) and the Arrhenius activation energy (Ea) 

for the six different DESs. 

DES   ln(As)   Ea (kJ/mol)  

deca-thy -6.2523 30.7 

deca-lid 2:1 -5.2831 54.8 

deca-lid 3:1 -5.383 53.7 

deca-lid 4:1 -5.4384 49.1 

deca-men  -6.1528 33.7 

thy-lid -5.848 48.5 

 

 

In order to better compare all obtained values for the total vapor pressures, 

vaporisation enthalpies, Arrhenius activation energies and viscosities (all data 

measured at 373 K), these data are summarized in Table 4.6. In general, it can be 

stated that the DES with the highest total vapor pressure has the lowest heat of 

evaporation, the lowest Arrhenius activation energy of the viscosity and the lowest 

viscosity. This is because the attractive interactions between the HBD and the HBA 

within this DES are lower than in all other DESs considered in this work. The 

advantage of using viscosity measurements for estimating the strength of HBD-HBA 

interactions is that this method is simple and fast, but it does not give any further 

information for each DES constituent. Contrarily, although somewhat more time-

consuming, the vapor-pressure measurements with the new HS-GC-MS set-up allow 

determining the contributions of each DES constituent to the total vapor pressure 

and, thus, on the HBD-HBA interactions. 
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Table 4.6. The total vapor pressures (Ptot) at 373.1±0.1 K and 1.01±0.03 bar, Arrhenius activation 

energies (Ea) and viscosities (η) at 293.1±0.03 K and 1.01±0.03 bar for the six different hydrophobic 

DESs measured in this work. 

DES Ptot  [Pa] Ea (kJ mol-1) η (Pa.s) 

deca-men 540.9 33.7 0.028 

deca-thy 466.3 30.7 0.020 

thy-lid 329.4 48.5 0.124 

deca-lid 4:1 87.5 49.1 0.182 

deca-lid 3:1 81.2 53.7 0.285 

deca-lid 2:1 55.5 54.8 0.340 

a Standard uncertainties are u(Ptot) = 0.5 Pa, u(Ea) = 0.1 kJ mol-1 and u(η) = 0.005 Pa.s 

 

 

4.3.5 PC-SAFT modelling of the total vapor pressures 

As stated in the section “Interactions”, equilibrium pressures can significantly deviate 

from ideal-mixture pressures according to attractive interactions as well as steric 

hindrance. Both effects can be captured by activity coefficients, which comprise of 

enthalpic and entropic effects. The φ-φ approach was used in this work to model the 

vapor-liquid equilibrium of the six different DESs at various temperatures yielding the 

total vapor pressure at constant composition. The DESs were considered as a binary 

system composed of HBA and HBD. The PC-SAFT parameters of HBA and HBD 

were available from literature and are given in Table 4.2. Please note, that originally 

the lidocaine PC-SAFT parameters were fitted to solubility data of lidocaine in 

different organic solvents. Using such parameters to model vapor pressures of 

lidocaine caused a significant overestimation compared to experimental data. Thus, 

in this work the dispersion energy parameter of lidocaine u/kB was re-fitted to vapor 

pressure data of lidocaine while keeping all other PC-SAFT parameters as in the 

original parameter set from ref. 24 The number changes from the original value of 

155.97 K 24 to 323.00 K (this work), which allowed accurate modelling of the vapor 
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pressures of pure lidocaine. Thus, the latter was used further in this work also for 

predicting total vapor pressures of lidocaine-based DESs.  

 

Furthermore, a binary interaction parameter kij was introduced between HBD and 

HBA of a DES, and this parameter was used to correct the predictive Berthelot-

Lorenz mixing rule. This parameter was fitted to total vapor pressure data of the 

DESs (results listed in Table 4.6). 

Equation 10 shows the calculation of the absolute average relative deviation, AARD 

(%) between the experimental and modelled vapor pressure. 

 
exp

1
% 100

calc

i i

calc

i

P P
AARD

n P


       (10) 

In this equation P indicates the total vapor pressure of the DESs determined via 

experiments (exp) and modelling (mod) of a number of n total experimental data 

points. The AARD(%) between the experimental volatilities of the DESs and the PC-

SAFT correlation is listed in Table 4.6. The AARD(%) values do not exceed 4.15, 

which indicates good agreement between the vapor pressures determined via 

experiments and PC-SAFT. 

Table 4.6. AARD(%) between experimental total vapor pressures and PC-SAFT modelling of six DESs 
within the temperature range of 353-393 K using the parameters from Table 3 and the kij between HBD 

and HBA given in this table. 

DES 
No. of data 

points kij AARD (%) 

deca-lid 4:1 4 0.000250 T [K] - 0.123287 4.15 

deca-lid 3:1 4 0.000250 T [K] - 0.123287 2.23 

deca-lid 2:1 4 0.000250 T [K] - 0.123287 2.12 

deca-men 4 0.001083 T [K] - 0.479246 1.54 

deca-thy 4 0 4.02 

thy-lid 4 0.000263 T [K] - 0.184952 2.72 
 

Since the DESs deca-lid have been investigated at three different compositions, the 

total vapor pressure of these DESs can be analyzed as function of composition. This 
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is illustrated in Figure 4.8, which compares the modelled total vapor pressures to the 

experimental data in the whole range of composition. 
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Figure 4.8. Total vapor pressure of deca-lid at different ratios and temperatures (blue 353K; red 373K; 
black 393K). Symbols are experimental data and the open symbols are results obtained with PC SAFT. 
Binary interaction parameters between decanoic acid and lidocaine are:  kij = -0.03 (393K), kij =  -0.035 
(373K) and kij = -0.04 (353K). 

 

The interesting total vapor pressure behavior of the DES deca-lid at different ratios 

was qualitatively correctly predicted with PC-SAFT. This means that the behavior 

between the two DES constituents can be explained by thermodynamics. The 

maximum of the total vapor pressure is certainly caused by the non-monotonic 

behavior of the activity coefficients of the DES constituents’ decanoic acid and 

lidocaine as a function of the composition. Independent of temperature, the 

experimental activity coefficient of decanoic acid has a maximum at the molar 

composition deca-lid 3:1. This could be validated by PC-SAFT predictions (results 

not shown) and thus is the reason for the qualitatively correct prediction of the vapor 

pressure of deca-lid vs. composition, as shown in Figure 8.  
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From Table 4.6 it can be seen that for the DES deca-thy the total vapor pressure 

predictions were quantitatively correct, i.e. the binary parameter kij between HBA and 

HBD equals zero. In order to quantitatively model the vapor-pressure behavior of the 

other DESs one binary parameter kij was introduced. It was decided that kij was 

dependent linearly on temperature. It has to be stressed that kij must not be a function 

of composition to keep the physical consistency within modelling with an equation of 

state. The results for the composition-dependent total vapor pressures of deca-lid 

(2:1, 3:1, 4:1) impressively show that PC-SAFT is a very appropriate model for the 

VLE of the DESs, as it allows predicting the maximum of total vapor pressures at a 

composition of about 95 mol% decanoic acid despite the fact that kij was fitted to the 

DES deca-lid at 67 mol% decanoic acid.  

It should be noted that the binary interaction parameters between HBA and HBD kij 

of all the DESs linearly depend on temperature in order to accurately model the vapor 

pressures at different temperatures. Thus, the individual component approach used 

in this work, is temperature-dependent. The slopes of the temperature-dependent kij 

function given in Table 4.7 are all very similar (about 0.0003); that is, the temperature 

dependency of kij is not very pronounced, nor is it very different for the different 

DESs, nor does kij depend more than linearly on temperature. Thus, the temperature 

dependency of kij could be neglected in a first modelling step or a value of 0.0003 

could be inherited for the slope of kij over temperature from this work.  

Nevertheless, the modelling results are satisfactory and show the big advantage of 

the modelling strategy proposed in this work: the use of the individual constituents 

approach within PC-SAFT that accounts for interactions among HBD and HBA 

based on physical forces. This is believed to be much more promising than the 

conventionally applied pseudo-DES modelling approach which considers each DES 

as a new pseudo component, despite the fact that only the composition is changing 

while the constituents are the same. This work shows that there is no direct need to 

apply such an extreme simplification, and that accounting for the real components 

within a DES provides big advantages to predict its properties.  
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4.4 Conclusions 

A new method developed in this study, HS-GC-MS, was applied for the first 

time to measure the total vapor pressure of six hydrophobic DESs. This 

method specifically determines vapor-liquid equilibria (VLE). The only 

drawback of this method is that literature vapor pressure data of the pure 

constituents are required for calibration. The main advantage of this method 

over other methods (e.g. TGA) is that the partial pressure of each constituent 

and the contribution of each constituent to the total vapor pressure of the 

mixture can easily be determined and compared. This information can be very 

useful for the use and recovery of the DESs. The new method also gives the 

opportunity to calculate the activity coefficients of the HBA and the HBD in the 

DES’ mixtures, which can serve as an indication for the interactions between 

both constituents. The mixture evaporation enthalpies calculated from the total 

vapor pressures was qualitatively correlated to the Arrhenius activation 

energies for fluid displacement, which was calculated from viscosity data. 

Also, it is shown for the first time that PC-SAFT can be used for the prediction 

of the total vapor pressure of DESs whereby parameters were fitted to the 

vapor pressure data of the DES constituents. This means significant time 

saving compared to experimental methods. The total vapor pressures of all six 

hydrophobic DESs studied in this work are confirmed to be negligible in 

comparison to vapor pressures of common organic solvents like toluene. 
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Appendices 

Table A.4.1. Vaporization enthalpies ΔHvap and pre-exponential constants C of the individual components 

and the total DESs, calculated with the linear regression, including correlation coefficients. 

DES Component ΔHvap (kJ/mol) C** R2 

deca-men decanoic acid 79.7 1.12E+13 0.998 

  Menthol 70.8 3.76E+12 0.999 

  Total 71.8 6.11E+12 0.999 

deca-thy decanoic acid 80.7 1.55E+13 0.993 

  thymol 71.4 4.58E+12 0.981 

  Total 72.5 7.61E+12 0.983 

deca-lid 2:1 decanoic acid 86.7 7.54E+13 1.000 

  lidocaïne 101.9 7.44E+13 0.999 

  Total 86.8 7.8E+13 1.000 

deca-lid 3:1 decanoic acid 86.9 1.12E+14 0.998 

  lidocaïne 93.3 2.13E+12 0.984 

  Total 86.9 1.13E+14 0.998 

deca-lid 4:1 decanoic acid 93.4 1.18E+15 0.984 

  lidocaïne 107 1.66E+14 0.990 

  Total 93.4 1.19E+15 0.984 

thy-lid thymol 77.3 2.18E+13 0.999 

  lidocaïne 118.1 1.23E+16 0.985 

  Total 77.3 2.19E+13 0.999 

**C value in Eq.: 𝑃 = 𝐶 × 𝑒
−∆𝐻𝑣𝑎𝑝

𝑅×𝑇  
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Figure A.4.1. Shear Stress versus shear rate of six different DESs at 293 K and atmospheric pressure 

(P= 0.101bar ± 0.03): deca-thy (black square) ; deca-lid 2:1 (red cicrlce) ;  deca-lid 

3:1 (blue triangle) ;  deca-men (pink turned triangle);  thy-lid (green ;  deca-lid 4:1 
(dark blue triangle). 
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Table A.4.2. Viscosity (η in Pa.s) of the six DESs at different temperatures. 

  
 

  η Pa.s        

T (K) deca-thy 

deca-lid 

2:1 

deca-lid 

3:1 

deca-lid 

4:1 deca-men  thy-lid 

328 0.005 0.032 0.028 0.023 0.006 0.016 

323 0.006 0.042 0.037 0.029 0.007 0.020 

318 0.007 0.057 0.050 0.039 0.009 0.026 

313 0.009 0.078 0.069 0.052 0.011 0.035 

308 0.010 0.111 0.097 0.072 0.014 0.048 

303 0.013 0.160 0.139 0.099 0.017 0.068 

298 0.016 0.239 0.206 0.142 0.022 0.099 

293 0.020 0.340 0.285 0.182 0.028 0.124 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

 

86 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5  

Furfural and hydroxymethylfurfural 

extraction from aqueous solutions 

using hydrophobic deep eutectic 

solvents: Experiments and PC-SAFT 

predictions 

In this chapter the separation of furfural (FF) and 5-hydroxymethylfurfural (HMF) 

from aqueous phases is carried out with hydrophobic deep eutectic solvents 

(DESs) as new extracting agents. Distribution coefficients of FF and HMF in ten 

different hydrophobic DESs + water systems have been measured and compared 

to the benchmark extracting agent (toluene). The dependence of the distribution 

coefficients on the presence of sugars in the system has also been investigated. 

The hydrophobic DESs were found to selectively extract FF and HMF from 

aqueous solutions without any co-extraction or precipitation of sugars. Finally, the 

distribution coefficients have been successfully predicted with PC-SAFT 

(Perturbed-Chain Statistical Associating Fluid Theory) without the need to fit any 

parameter to the measured distribution coefficients. 

 

 

 



This chapter has been published as:  

Carin H. J. T. Dietz,, Fausto Gallucci,  Martin van Sint Annaland, Christoph Held and Maaike C. Kroon 

Industrial & Engineering Chemistry Research 2019, 58, 10, 4240-4247 
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5.1 Introduction 

The distribution coefficients of FF and HMF in ten hydrophobic DES/water systems 

are presented in this chapter and compared to toluene as benchmark. First, we have 

selected one DES (decanoic acid: tetra-octyl ammonium bromide in the molar ratio 

2:1) to study the effects of the DES:water ratio, the starting concentration of FF and 

HMF, the addition of impurities (e.g. sugars), the temperature, and the pH value on 

the distribution coefficient. This DES was selected because of its known high 

selectivity for FF/HMF over sugars38 and was used to select suitable extraction 

conditions. Thereafter, the solubilities of FF, HMF and glucose were measured in ten 

different hydrophobic DESs. Also, the distribution coefficients of FF and HMF for 

these ten DESs were measured at the selected extraction conditions and compared 

with predictions of PC-SAFT. The parameters for the hydrophobic DESs were 

adjusted compared to our previous work by additional fitting to experimental volatility 

data (instead of correlation to density data only)87. 
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5.2 Experimental 

5.2.1 Chemicals 

The chemicals used in this work, including their purity, source and melting points, 

are presented in Table E.1. All chemicals were used as received from the supplier. 

 

5.2.2 DESs preparation 

 

The ten different hydrophobic DESs prepared in this work, including their hydrogen 

bond donors (HBDs), hydrogen bond acceptors (HBAs) and the ratio between the 

HBD and HBA, are reported in Table 5.1. The DESs are produced as described in 

Chapter 2. 

 

Table 5.1. DESs prepared in this work including their HBD, HBA, HBD:HBA ratio and their abbreviation. 

   HBA Molar ratio Abbreviation 

Decanoic acid 
n-Tetraoctylammonium 

bromide 
2:1 deca-n8888Br 

Decanoic acid Thymol 1:1 deca-thy 

Decanoic acid Lidocaine 2:1 deca-lid 2:1 

Decanoic acid Lidocaine 3:1 deca-lid 3:1 

Decanoic acid Lidocaine 4:1 deca-lid 4:1 

Decanoic acid Menthol 1:1 deca-men 

Thymol Lidocaine 2:1 thy-lid 

Decanoic acid Atropine 2:1 deca-atr 

Dodecanoic acid Atropine 2:1 dode-atr 

Dodecanoic acid Lidocaine 2:1 dode-lid 
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5.2.3 Solubility measurements 

 

The solubilities of FF, HMF and glucose in the ten selected DESs were measured 

(in duplo) by the cloud point method. Five grams of every DES were weighed in a 

vial. The vials were heated to 303, 323 and 373 K, respectively, to which every two 

hours a small amount of FF, HMF or glucose was added. Only if the small amount 

was dissolved after 2 h, the experiment was continued by adding small quantities of 

FF, HMF or glucose, until full saturation was achieved. All data reported are 

measured in duplo with standard uncertainties u(w) = 0.005, u(T) = 0.2 K. 

 

 

5.2.4 Extraction measurements 

 

The extraction of FF and HMF with the ten hydrophobic DESs was measured using 

different starting concentrations of FF and HMF in water (i.e. 0.25, 0.50, 1.0, 1.5, 3.0 

and 5.0 wt%). First, 5 g of these aqueous solutions was put into a centrifuge tube of 

50 mL and different amounts of DES (different solvent-to-feed ratios) were added. 

After mixing in a shaking machine (IKA KS 4000i) during the applied shaking time 

(i.e. 10, 30, 60, 300 s and 1 h) at 500 rpm at the selected temperature (i.e. 298, 323 

and 353 K), the tubes were centrifuged (Sigma 2-16KL) for 30 min with a speed of 

8000 rpm at the selected temperature in order to separate the DES from the aqueous 

phase. A sample of the aqueous phase was taken (± 1 mL) and analyzed using High-

Performance Liquid Chromatography (HPLC). 
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5.2.5 HPLC analyses 

The concentrations of FF, HMF, glucose and fructose were measured with HPLC 

Agilent technology 1200 series (Agilent Technologies, Santa Clara, USA), equipped 

with a Multiple Wavelength Detector (G1365D), an evaporated light scattering 

detector (ELDS grace Alltech) and a thermostatic auto-sampler. Separation was 

carried out at 298 K (±1 K); the mobile phase composition was acetonitrile:water 

(98:2 v%/v%) with a 1 mL/min flow and injection volume of 5 μL, using a Jordi GEL 

DVB polyamine column (250 mm ˣ 4.6 mm, cat.nr. 17010, Jordi Labs LLC, 

Bellingham). 

 

 

5.2.6. PC-SAFT modeling 

Gross and Sadowski78,88 introduced PC-SAFT as an advanced equation of state that 

combines physical soundness and engineering needs. PC-SAFT is based on 

statistical thermodynamics by Barker and Henderson78. PC-SAFT is a perturbation 

theory that accounts for perturbations from a hard-chain reference system by 

association and dispersive forces. It calculates the residual Helmholtz energy ares 

(difference between the total molar Helmholtz energy and the Helmholtz energy of 

an ideal gas) as the sum of the free-energy contributions caused by hard-chain 

repulsion ahc, dispersion forces adisp and site-site specific hydrogen bonding 

interactions aassoc (Eq. 1): 

 

ares = ahc + adisp + aassoc       (1) 

 

In PC-SAFT, pure components can be described using five pure-component 

parameters: (i) the segment number (mseg,i), (ii) the temperature-independent 

segment diameter (σi), (iii) the dispersion-energy parameter (ui/kB), (iv) the 

association-energy parameter (εAiBi/kB), and (v) the effective-volume parameter of an 

association site (κAiBi). The pure-component parameters for water, FF and HMF and 
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the pseudo-pure-component parameters for the hydrophobic DESs are already 

available in literature24 and are shown in the Table A.5.1. It should be mentioned that 

the DESs are treated as ‘pseudo-pure’ components (instead of mixtures), as it was 

found to be the most convenient strategy for the modelling of the distribution 

coefficients of hydrophilic DESs before87. 

The availability of ares allows determining fugacity coefficients by derivations with 

respect to density and mole fraction. In this work, fugacity coefficients were used to 

calculate activity coefficients 𝛾𝑖 (Eq.2) by the ratio of fugacity coefficient of 

component i in the mixture 𝜑𝑖 to fugacity coefficient 𝜑0𝑖 of pure component i at the 

same pressure and temperature: 

𝛾𝑖 =
𝜑𝑖(𝑇, 𝑝, 𝑥𝑖)

𝜑0𝑖(𝑇, 𝑝, 𝑥𝑖 = 1)
 

(2) 

 

At infinite dilution, the distribution coefficient Kx (x refers to mole-fraction scale) for 

component i between two phases can be predicted with PC-SAFT. For this purpose, 

the activity coefficients of component i were predicted at infinite dilution in the two 

phases. In this work, these two phases are the equilibrated DES-rich (DES) and 

DES-poor aqueous (aq) phases, and the corresponding activity coefficients at infinite 

dilution are denoted as 𝛾𝑖
𝐷𝐸𝑆∞ and 𝛾𝑖

𝑎𝑞∞, respectively. The composition of the 

equilibrated phases of the binary DES + water system has to be known to model 

𝛾𝑖
𝐷𝐸𝑆∞ and 𝛾𝑖

𝑎𝑞∞. These compositions were experimentally available from previous 

works29. The ratio of both quantities yields the distribution coefficient of component i 

at infinite dilution 𝐾𝑖
𝑥,∞ (eq.3): 

 

𝐾𝑖
𝑥,∞ =

𝛾𝑖
𝐷𝐸𝑆∞

𝛾𝑖
𝑎𝑞∞  (3) 

 

The use of this 𝐾𝑖
𝑥,∞ value is only reasonable given that component i is present at 

very low concentrations. This assumption is reasonable in this work. As 𝐾𝑖
𝑥,∞ is a 
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mole-based quantity, conversion to mass-based units are required, which can be 

done using the molar masses of water, 𝑀𝐻2𝑂, and the DES, 𝑀𝐷𝐸𝑆, respectively: 

𝐾𝑖
𝑤,∞ =

𝛾𝑎𝑞∞

𝛾𝐷𝐸𝑆∞

𝑀𝐻2𝑂

𝑀𝐷𝐸𝑆

 (4) 

 

For more information regarding the PC-SAFT model, the corresponding formulas, 

the mixing rules and the parameterization, the interested reader is referred to 

previous works78,87,88. 
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5.3 Results and discussion 

 

For liquid-liquid extraction, the distribution coefficient (K) is an important parameter. 

The K-value can be calculated with Eq 5:  

𝐾 =
𝑤𝑜

𝑤𝐴
        (5) 

where wo and wA stand for the weight fraction of FF or HMF in the organic and in the 

aqueous phases, respectively. It should be noted that these values are 

corresponding to the Ki
w values calculated using the PC-SAFT model (Eq. 4). 

 

5.3.1 Extraction optimization  

The extraction of the pure components FF and HMF using one selected DES 

(decanoic acid: tetra-octyl ammonium bromide (2:1)) was performed in order to study 

the effects of the DES:water ratio, the starting concentration of FF and HMF, the 

addition of impurities (e.g. sugars), the temperatures, and the pH values on the 

distribution coefficients. First, the extraction of FF and HMF at a temperature of 

298 K and at different solvent-to-feed ratios (DES:water) was performed by bringing 

both phases into contact via shaking during 5, 10, 20, 30 and 60 min, and it can be 

noticed that the extraction is already complete after 5 min of shaking time. In the rest 

of this work, a shaking time of 2 h was selected (as is usually applied in literature) 

and this means that equilibrium was guaranteed in this work. Next, three different 

starting concentrations of pure FF and HMF (0.25, 0.5 and 1.5 wt%) were extracted 

with the selected DES (deca-n8888Br) at three different solvent-to-feed ratios 

(DES:water = 1:1, 1:2 and 1:10, which are equivalent to water mole fractions of 

0.500, 0.667 and 0.909, respectively). The results for obtained distribution 

coefficients are shown in Table 5.3. The following two observations can be made: (i) 

the starting concentration of the solute does not have a significant influence on the 

distribution coefficients of FF and HMF, and (ii) the solvent-to-feed ratio has a large 

influence on the distribution coefficient – the higher the better, especially for FF. This 

is a general trend that is commonly observed in many systems. Of course, the ratio 
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between the DES and the water is also changing when the amount of FF or HMF in 

the feed is changing, but this effect will be very small as the concentrations of FF 

and HMF in the feed are very low. This is the reason why the feed concentration 

does not have a significant influence on the measured distribution coefficients. The 

difference in distribution coefficient between FF and HMF can be explained by the 

difference in hydrophobicity of the two components. HMF (completely water-

miscible) is much more hydrophilic than FF (max. water solubility at 298 K is only 77 

g. L-1, as stated by the supplier), and therefore the hydrophobic DESs are more 

selective for FF. 

 

Table 5.3. Distribution coefficients for the extraction of the pure components FF and HMF at 298 K and 

1.01 bar using deca-n8888Br as extractant at different solvent-to-feed rations and different starting 

concentrations. 

   K  
Starting concentration 

FF/HMF DES:water  FF HMF 

1.5 10:10 4.6 1.6 

 5:10 4.2 2.3 

 1:10 2.5 1.8 

0.5 10:10 4.6 1.6 

 5:10 3.6 1.1 

 1:10 2.2 1.8 

0.25 10:10 5.3 1.7 

 5:10 4.3 2.2 

 1:10 2.3 1.9 
 

Standard uncertainties are u(T) = 1 K, u(p) = 0.03 bar and u(K) = 0.5 

 

It is interesting to investigate the influence of other (side-) components on the 

obtained pure component distribution coefficients. First, the influence of a mixture of 

FF and HMF (in different mixing ratios) on both pure component distribution 

coefficients is measured. Therefore, three different starting solutions with both 

components in different concentrations were made (mixture 1 consisted of 1.5 wt% 

FF and 1.5 wt% HMF; mixture 2 consisted of 0.5 wt% FF and 1.5 wt% HMF; mixture 
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3 consisted of 1.5 wt% FF and 0.5 wt% HMF). The results are combined in Table 

5.4. 

 

Table 5.4. Distribution coefficients obtained by extraction with deca-n8888Br at 298 K and 1.01 bar from 

different starting mixtures of FF and HMF at different solvent-to-feed ratios. 

    K   

 Feed composition  DES:water phase FF HMF 

mixture 1 10:10 4.3 2.4 

(1.5 wt% FF + 1.5 

wt% HMF) 
5:10 4.0 1.9 

 1:10 2.5 1.7 

mixture 2 10:10 4.0 1.4 

(0.5 wt% FF + 1.5 

wt% HMF) 
5:10 4.3 1.6 

 1:10 3.2 1.2 

mixture 3  10:10 4.0 1.6 

(1.5 wt% FF + 0.5 

wt% HMF) 
5:10 4.3 2.0 

 1:10 2.3 1.9 
Standard uncertainties are u(T) = 1 K, u(p) = 0.03 bar, u(K) = 0.5 

 

From Table 5.2 and 5.3 it can be concluded that KFF and KHMF were hardly 

influenced by the addition of the other component, so cross-component interactions 

were negligible, which is reasonable at the very low concentrations of FF and HMF 

investigated in this work. 

 

 

Usually, FF and HMF are produced from biomass-derived sugars. Thus, sugars are 

often present in reaction mixtures containing FF and HMF. Therefore, the influence 

of the addition of both glucose and fructose on the pure component distribution 

coefficients for FF and HMF were also investigated using the following multi-

component starting solution: 1.0 wt% FF + 1.0 wt% HMF + 1.0 wt% glucose + 1.0 

wt% fructose. The results for the obtained distribution coefficients for two different 

solvent-to-feed ratios are listed in Table 5.5. 
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Table 5.5. Distribution coefficients obtained by extraction with deca-n8888Br at 298 K and 1.01 bar from 

a multi-component starting solution (FF + HMF + glucose + fructose) at different solvent-to-feed ratios 

        K   

Feed composition 

DES: 

FF HMF glucose fructose water 

phase 

FF (1 wt%) + HMF (1 wt%) + 

glucose (1 wt%) + fructose (1 wt%) 
10:10 4.3 1.4 0 0 

FF (1 wt%) + HMF (1 wt%) + 

glucose (1 wt%) + fructose (1 wt%) 
05:10 4.1 1.6 0 0 

 

Standard uncertainties are u(T) = 1 K, u(p) = 0.03 bar, u(K) = 0.5 

 

When comparing the results in Table 5.5 (presence of sugars) with the values in 

Table 5.4 (absence of sugars), it can be noticed that also the addition of glucose and 

fructose to the starting solution hardly influences the obtained values for KFF and 

KHMF. Moreover, both sugars are not obtained in the extract phase. This means that 

the extraction is highly selective for FF and HMF over sugars. Thus, during the 

production of FF and HMF from biomass-derived sugars, the sugars will stay in the 

reaction mixture, while only FF and HMF are selectively extracted into the DES 

phase. 

 

The measured distribution coefficients for FF and HMF using the DES deca-n8888Br 

have been compared with those obtained using toluene as extracting agent. 

Therefore, the extraction of FF and HMF from a 1 wt% FF + 1 wt% HMF starting 

mixture at a temperature of 298 K was conducted using different solvent-to-feed 

ratios (10:10, 8:10, 5:10, 4:10. 3:10, 2:10 and 1:10), where both the DES and toluene 

were compared as solvent. The results for the obtained distribution coefficients are 

shown in Table 5.6. The measured distribution coefficients for FF using both solvents 

(deca-n8888Br or toluene) are comparable, with slightly higher values for the DES. 

However, the obtained distribution coefficients for HMF are much higher using the 

DES compared to the benchmark toluene or methyl isobutyl ketone (MIBK, KHMF= 

1.0 31). This suggests that the DES is a better extracting agent for HMF compared to 
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toluene, most likely due to its higher polarity. Again, as expected, it is observed that 

higher solvent-to-feed ratios result in higher distribution coefficients. 

 

Table 5.6. Distribution coefficients obtained by extraction with deca-n8888Br and toluene at 298 K and 

1.01 bar from a starting solution consisting of 1 wt% FF + 1 wt% HMF at different solvent-to-feed ratios. 

  
K (solvent = deca-

n8888Br) 
K (solvent = toluene) 

solvent:water FF HMF FF HMF 

10:10 5.7 2.3 5.0 0.2 

8:10 4.7 1.9 4.1 0.1 

5:10 4.9 2.0 3.8 0.1 

4:10 3.8 1.6 3.8 0.1 

3:10 3.9 1.5 3.6 0.1 

2:10 3.9 1.7 3.7 0.1 

1:10 3.1 1.4 3.5 0.1 

Standard uncertainties are u(T) = 1 K, u(p) = 0.03 bar, u(K) = 0.5 

 

In biorefinery processes, the reaction of xylose to FF usually takes place at higher 

temperatures and lower pH. Therefore, the influences of a temperature increase and 

a pH decrease on the distribution coefficients of FF and HMF have also been studied. 

The results for the obtained distribution coefficients at three different temperatures 

(298, 323 and 353 K) and two different pH values (7 and 2) are presented in Table 

5.7. It can be observed that both the temperature and the pH do not have a significant 

influence on the extraction of both FF and HMF. This can be explained by the fact 

that the polarity of the DES phase is not significantly affected by a change in either 

temperature or pH.  
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Table 5.7. Pure component distribution coefficients obtained by extraction with deca-n8888Br at different 

temperatures (298, 323, 353 K) and pH values (7 and 2) at 1.01 bar from a starting solution consisting of 

1wt% FF + 1wt% HMF at different solvent-to-feed ratios (1:1 and 1:2). 

  ratio 1:1 1:2 

  Temp 298 K 323 K 353 K 298 K 323 K 353 K 

FF pH 7 3.0 3.8 3.6 5.6 5.4 4.2 

 
pH2 3.3 4.0 3.8 2.8 4.7 5.1 

HMF pH 7 1.4 1.7 1.5 2.4 2.3 1.6 

 
pH2 1.5 1.8 1.6 2.5 1.9 2.0 

Standard uncertainties are u(T) = 1 K, u(p) = 0.03 bar, u(K) =0.5 

 

In conclusion, the only factor having a significant effect on the distribution coefficients 

of both FF and HMF in the selected DESs is the solvent-to-feed ratio. Instead, these 

values hardly vary with varying feed composition, extraction times (beyond 5 

minutes), temperature and pH value. It is suspected that the interaction between the 

FF or HMF and the DES (i.e., the activity coefficient of FF or HMF in the DES) is the 

most important factor determining the observed distribution ratios, and not the 

mutual solubilities between DES and water. Any co-extraction of water (more 

occurring at lower solvent-to-feed ratios) cannot explain the observed higher 

distribution coefficients of the more hydrophilic HMF at higher solvent-to-feed ratios. 
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5.3.2 Extraction of FF and HMF using ten different hydrophobic DESs 

 

Next, the extraction of FF and HMF in ten different hydrophobic DESs is investigated. 

Therefore, the solubilities of FF, HMF and glucose in these ten different DESs 90 at 

298, 323 and 353 K was determined first. The results are presented in Table 5.8. It 

should be noted that the solubility data involve solid solubilities for HMF and glucose; 

however, for FF the stated solubilities are in fact liquid miscibilities (as this compound 

is a liquid at the temperatures applied, see Table 5.1).  

It was observed that the temperature does not have any influence on the solubility 

of FF, HMF and glucose in the DESs. In fact, exactly the same values were obtained 

for the solubilities at 298, 323 and 353 K. Same behavior was found previously for 

other DESs in literature 38. FF is completely miscible with all ten DESs, while glucose 

is nearly immiscible with all ten DESs (only 0.1% of glucose dissolves in the DESs). 

The solubility of HMF depends on the choice of the DES. HMF is fully miscible with 

five hydrophobic DESs (deca-N8888Br, deca-lid (2-1), deca-lid (3-1), dode-atr and 

thy-lid), while it is not fully miscible (or crystallizes after cooling back to room 

temperature) with the other 5 DESs. The fact that glucose is nearly insoluble in all 

DESs while they are much better solvents for FF and HMF, is beneficial for industrial 

application. When the DESs are applied as extracting agents, they will selectively 

remove the FF and HMF from the reaction mixture with sugars. It is expected that 

DESs showing highest solubilities for FF and HMF will be the most promising 

extracting agents. 
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Table 5.8. Solubilities (in weight fraction, wi) of FF, HMF and glucose in ten different DESs at 298, 323 

and 353 K and 1.01 bar (same reported values for solubilities are achieved at the three temperatures) 

DES 
FF miscibility 

(%) 

HMF solubility 

(%) 

Glucose solubility 

(%) 

Deca-N8888Br m m 0.10 

Deca-Thy m m* 0.10 

Deca-Men m 0.50 0.10 

Deca-Atr m 0.10 0.10 

Deca(2)-Lid m m 0.10 

Deca(3)-Lid m m 0.10 

Deca(4)-Lid m m* 0.10 

Dode-Atr m m 0.10 

Dode-Lid m m* 0.10 

Thy-Lid m m 0.10 

Standard uncertainties are u(w) = 0.005, u(T) = 0.2 K and u(p) = 0.03 bar   

* Crystalize after cooling to room temperature m = completely miscible 

 

Subsequently, the ten DESs were applied as extracting agents for the removal of FF 

and HMF from aqueous solutions, and compared to the data obtained with the 

benchmark extractant toluene. The obtained distribution coefficients for FF and HMF 

using a solvent-to-feed ratio (DES : water) of 1:1, a starting concentration of pure FF 

or pure HMF of 1 wt%, a shaking time of 2 h and a shaking speed of 500 rpm at 298 

K and 1.01 bar are graphically presented in Figure 5.1. From this figure it can be 

concluded that the DESs deca-thy and thy-lid outperform the benchmark solvent 

regarding the extraction of FF, while deca-n8888Br, deca(2)-lid, deca(3)-lid and 

deca(4)-lid show similar performance compared to toluene. The other 4 DESs show 

worse performance. All DESs show better extraction of HMF compared to toluene. 
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The explanation is that the DESs are all less hydrophobic than toluene. Remarkably, 

the DESs showing the highest solubilities for FF and HMF (Table 5.8) were not 

always the best extracting agents. In fact, the obtained distribution coefficient data 

do not seem to be correlated with the measured solubility data. This is most probably 

caused by the fact that distribution coefficients depend on both the interaction of the 

FF and HMF with (one of) the DES’ constituents and with water, while the solubilities 

were measured in a water-free system. 
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Figure 5.1. Distribution coefficients of FF (black square) and HMF (blue circle) in ten different DESs and 

toluene, with solvent to feed ratio 1:10, shaking time 2 h, shaking speed 500rpm at 298 K and 1.01bar, 

starting concentration 1 wt%. 

 

Other relations for the observed trends in the distribution coefficients were also 

investigated. For example, for the ten different DESs the Kamlet-Taft parameters 

were measured. These parameters are reported in Table A.5.2. However, there was 

no correlation between any of the three Kamlet-Taft parameters and the distribution 
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coefficient, a finding that coincides with previous observations23. It was also found 

that the starting concentration of FF (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 3.0 

and 5.0 wt%) and HMF (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 10 and 20 wt%) 

did not have a significant influence on the obtained distribution coefficients (see 

Tables A.5.3 and A.5.4). 

 

 

5.3.3 PC-SAFT modeling 

PC-SAFT was applied to estimate the distribution coefficients at infinite dilution of 

FF and HMF in ternary DES + water + FF/HMF LLE systems. The results can be 

found in Table A.5.5 and Table A.5.6 of the supporting information. These results 

are based on PC-SAFT pure-component parameters for the DESs, water, FF and 

HMF.  

 

Figure 5.2 shows the comparison between the experimentally obtained FF 

distribution coefficients and the ones calculated using PC-SAFT in a purely 

predictive mode (i.e., the three binary interaction parameters kij of the pairs DES-

water, DES-FF, and water-FF were set to zero). It can be observed that the PC-

SAFT predictions are qualitatively correct (i.e., showing comparable trends as 

experimentally observed). That is, PC-SAFT allows predicting a priori in which DES 

the highest distribution coefficients can be found for FF. These results further cross-

validate the experimental findings from Figure 5.2, in which the two DESs deca-thy 

and thy-lid were found to outperform the benchmark extracting agent toluene. 
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Figure 5.2. Distribution coefficient of FF between DES phase and aqueous phase in ternary systems 

(DES/H2O/FF). Black bars represent experimental data and grey bars PC-SAFT predictions using 

parameters from Table A.5.1. (kDES-water=0). 

 

PC-SAFT was not able to quantitatively predict the experimental values when all 

binary interaction parameters were set to zero. PC-SAFT systematically 

underestimated the distribution coefficients of HMF slightly. Thus, two binary 

interaction parameters kij (for the binary DES + water system, and for the binary DES 

+ HMF system) were introduced to account for the interaction of the DES with HMF 

and water. This allowed much more quantitative PC-SAFT predictions. Figure 5.3 

shows the comparison between the experimentally obtained HMF distribution 

coefficients and the so-obtained PC-SAFT calculated values. Nevertheless, these 

results are still predictive in the sense that no parameter was adjusted to 

experimental distribution coefficient data or any other data of the ternary 

water+DES+FF(HMF) systems under investigation. That is, all binary parameters 

were fitted to experimental data of binary systems only, i.e. LLE of water+DES and 

solubility data of HMF in DES; all these parameters were available already in the 
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literature. Concluding from the results shown in Figures 5.2 and 5.3, kij values 

between DES and water are not crucial for quantitative PC-SAFT modeling results, 

whereas the kij between the goal component (HMF) and the DES is the decisive 

parameter that guarantees quantitatively correct predictions.  
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Figure 5.3. Distribution coefficient of HMF between the DES phase and the aqueous phase in the system 

(DES/H2O/HMF). Black bars represent experimental data, light grey bars represent PC-SAFT predictions 

with kDES-water=0, dark grey bars represent PC-SAFT predicitons with kDES-water ≠0, and white bars represent 

PC-SAFT predicitons using kDES-water ≠0 and k DES:HMF≠0. The latter were adjusted to solubility data, i.e. 

they are independent of any experimental K-value. The PC-SAFT parameters are listed in Table A.5.1 

and Table A.5.7. 

 

Thus, PC-SAFT was able to qualitatively predict the distribution coefficients of FF 

and HMF in ternary DES + water + FF/HMF LLE systems, although in some cases 

binary interaction parameters were required to make the predictions quantitatively 

correct. It should be noted that all DESs were treated as ‘pseudo-pure’ components 

in this study. It is expected that binary interaction parameters may not need to be 

introduced in case that the DESs are treated as mixtures of HBA and HBD.   
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5.4 Conclusions 

 

 

The influence of the feed composition, temperature, pH and solvent-to-feed ratio on 

the distribution coefficients of FF and HMF in the selected DES (deca-n8888Br) + 

water system was investigated. Only the solvent-to-feed ratio was found to have a 

significant effect on the distribution coefficient; the other variables did not have a 

significant effect. Thereafter, the distribution ratios of FF and HMF in ten different 

hydrophobic DESs were measured at the optimized conditions. All hydrophobic 

DESs show much better extraction of HMF compared to the benchmark solvent 

toluene. The DESs deca-thy and thy-lid perform excellently for the extraction of FF, 

while deca-n8888Br, deca-lid 2:1, deca-lid 3:1 and deca-lid 4:1 show similar 

performance compared to toluene. Finally, PC-SAFT was used to predict the 

distribution coefficients of FF and HMF in ternary LLE systems (DES + water + 

FF/HMF). PC-SAFT also predicted that deca-thy and thy-lid are the best extracting 

agents, for which the predictions were in quantitative agreement with the obtained 

experimental data.  
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Appendix. 

Table A.5.1. Pure-component PC-SAFT parameters for DESs, water, FF and HMF. FF was considered 

as non-self-associating non-polar compound; cross-association was allowed between FF and all other 

components (“induced-association” approach). All other components were modeled as associating non-

polar com-pound using the 2B association scheme. 

Compound Mw/g·mol-1 mseg,i σi/Ӑ ui/kB (K) Nsite ɛ AiBi/kB (K) k AiBi 

deca-lid 4:1 247.17 5.588 4.072 273.16 1 + 1 3952 0.00006 

deca-lid 3:1 201.54 6.479 3.591 247.80 1 + 1 2818 0.007 

deca-lid 2:1 192.95 6.802 3.473 249.44 1 + 1 2423 0.013 

deca-men 164.27 4.897 3.721 229.72 1 + 1 2682 0.096 

deca-thy 161.24 3.756 4.071 332.09 1 + 1 3909 0.00004 

deca-
n8888Br 

297.10 15.482 3.158 317.42 1 + 1 5000 0.010 

thy-lid 178.26 6.214 3.419 222.82 1 + 1 2409 0.096 

water 18.02 1.205 2.793 353.95 1 + 1 2426 0.045 

FF 96.08 3.071 3.356 320.08 1 + 1 0 0.045 

HMF 126.44 2.310 4.038 320.38 1 + 1 3168 0.001 

 

Table A.5.2. Kamlet-Taft parameters for the 10 different DESs and toluene and ethanol as reference 

from literature 

 Compound Et(30) EtN π α β 

ethanol 51.984 0.657 0.528 0.936 0.681 

Toluene 71.122 1.248 0.652 1.573 0.564 

Deca-lid 2-1 54.459 0.733 0.87 1.018 1.661 

Deca-lid 3-1 54.459 0.733 1.021 1.018 0.761 

Deca-lid 4-1 54.459 0.733 1.184 1.018 0.214 

Deca-Thy 1-1 52.364 0.669 0.422 0.948 0.587 

Deca-N8888Br 2-1 60.192 0.91 1.99 1.209 0.232 

Deca-ATR  2-1 60.446 0.918 0.652 1.218 0.107 

Deca-Men 1-1 51.515 0.642 0.831 0.92 0.176 

Dode-lid 2-1 54.877 0.746 0.632 1.032 0.465 

Dode-ATR 2-1 60.703 0.926 0.632 1.226 0.084 

Thy-Lid 2-1 62.02 0.967 0.752 1.27 0.385 
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Table A.5.3. Distribution coefficients obtained by extraction with four selected DESs at 298K) at 1.01 

bar from different starting solution consisting of 0.1-0.2-0.3-0.4-0.5-0.6-0.7-0.8-0.9-1.0wt% FF/HMF at 

solvent-to-feed ratio 1:1. 

conc 

wt% 
   K FF     

   K HMF   

  deca-thy 
deca-

men 

deca-

N8888Br 
thy-lid deca-thy 

deca-

men 

deca-

N8888Br 
thy-lid 

0.1 11.4 2.2 3.6 9.7 1.7 0.3 1.5 1.3 

0.2 10.9 2.1 2.0 9.7 1.7 0.3 1.5 1.4 

0.3 11.4 2.2 2.1 9.6 1.7 0.3 1.5 1.3 

0.4 11.4 2.1 2.0 9.6 1.7 0.3 1.5 1.3 

0.5 11.5 2.2 2.2 9.7 1.8 0.3 1.5 1.4 

0.6 11.8 2.2 3.9 9.5 1.7 0.3 1.5 1.4 

0.7 11.5 2.1 3.7 9.6 1.7 0.3 1.5 1.3 

0.8 11.2 2.2 3.6 9.8 1.7 0.3 1.5 1.3 

0.9 11.2 2.2 3.6 9.6 1.7 0.4 1.5 1.3 

1 11.1 2.1 3.6 9.6 1.7 0.3 1.5 1.4 

Standard uncertainties are u(T) = 1 K. u(p) = 0.03 bar. u(K) = 0.5 

Table A.5.4.. Distribution coefficients obtained by extraction with four selected DESs at 298K) at 1.01 

bar from different starting solution consisting of 1.0-3.0-5.0 wt% FF and 1.0-10.0-20.0wt% HMF at 

solvent-to-feed ratio 1:1. 

DES 

1 wt% 

FF 

3 wt% 

FF 

5 wt% 

FF 

1 wt% 

HMF 

10 wt% 

HMF 

20 wt% 

HMF 

deca-men 2.1 2.2 4.1 0.3 0.3 0.39 

deca-thy 11.1 10.3 11.4 1.7 1.8 1.7 

thy-lid 9.6 8.4 9.9 1.4 1.4 1.1 

deca-

n8888Br 3.6 4.3 5.9 1.5 0.8 1.1 

Standard uncertainties are u(T) = 1 K. u(p) = 0.03 bar. u(K) = 0.5 
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Table A.5.5..Distribution coefficient from FF in a ternary LLE system (DES/H2O/FF) 

DES Kexp  k DES:water=0 

deca-lid 2:1 3.28 1.97 

deca-lid 3:1 3.17 2.6 

deca-lid 4:1 3.09 2.17 

deca-men 2.12 2.73 

deca-thy 11.06 7.28 

thy-lid 9.63 3.75 

deca-N8888Br 3.63 3.55 

 

*Calculations with k(DES.H2O) fitted to LLE. K(FF.H2O)=-0.007 and k(DES.FF)=0 

 

Table A.5.6. Distribution coefficient from HMF in a ternary LLE system (DES/H2O/HMF) 

DES Kexp k DES:water=0 k DES:water ≠0 k DES:HMF≠0 

deca-lid 2:1 1.40 0.88 0.66 - 

deca-lid 3:1 1.00 0.76 0.71 - 

deca-lid 4:1 0.82 0.42 0.41 - 

deca-men 0.32 0.80 0.78 - 

deca-thy 1.73 0.70 0.67 1.74 

thy-lid 1.35 1.13 0.25 1.35 

deca-

N8888Br 1.48 0.15 0.66 1.48 
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Table A.5.7. kij values between water+HMF. water+FF. water+DES and between HMF+DES used in 

this work. 

Pair kij Reference 

HMF /water -0.042 32 

FF/water -0.01 This work. fitted to LLE FF-water (see SI) 

deca-lid 4:1/water -0.0633 24 

deca-lid 3:1/water -0.0518 24 

deca-lid 2:1/water -0.0645 24 

deca-men /water 0.0417 24 

deca-thy /water 0.028 24 

deca-n8888Br/water 0.0184 24 

thy-lid /water 0.0655 24 

deca-thy /HMF -0.0318 24 

deca-n8888Br / HMF -0.0485 24 

thy-lid /HMF 0.0065 24 
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6  

Sequential and in situ extraction of 

furfural from reaction mixture and 

effect of extracting agents on furfural 

degradation 

The furfural (FF) yield can be improved by rapidly and continuous removal of the 

furfural from the reaction mixture (in-situ extraction), preventing further furfural 

degradation. In this work, the (in-situ) extraction of FF from the reaction mixture using 

different organic solvents and hydrophobic deep eutectic solvents is investigated. 

First, the distribution coefficients of FF in various organic solvents were determined. 

It was found that extracting agents containing phenol-groups showed highest 

distribution ratios. Thereafter, the acid-catalyzed degradation of FF in the presence 

of the different solvents was assessed. Addition of organic solvents or hydrophobic 

deep eutectic solvents resulted in a significant decrease in FF degradation compared 

to the blank and the benchmark. Finally, in-situ extraction with the different extracting 

agents was performed. The xylose conversion was not influenced by solvent 

addition, whereas the FF yields were significantly higher compared to the blank 

experiment, even when low amounts of extracting agents were applied. This was 

explained by the limited co-extraction of the acid to the organic phase, preventing 

further contact/reaction between the FF and the acid. Hence, organic solvents and 

hydrophobic deep eutectic solvents can be promising in-situ extracting agents for 

the removal of FF from biorefinery processes. 



This chapter has been published as:  

Carin H. J. T. Dietz, Max Verra , Suzanne  Verberkt,  Fausto Gallucci  , Maaike C. Kroon,, Fernanda 

M.Neira D’Angelo, Myrto Papaioannou , Martin van Sint Annaland 

Industrial & Engineering Chemistry Research 2019 
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6.1 Introduction 

 

In this chapter, 15 hydrophobic volatile organic solvents and 4 hydrophobic DESs 

were evaluated as furfural (FF) extracting agents. The FF distribution coefficients 

were experimentally determined and a relationship between the structure of the 

solvent and the obtained distribution coefficient was established. Two extracting 

agents with the highest distribution coefficients (i.e. carvacrol and 2 sec-butyl 

phenol), as well as two solids that interact with FF (i.e. thymol and menthol), and a 

benchmark (i.e. toluene), were selected to determine the behavior of the degradation 

reaction of FF to humins at 4 different acid concentrations (0-10-20-30-40 wt%) and 

at 3 different temperatures (335-383-413 K). The effect of acid concentration and 

temperature on the conversion of xylose (initial concentration is 4 wt%) to FF was 

also experimentally determined. The best reaction conditions were determined and 

selected (4wt% xylose, 20wt% H2SO4, 403 K) to investigate the influence of the 

selected extracting agents on the xylose conversion and the FF yield. Finally, 4 

hydrophobic DESs (decanoic acid – menthol (1:1), decanoic acid – thymol (1:1), 

thymol – lidocaine (2:1), thymol – menthol (1:2)), which were selected on basis of 

their molecular structure, viscosity, distribution coefficient for FF and selectivity for 

acid, were tested as in situ extracting agents to reduce the degradation of FF during 

the integrated process (combined reaction and in situ extraction). 
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6.2 Experimental 

6.2.1 Chemicals 

The chemicals used in this work, including their source, purity and melting point (as 

stated by the supplier)40 are presented in Table E.1. All experiments reported in this 

chapter were carried out in duplo.  

 

6.2.2 Extraction measurements 

The extraction of FF with the 15 solvents was measured using a 1 wt% FF (as 

starting concentration) solution in water. In a 50 mL centrifuge tube, 10 g of these 

aqueous solutions and different amounts of solvent (different solvent-to-feed ratios, 

10:1-5:1-1:1-1:2) were added and mixed in a shaking machine (IKA KS 4000i) for 2 

h at 500 rpm at the selected temperature (i.e., 298 and 323 K). To separate the 

solvents from the aqueous phase the tubes were centrifuged (Sigma 2-16KL) for 30 

min with a speed of 8000 rpm at a temperature of 298 and 323 K. To obtain the 

concentration of FF a sample of the aqueous phase was taken (± 1 mL) and analyzed 

using High-Performance Liquid Chromatography (HPLC). 

 

6.2.3 HPLC analyses 

The concentrations of FF and xylose were measured with a HPLC Agilent technology 

1260 Infinity series (Agilent Technologies, Santa Clara, USA), which made use of a 

MetaCarb 67C Guard Cartridges, MetaCarb 67C Analyt Column operating at a 

temperature of 353 K, a G1311B Isocratic Pump operating at a pump flow rate of 

0.400 mLmin-1, a G1314A Variable Wavelength Detector (VWD) with a zero offset of 

5% and an attenuation of 1000 mAU and a wavelength of 254 nm, a G1362A 

Refractive Index Detector (RID) with a zero offset of 5%, a positive signal polarity 

and an operation temperature of 308 K. The sample volume is 1.0 µL and run-time 

was 50 min per sample. 
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6.2.4 Degradation experiments 

Two extraction solvents with the highest distribution coefficients (car, 2sec), two solid 

chemicals that have an interaction with furfural (thy and men) and a benchmark (tol) 

were selected to determine the behavior of the deconstructive reaction of furfural. 10 

g of 1 wt% FF in different acid concentrations (0-10-20-40 wt%) solution were added 

to a vial of 20 mL and different amounts of solvent (different solvent-to-feed ratios) 

were added. The vials were heated to 335-383-413 K and at different times (0-10-

15-30-45-60 min) and thereafter the vials were cooled to 271 K to stop the 

degradation. The concentration FF and xylose of the sample of the water phase was 

measured with HPLC and a sample of the organic phase was measured with GC-

MS. 

 

6.2.5 GC-MS analyses 

The concentration of FF in the organic phase was measured with a GSMC-QP2010 

SE setup, made by Shimadzu. This set-up is equipped with an AOC-20i Auto 

Injector, a CP-Sil 5 CB Agilent J7W GC Column of 50 m in length, diameter of 0.32 

mm and thickness of 1.20 µm, a GC column oven temperature of 393 K and injection 

temperature of 523 K, linear velocity of 40.4 cm·s-1 and a column pressure of 100.3 

kPa, a total flow rate of 294.7 mLmin-1 and column flow rate of 1.93 mLmin-1 and a 

split ratio of 150.0, the MS has an ion temperature of 473 K, an interface temperature 

of 523 K and a scan speed of 3333.  

 

6.2.6 Xylose to furfural reaction experiments 

The acid-catalyzed reaction of xylose to FF is performed in 20 mL vials equipped 

with a metal cap with a septum in them. 10 g of 4 wt% xylose solution with different 

acid concentrations (0-10-20-40 wt%) were put in a vial of 20 mL and different 

amounts of solvent (different solvent-to-feed ratios) were added. The vials were 

heated with an IKA RCT basic heater equipped with an IKA ETS-D6 thermal coupling 
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to various temperatures (353-383-403-423 K)  and after different times (0-10-15-30-

45-60 min) the vials were cooled to 273 K to stop the reaction. To measure the 

concentration of xylose and FF a sample of the water phase was measured with 

HPLC and a sample of the organic phase was measured with GC-MS to obtain the 

FF concentration. .  

 

6.2.7 In-situ extraction experiments 

The effect of the five extraction agents (men, thy, car, 2sec and tol) on the extraction 

process during reaction was studied at the most optimal reaction conditions. 10 g of 

4 wt% xylose in 20 wt% H2SO4 solution were put in vials of 20 mL and solvent was 

added in the solvent-to feed molar ratio 5:1. The vials were heated with an IKA RCT 

basic heater equipped with an IKA ETS-D6 thermal coupling to 403 K and after 

different times (0-10-15-30-45-60 min) the vials were immediately cooled to 273 K to 

stop the reaction. A sample of the water phase was measured with HPLC and a 

sample of the organic phase was measured with GC-MS.  

 

6.2.8 Yield predictions 

Yields for FF in the presence of different in-situ extracting agents were predicted on 

the basis of the distribution coefficients obtained from the extraction experiments 

(without reaction) and the blank reaction experiment (without addition of any 

extracting agent). A set of modeling equations was derived from the mole balances 

of the main components (i.e., xylose and FF), and two liquid phases (i.e., water and 

organic solvent/DES), and solved numerically using MATLAB (see Supporting 

Information). This model assumes an ideally stirred batch reactor, a mass transfer 

coefficient of 0.1 s-1 (a standard value for a well-stirred system16) and the kinetic 

mechanism reported by Weingarten et al.17 Note that this kinetic model was obtained 

by empirical fittings using 0.1 M HCl, i.e. significantly lower acid concentrations than 

those used in this work (0-40 wt% H2SO4). In the absence of literature data for higher 

acid concentrations, we have assumed a linear dependence of all reaction rates with 
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respect to the concentration of protons, thus limiting the validity of our predictions to 

qualitative trends.    

 

6.2.9 DESs preparation  

The four different hydrophobic DESs prepared in this work (as described in Chapter 

2), including their hydrogen bond donors (HBDs), hydrogen bond acceptors (HBAs) 

and the ratio between the HBD and HBA, are presented in Table 6.1.  

 

Table 6.1. DESs prepared in this work including their HBD, HBA, HBD:HBA ratio and their abbreviation. 

 HBD  HBA Molar ratio Abbreviation 

Decanoic acid Thymol 1:1 deca-thy 

Decanoic acid Menthol 1:1 deca-men 

Thymol Lidocaine 2:1 thy-lid 

Thymol Menthol 1:2 thy-men 
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6.3 Results and discussion 

6.3.1 Extraction of FF using 15 organic solvents 

The distribution coefficient (K) is an important parameter for liquid-liquid extraction38. 

It is the ratio between the mole fraction of the solute in the solvent (or extract) phase, 

xE, and the mole fraction of the solute in the water (raffinate) phase, xR, when in 

equilibrium: 

𝐾 =
𝑥𝐸

𝑥𝑅
         (1) 

In this work the solute concentrations used are low (~ 1%) and operation takes place 

at constant solvent-to-ratios. Therefore, the solvent and feed streams can be 

assumed to be constant and identical, and equation (1) can be approximated with 

(Eq. 2): 

𝐾 ≈
𝐶0−𝐶𝑅

𝐶𝑅
∗ (

𝑀𝑓

𝑀𝑠
)        (2) 

where C0 is the concentration of the solute in the feed stream and CR is the 

concentration of the solute in the raffinate stream,  Mf is the mass of the feed phase 

and Ms is the mass of the solvent phase. 

The extraction of the pure component FF using 15 different extraction solvents was 

performed in order to study the effect of the chemical structure on the extraction 

performance. The 15 different extraction solvents were selected on basis of their 

chemical structure. The selected solvents either contain OH-groups (allowing 

hydrogen bonding), and/or benzyl-groups with different functional side groups 

(resulting in steric hindrance). Also, the effects of the temperature and the solvent-

to-feed ratio were studied. All distribution coefficients obtained are shown in Table 

3. Some distribution coefficients have not been measured. One reason is that the 

extracting agent should be in the liquid phase, otherwise one cannot perform liquid-

liquid extraction, but men (melting point is 304 K18) and thy (melting point is 324 K18) 

are solids at 298 K and are therefore not included in Table 6.2. Also, the distribution 

coefficients of 26 tert, cam, 2 ada and cin were not determined at other solvent-to-
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feed ratios than 5:1, as their values at the 5:1 ratio were too low to be useful as 

extracting agents. 

From Table 6.2 the following four observations can be made: (i) an OH-group, (ii) a 

benzyl-group, (iii) an OH-group on the benzyl-group, and (iv) less and smaller side 

groups lead to higher distribution coefficients. Thus, phenol (containing both an OH-

group and a benzyl-group, and no other side groups) would be the best extracting 

agent. However, phenol is also a high-risk solvent that should be avoided in ‘green’ 

processing. Therefore, the best extracting agents have comparable structure to 

phenol, but without the disadvantages. In this study the best performing extracting 

agents were 2sec, 2et, car, thy, 2pro and 26di iso. 

The effect of the temperature on the extraction performance was found to be limited. 

This is consistent with previous observations showing that the temperature is not a 

significant factor influencing the FF extraction efficiency38. However, the solvent-to-

feed ratio does have a significant influence on the obtained extraction efficiencies, 

as different composition of extract and raffinate phases are achieved when different 

solvent-to-feed ratios are applied, with the highest values obtained for a ratio of 10:1 

(= 10 mol car: 1 mol FF = 1.5 g car: 10g water/acid/xylose). Thus, the solvent-to-

feed mole ratio is a subject of optimization. As expected, higher values result in 

higher extraction coefficients. The interactions between FF with the organic solvent, 

i.e., the activity coefficient of FF in the organic solvent (which is most influenced by 

changing the organic solvent/water ratio) is the most important factor determining 

the observed distribution ratios. 
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Table 6.2. Distribution coefficient of FF obtained by extraction with 15 different solvents at 298 and 328 
K and 1.01 bar from a starting solution consisting of 1wt% FF at different solvent-to-feed ratios 

Temp     298         328     

mol ratio   20:1 10:1 2:1 1:1   20:1 10:1 2:1 1:1 

Solvent Structure                   

tol 
 

3 5 2 0   3 5 4 5 

2sec 
 

44 67 41 28   34 53 38 28 

thy 

 

      30 40 44 30 

2pro 30 45 33 37   30 40 22 25 

2et 
 

30 45 34 37   30 46 48 10 

car 
 

27 46 27 37   27 46 41 42 

26di iso  

 

30 30 36 28   21 36 28 18 

24 di tert 

 

1 3 20 47   5 11 39 28 

4sec 

 

4 10 8 5   5 8 8 5 

cit 
 

37 7 2 3   3 4 4 5 

26 di tert 

 

  0 

  

  

 

0 

  

cam 
 

  0 
  

  
 

0 
  

2 ada 
  

  0 
  

  
 

0 
  

cin 
 

  0 

  

  

 

0 

  

men 

 

  

  

  

 

0 

  
Standard uncertainties are u(T) = 1 K, u(p) = 0.03 bar and u(K) = 2 
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6.3.2 Degradation of FF  

6.3.2.1 Degradation at different reaction conditions 

The concentration of FF in the water phase (without addition of any solvent; blank 

experiment) as a function of time has been measured at different temperatures (373-

393-413 K) and different acid concentrations (H2SO4, 0-10-20-40 wt%). The 

degradation was determined as the ratio of the amount of FF lost/converted over the 

initial amount of FF. Figure 6.1 shows the degradation results of FF (a) at 1 

temperature (373 K) and 4 different acid concentrations and (b) at 1 acid 

concentration (20 wt%) and 3 different temperatures.  
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Figure 6.1. FF degradation (%) in time: (a) at 373 K and different acid concentrations (0-10-20-40 wt%), 

(b) 0 wt% acid concentration and different temperatures (373-393-413 K)  and (c) at 20 wt% acid 

concentration and different temperatures (373-393-413 K).   
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As expected, the FF degradation increases with increasing acid concentration and 

with increasing temperature. However, when no acid is added, two interesting 

observations can be made: (i) the temperature has no effect, and (ii) the FF 

degradation is constant at approximately 10% after 5 min (no degradation measured 

at starting time). This can only be explained by the occurrence of two different 

degradation mechanisms. 

 

6.3.2.2 Degradation of FF in the presence of different extracting agents 

Two extracting agents with the highest distribution coefficients (i.e., car and 2sec), 

as well as two solid chemicals that interact with FF (i.e., thy and men), and a 

benchmark (i.e., tol) were selected to determine the effect of the extracting agent on 

the FF degradation at different acid concentrations (0-10-20-40 wt%), different 

temperatures (335-383-413 K) at a solvent-to-feed ratio of 10:1. It should be noticed 

that men and thy become liquid upon mixing with FF in certain ratios (i.e., deep 

eutectic solvent formation). Outside the liquid region, FF concentrations could not be 

determined and therefore degradation results at these conditions are not included. 

In Figure 6.2 the results for the degradation of FF at 393 K and 10 wt% of acid are 

plotted as a function of time. 
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Figure 6.2. FF degradation (%) in time at 393 K and 10 wt% acid concentration in the presence of 

different extracting agents (thy, 2 sec, car, tol and without solvent). 

 

From Figure 6.2 it can be concluded that the degradation of FF in the absence of 

any extracting agent increasing over time. This is explained by the fact that the FF 

is in continuous contact with the acid (catalyst for degradation) in the water phase. 

However, in the presence of an extracting agent, the degradation of FF does not 

continuously increase in time, but reaches a plateau after about 10 min. This can be 

explained by the transfer of the FF from the (acidic) water phase to the (non-acidic) 

organic phase, where the FF is no longer in contact with the acid, and thus the 

degradation reaction, which is acid-catalyzed, comes to a halt. Furthermore, it can 

be observed that the degradation of FF in the presence of car and 2sec is much 

lower than in the presence of tol and thy. An explanation could be that fact that the 

acid is co-extracted in the case of tol and thy, while it is not co-extracted when car 

or 2sec is added as extracting agent. This hypothesis was tested by measuring the 

pH of both phases (water phase + organic phase) after extraction of FF at 328 K and 

a 20 wt% acid concentration using thy, tol car and 2sec, see Table 6.3. Indeed, the 

pH of the tol (and thy) phase decreased to 4 after contact with the acidic water phase, 
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while the pH of car and 2sec stayed 7. Thus, it seems that co-extraction of the acid 

takes place when tol (and thy) are used as extracting agents, and therefore the FF 

degradation reaction proceeds in the organic phase. But when car and 2sec are used 

as extracting agents, the acid is not co-extracted, and the FF degradation reaction 

stops in the organic phase. 

 

Table 6.3. The pH of the organic and water phase with different extracting agents at 328 K, 20 wt% acid 
and 1.01 bar from a starting solution consisting of 1 wt% FF. 

  pH    

Compound  organic phase water phase 

thy 4 1 

tol 4 1 

car 7 1 

2sec 7 1 
Standard uncertainties are u(T) = 1 K, u(p) = 0.03 bar  

 

 

6.3.3 Reaction of xylose to FF  

6.3.3.1 Determination of the optimized reaction conditions 

The effect of the acid concentration and temperature on the conversion and yield of 

the reaction of xylose to FF has been determined experimentally as a function of 

reaction time. The conversion of xylose and the yield of FF were obtained at six 

different acid concentrations (1-5-10-20-30-40 wt% H2SO4) and four different 

temperatures (353-383-403-423 K) at a starting concentration of xylose of 4 wt%. It 

should be noted that not all combinations were measured: (i) at 353 K the conversion 

and yield at low acid concentrations were too low to be determined (below the 

detection limit), while (ii) at 403 K and 423 K and at high acid concentrations the 

degradation of FF into humins was too pronounced (forming a black suspension), so 

that it became impossible to measure conversions and yield. 
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The conversion of xylose and the yield of FF versus reaction time at different acid 

concentrations are plotted in Figures 6.3 and 6.4 at a temperature of 383 K and 403 

K, respectively.  
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Figure 6.3. (a) Conversion of xylose and (b) yield of FF as a function of reaction time at 383 K and 6 

different acid concentrations (1-5-10-20-30-40 wt%).  
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Figure 6.4. (a) Conversion of xylose and (b) yield of FF as a function of reaction time at 403 K and 4 

different acid concentrations (1-5-10-20 wt%).  

 

A 

A B 

B 



Chapter 6 

 

128 
 

From Figures 3 and 4 can be concluded that the highest conversions and yields are 

obtained at 383 K and 40 wt% acid. However, at these conditions we already noticed 

some humin formation (formation of black particles). The next best conversion and 

yield were obtained at 403 K and 20 wt%, where humin formation was not prevailing. 

The yield and conversion could be increase with longer reaction times, but also the 

degradation will be increase. It is also more advantageous to work at 403 K and 20 

wt% over working at 383 K and 40 wt% because of the lower sulfuric acid 

requirement. This will save on material cost and is more environmentally benign, 

although the energy cost will be slightly higher. Thus, the optimized reaction 

conditions for the reaction of xylose to FF were found to be: 4 wt% xylose, 20 wt% 

H2SO4 and 403 K. These conditions were used in the subsequent in-situ extraction 

experiments. 

 

6.3.3.2 In-situ extraction of FF with organic extracting agents 

The solvents selected for the degradation experiments (car, 2sec, men, thy and tol) 

were also applied as in-situ extracting agents for the removal of FF during xylose 

conversion at the optimized reaction conditions (4 wt% xylose, 20 wt% H2SO4 and 

403 K). Again, the conversion of xylose and the yield of FF were determined during 

in-situ extraction at a solvent-to-feed molar ratio of 10:1 (see Extraction of FF using 

15 organic solvents). 

The conversion of xylose and the yield of FF versus reaction time in the presence of 

different in-situ extracting agents are presented in Figure 6.5a and 6.5b, respectively. 

Figure 6.5a shows that the conversion of xylose is not significantly affected by the 

addition of the in-situ extracting agent. Apparently, the xylose stays in the water 

phase, where the reaction occurs, and is not extracted to the organic phase. This is 

consistent with previous observations that sugars (including xylose) do not dissolve 

in these organic extracting agents19.  
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Figure 6.5. (a) Conversion of xylose and (b) yield of FF as a function of reaction time at 403 K, 20 wt% 

acid, and in the presence of 5 different in-situ extracting agents (car, 2sec, men, thy and tol) at a 

solvent-to-feed molar ratio of 10:1. The red line shows the blank experiment (without addition of any in-

situ extracting agent).  

 

On the contrary, the yield to FF is strongly dependent on the addition of the in-situ 

extracting agent (see Figure 6.5b): high FF yields are obtained in the presence of 

2sec, car and thy, while low FF yields are obtained in the presence of men and tol. 

The high yields for 2sec, car and thy can be explained by the fact that FF will dissolve 

in these extracting agents and is removed from the reaction mixture. Because the 

acid stays in the water phase, the FF is no longer in contact with the acid. Therefore, 

further degradation of the FF is prevented and much higher yields can be obtained 

compared to the blank experiment (without the presence of any extracting agent).  

In the cases that men or tol are used as in-situ extracting agent, the acid is co-

extracted together with FF to the organic phase. Thus, FF stays in contact with the 

acid, and can be further degraded, so the yield is lower (comparable to the blank 

experiment where FF and acid stay together in the water phase). This is consistent 

with the results obtained in the section on the degradation of FF in the presence of 

different extracting agents, where the pH of the organic phase was found to decrease 

for tol (benchmark). 

A B 
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The yield obtained for the benchmark tol in our work is much lower than the value 

reported in literature (~50%)20. However, we used a much lower solvent-to-feed ratio 

(molar ratio of 10:1 = volumetric ratio of 1.5:10) as compared to the literature, where 

a volumetric solvent-to-feed ratio of 2:1 was used, which could explain this 

difference. This indicates that our results for FF yields in the presence of 2sec, car 

and thy are remarkably high (three times higher yield compared to the blank and the 

benchmark) considering the low solvent-to-feed ratios applied.  

To validate the results for the yield of FF in the presence of in-situ extracting agents, 

these values were also predicted on the basis of the distribution coefficients obtained 

in the extraction experiment (without reaction) and the blank reaction experiment 

(without addition of any extracting agent). The results (both with/without modeling of 

acid diffusion to the organic phase) are shown in Figure 6.6A and B. It can be 

concluded that the results obtained in the in-situ experiments are consistent with the 

extraction experiments, as the predictions are qualitatively correct. Thus, a FF yield 

of around 20% can indeed be expected when a volumetric solvent-to-feed ratio of 

only 1.5:10 is used, and FF yields in the presence of 2sec, car and thy are indeed 

very high at the low solvent-to-feed ratios applied in this work. 

0 10 20 30 40 50 60

0

10

20

30

40

50

60

Y
ie

ld
 F

F
 (

%
)

Time (min)

 blanco

 tol

 tol (acid dif)

 thy

 thy (acid dif)

 car

 2sec

 

Figure 6.6. (A) FF yield prediction on basis of experimentally obtained distribution coefficients (dots) 

and (B) blank reaction experiment without acid diffusion (solid lines) and with acid diffusion (dotted 

lines) for xylose conversion with in-situ extraction of FF using different organic solvents. 
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6.3.4 Degradation of FF and in-situ extraction of FF with hydrophobic DESs 

Four different hydrophobic DESs (i.e., deca-men; deca-thy; thy-lid; thy-men) were 

selected as promising bio-based in-situ extraction agents on the basis of their 

viscosity, density and interaction with FF21. First, the effect of the addition of these 

hydrophobic DESs on the FF degradation was studied by measuring the total 

concentration of FF in both phases over time, and determining the ratio of the amount 

of FF lost over the initial amount of FF. The results for the degradation of FF in the 

presence of hydrophobic DESs at a starting concentration of 1 wt% FF, 20 wt% acid 

and a temperature of 403 K are plotted in Figure 6.7. In this figure, also the results 

for the FF degradation in the presence of the organic solvents car and thy at the 

same conditions are added for comparative reasons. 
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Figure 6.7. FF degradation (%) in time at 1 wt% starting concentration of FF, 20 wt% acid and at 403 K 

in the presence of different hydrophobic DESs (deca-men, deca-thy, thy-lid, thy-men) or organic solvents 

(car and thy). 
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From Figure 6.7 it can be concluded that all hydrophobic DESs decrease the 

degradation of FF in comparison to the blank experiment (without addition of any 

extracting agent) and the benchmark (toluene, which shows even higher degradation 

than the blank, see Figure 6.2). This means that all hydrophobic DESs are able to 

selectively extract FF from the aqueous phase without co-extraction of the acid, so 

that the FF is shielded from acid-catalyzed degradation. Thus, all DESs show a 

similar effect on the FF degradation to the organic solvents car and thy. The best 

performing DES is thy-men. This hydrophobic DES shows remarkable low FF 

degradation, comparable to the values observed in systems without any acid 

present. 

Next, the hydrophobic DESs were applied as in-situ extracting agents for the removal 

of FF during xylose conversion at the optimized reaction conditions (4 wt% xylose, 

20 wt% H2SO4 and 403 K). The conversion of xylose and the yield of FF were 

determined during in-situ extraction at a solvent-to-feed molar ratio of 10:1, and are 

graphically depicted in Figures 6.8a and 6.8b, respectively. Again, results for in-situ 

extraction with the organic solvents car and thy are added for comparative purposes. 
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Figure 6.8. (A) Conversion of xylose and (B) yield of FF as a function of reaction time at 403 K, 20 wt% 

acid and in the presence of 4 different hydrophobic DESs (deca-men, deca-thy, thy-lid and thy-men) and 

2 organic solvents (car and thy) at a solvent-to-feed molar ratio 10:1. The red line shows the blank 

experiment (without addition of any in-situ extracting agent). 

A B 



Sequential and in situ extraction of furfural from reaction mixture and effect of 

extracting agents on furfural degradation 

 

133 
 

First of all, it can be observed that the solvent has almost no influence on the 

conversion of xylose, which is in agreement with the results shown in Figure 6.5a. 

Thus, in all cases, xylose is not extracted to the organic phase but stays in the water 

phase, where the reaction takes place. Furthermore, it can be noticed that the FF 

yield (especially in the first 30 minutes) in the presence of hydrophobic DESs is 

higher than the blank experiment, and comparable to the values obtained in the 

presence of organic solvents. Reason is that the acid is not co-extracted (see Figure 

6.7), preventing further contact between the FF and the acid. However, after 30 

minutes the FF yields obtained are not further increasing in the presence of the 

hydrophobic DESs. This cannot be explained by the acid, as it is not co-extracted 

(see Figure 6.7). Instead, it may be due to the presence of xylose in the reaction 

mixture. Xylose can also react with FF and lead to the formation of other side 

products. However, this is not proven and needs to be further investigated. Still, it 

should be remarked that it is possible to reach high FF yields (two times higher than 

the blank experiment) when the hydrophobic DESs deca-men and thy-men are used 

as in-situ extracting agents when the reaction time is limited to 30 minutes. Thus, 

hydrophobic DESs are promising in-situ extracting agents for the removal of FF from 

biorefinery processes. 
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6.4 Conclusions 

The extraction of FF from water and the in-situ extraction of FF from its reaction 

mixture with xylose using different organic solvents and hydrophobic DESs as 

extracting agents was investigated, as well as the effect of the extracting agent on 

the FF degradation. The highest distribution ratios of FF were obtained for extracting 

agents containing a phenol-group. Acid-catalyzed FF degradation was decreased 

when extracting agents were added (as compared to the blank and the benchmark), 

because all extracting agents showed limited co-extraction of the acid, preventing 

further contact/reaction between the FF and the acid. The conversion of xylose to 

FF took optimally (highest yield) place at a starting concentration of 4 wt% xylose, 

the addition of 20 wt% H2SO4 and a temperature 403 K. In-situ extraction at the 

optimized reaction conditions using organic solvents and hydrophobic DESs (at a 

solvent-to-feed molar ratio of 10:1) resulted in comparable xylose conversions but 

much higher FF yields, compared to the blank experiment. Thus, organic solvents 

and hydrophobic DESs (especially at short reaction times < 30 minutes) are 

promising in-situ extracting agents for the removal of FF from biorefinery processes. 

 

 



7  

Separation of furfural and 

hydroxymethylfurfural from an 

aqueous solution using a supported 

hydrophobic deep eutectic solvent 

liquid membrane 

In this chapter, 12 different supported deep eutectic solvent (DES) liquid membranes 

were prepared and characterized. These membranes consist of a polymeric support 

impregnated with a hydrophobic DES. First, the different membranes were 

characterized and their stability in water and air was determined. Subsequently, the 

supported DES liquid membranes were applied for the recovery of furfural (FF) and 

hydroxymethylfurfural (HMF) from aqueous solutions. The effects of substrate 

properties (e.g. pore size), DES properties (e.g. viscosity) and concentrations of FF 

and HMF in the feed phase on the observed diffusivities and permeabilities were 

assessed. It was found that the addition of DES enhances the transport of FF and 

HMF through the polymeric membrane support. Especially, the use of the DES 

consisting of thymol + lidocaine (in the molar ratio 2:1) impregnated in a polyethelene 

support resulted in enhanced transport for both FF and HMF, and is most interesting 

for (in situ) isolation of FF and HMF from aqueous solutions, e.g. in biorefinery 

processes. 

 



Part of this chapter has been published as:  

Carin H. J. T. Dietz, Maaike C. Kroon, Michela Di Stefano, Martin van Sint Annaland
 

and Fausto 
Gallucci
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7.1 Introduction 

The regeneration of the hydrophobic DESs would be easier and less DES would be 

required for FF and HMF recovery, if the hydrophobic DESs could be impregnated 

in liquid membranes. Moreover, a liquid membrane reactor would allow for in-situ FF 

and HMF removal, preventing further side-reactions94,95,96. In this chapter, we 

present for the first time liquid impregnated membranes that are made with 

hydrophobic DESs. The preparation procedure is similar to the one used for the 

preparation of ionic liquid membranes in 201397. In total 3 different polymeric 

hydrophobic substrates, because of wettability, and 4 different hydrophobic DESs 

were combined to form 12 different liquid membranes. The substrates have different 

pore size and thickness. The hydrophobic DESs have different viscosity and density. 

Both the substrate and the DES influence the observed permeabilities and 

diffusivities. 

First, the 12 different supported hydrophobic DES liquid membranes are 

characterized and their water and air stability is tested. Next, we present for the first 

time the recovery of FF and HMF with the hydrophobic DES impregnated supported 

liquid membrane (SLMs). Diffusivities of both compounds (FF and HMF) through the 

membranes are studied and their concentrations in both feed and receiving phase 

are measured. Finally, the feasibility of the new liquid membranes for FF and HMF 

recovery is assessed.  

 

 

 

 



Chapter 7 

 

138 
 

7.2 Experimental 

7.2.1 Membranes and chemicals 

The hydrophobic membranes “16P10A” and “M3202B“, made up of ultra-high 

molecular weight polyethylene, were provided by Lydall Membranes, and the accurel 

PP2E(HF) polypropylene based flat sheet membrane was provided by Membrana. 

The membrane pores sizes were experimentally determined using a Porolux 500, 

from Porometer with an uncertainty of 0.001 μm. The pore sizes can be found in 

Table 7.1. The source and purity (as stated by the supplier) of the chemicals used in 

this study are presented in Table E.1. 

Table 7.1: The thickness (as stated by the suppliers) and the pores sizes of the membranes used in this 

work. 

Membrane 
Thickness 
(μm) 

Average pore 
size 
(μm) 

Smallest pore 
size  
(μm) 

Biggest 
pore size 
(μm) 

16P10A 120 0.585 0.283 1.359 

M3203B 80 4.097 2.163 8.278 

PP2E(HF) 170 0.312 0.234 0.688 

 

 

7.2.2 DES preparation and characterization 

Known masses of the HBA and HBD were added together in a sealed glass bottle. 

The masses were weighed using a balance “Mettler AX205” with an uncertainty in 

the measurement of ±0.2·10-4 g. Afterwards, the mixture was heated at 313.2 K in a 

thermostatic bath (IKA RCT basic) with a temperature controller (IKA ETS-D5) with 

an uncertainty in the measurement of ±0.1 K. The mixture was continuously stirred 

while heating using a magnetic stirrer for 2 h. The four prepared DESs are shown in 

Table 7.2.   
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Table 7.2: DESs prepared in this work including their HBD, HBA, HBD:HBA ratio and abbreviation. 

 HBD  HBA Molar ratio Abbreviation 

Decanoic acid 
n-Tetraoctyl ammonium 

bromide 
2:1 deca-N8888Br 

Decanoic acid Thymol 1:1 deca-thy 

Decanoic acid Menthol 1:1 deca-men 

Thymol Lidocaine 2:1 thy-lid 

 

The density and viscosity of the DESs were measured at a temperature of 293.15 K 

on an Anton Paar SVM 3000/G2 type stabinger, with an uncertainty of ±0.0005 

g·cm−3 for the density, ±0.005 mPa·s for the viscosity, and ±0.01 K for the 

temperature. The values obtained are listed in Table 7.3.  

 

Table 7.3: Density (ρ) and viscosity (µ) of the four different DESs at 293.15 K and atmospheric pressure 
(1.01 bar). 

DES ρ (g.cm-3) μ (Pa.s) 

deca-N8888Br 0.9329 0.640 

deca-men 0.9011 0.020 

deca-thy 0.9318 0.015 

Thy-lid 0.9891 0.122 

 

7.2.3 Preparation and characterization of the supported liquid membranes 
(SLMs) 

The membrane support was first weighed and thereafter soaked in the DES for 0.5 

h. The impregnated membrane was then wiped using a paper tissue to remove the 

excess DES from the surface. Thereafter, the membrane was weighed using a 

balance “Mettler AX205” with an uncertainty in the measurement of ±0.2·10-4 g. This 

was repeated for all SLMs. All membrane stabilities were tested by weighing the 

impregnated membranes at the time intervals of 2, 4, 6 and 24 h. The membranes 

were characterized via scanning electron microscope (SEM), FEI: Quanta 200 3D 

FEG 3Kv, spot 4; EDX Genesis software, and energy dispersive X-ray spectroscopy 
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(EDX), Phenom world: Phenom ProX: Electronic source: CeB6; 5 kV. Low current; 

EDX, ProSuite Software, before and after impregnation and after the diffusion test.   

 

7.2.4 Diffusion test 

The diffusion of FF and HMF through the SLMs was evaluated using a customized 

in-house glass diffusion cell. The glass cell has two independent compartments of 

70 mL, separated by the SLM (see Figure 7.1). O-rings were inserted on each side 

of the SLM. The initial solute concentrations in the feed phase were 1, 2 and 3 wt% 

FF or HMF in water. Water was used as a receiving phase in all cases. Both 

compartments were mechanically stirred to minimize surface concentration 

polarization conditions at the membrane. 1 mL samples of each phase (feed phase 

and receiving phase) were taken at time intervals of 1, 2, 4, 6 and 24 h. 

 

Figure 7.1: Customized in-house glass diffusion cell 

 

7.2.5 Analysis of FF and HMF 

The concentrations of FF and HMF in both phases (feed and receiving phase) were 

measured with HPLC using the same method as described in Chapter 5 .  
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7.2.6 Calculation of permeability 

The diffusion through the membrane can be characterized by determining the 

permeability via Eq. 1 22. Figure 7.2 shows schematically the concentration profile of 

a solute which is transported through the supported DES liquid membrane. The 

transport process of the solute from the feed phase to the receiving phase involves 

five steps: 

1. Forced convection in the bulk of the feed solution. 

2. Solution diffusion from the bulk of the feed solution to the feed/membrane 

interface. 

3. Diffusion across the SLM. 

4. Solution diffusion from the receiving/membrane interface to the bulk of the 

receiving phase. 

5. Forced convection in the bulk of the receiving phase. 

 

Figure 7.2: Schematic drawing of the concentration profile in a supported liquid membrane (SLM) 

process. 

In Eq. 1, Jr is the mass flux of the solute (in mol.m-2.s-1), P is the permeability of the 

membrane (in m.s-1) and Cf and Cr are the concentrations of the solute in the feed 

and receiving phase, respectively (in mol.m-3), both containing the same solvent 

(water) and therefore allowing the incorporation of the distribution coefficient into the 

permeability P. 

 
frr CCPJ            (1)                 

      

Since the flux can be expressed as the moles of the solute transported through the 

membrane surface area (A, in m2) per time unit, Eq. (1) can be rewritten into Eq. (2): 
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 fr
r CCPA

dt

dN
       (2)  

       

where Nr, the amount of the solute in the receiving phase (in mol), can be expressed 

in terms of the concentration of solute as (Eq. 3): 

rrr VCN         (3)  

           

and where Vr is the volume of the receiving phase (in m3). Taking into consideration 

that the volume of both receiving and feed phases were kept the same throughout 

the experiment (i.e., Vr = Vf = V), Eq. (2) can also be expressed as (Eq. 4): 

 

 
V

CCPA

dt

dC frr


      (4)  

        

Since the flux of solute is very large, the concentration of the receiving phase (Cr) is 

not negligible versus the concentration of the feed phase (Cf). Thus, (Cr −Cf) is 

calculated using Eq. (5) where C0 is the initial concentration of solute in the feed 

phase: 

rf CCC  0        (5)  

          

or equivalently (Eq. 6): 

 
02 CCCC rfr        (6)  

        

Combining Eqs. (4) and (6) yields differential Eq. (7): 
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V

CCPA

dt

dC rr 02 
      (7)  

    

Eq. 7 can be solved using the following boundary conditions: at t = 0, Cr = 0 and t = 
t, Cr = Cr (Eq. 8): 

 

t
V

PA

C

CC r 22
ln

0

0 








 
     (8)  

      

which shows that the ln[(C0 −2Cr)/C0] is a linear function of t. The permeability for the 

solute is calculated using Eq. (8), from the slope m of the plot of ln[(C0 −2Cr)/C0] 

versus t via (Eq. 9): 

A

mV
P

2
        (9)  
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7.3 Results and discussion 

First, three different polymeric membrane substrates (i.e. PP2E HF, M3203B and 

16P10A) were selected consisting of different (hydrophobic) polymeric materials with 

different pore sizes. The permeability of FF and HMF through the three selected plain 

membrane supports (without any DES impregnated in the support) was studied as a 

control experiment. The initial concentrations of FF and HMF in the feed phase were 

set to 1 wt% in water. The concentrations of FF and HMF in the receiving and feed 

phases were measured in time and the permeability values were calculated from the 

slopes of the plot of ln[(C0 −2Cr)/C0] using Eq. (9). Figure 7.3 shows the plots used 

for the calculation of the FF and HMF permeabilities through the different plain 

membrane supports. The permeability values for each compound through the plain 

membrane supports are presented in Table 7.4. It can be noticed that the 

permeability for HMF through all plain membrane supports is very low, while the 

permeability for FF is much higher. 
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Figure 7.3: Plots of ln[(C0 −2Cr)/C0] vs. operation time for the transport of FF and HMF through the 
different plain membrane supports: (square) HMF; (triangle) FF; (black) PP2E HF; (blue) M3203B; (green) 
16P10A. 
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Table 7.4: Permeability* of FF and HMF through the different plain membrane supports. 

  Permeability *10-4 [m.s-1] 

Compound PP2E HF M3203B 16P10A 

FF 3.31 5.17 3.76 

HMF 0.02 0.03 0.03 

*Standard uncertainties are u(P) = 0.02 m.s-1 

The big difference in permeability between FF and HMF can be explained by the 

difference in hydrophobicity of the two components. HMF (completely water-

miscible) is much more hydrophilic than FF (max. water solubility at 298 K is only 77 

g.L-1, as stated by supplier), while all three polymeric membrane supports are 

hydrophobic. Therefore, FF diffuses faster through the plain membrane supports. 

Highest permeabilities are observed for M3203B, which was expected as this 

support has the largest pore size and smallest thickness (see Table 7.1). 

Next, the three plain membrane supports were filled with the four different 

hydrophobic DESs. The percentage of pore filling was gravimetrically determined by 

the weight increase compared to the volume of the pores, as determined from the 

porosity. The results are presented in Table 7.5.  It can be concluded that the pores 

of the PP2E HF membrane support are relatively easily filled, while the M3203B and 

16P10A membrane supports are not filled completely. However, permeability tests 

with water did not show any water transport through all three impregnated 

membranes (while water transport is possible through all three plain membrane 

supports), indicating that most pores were indeed filled. 

The big difference between the membrane supports is that PP2EHF has a neat pore 

structure, while M3203B and 16P10A have lamella structures. Thus, it can be 

concluded that the nice pore structure of the PP2EHF membrane support can be 

easier filled than the pores from the lamella structure membranes (M3203B and 

16P10A). Even though the pore size of M3203B is larger, not all pores are completely 

filled, probably also because of the lamella structure of this membrane. The smaller 
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calculated volume filling of 75% (on average) for 16P10A as compared to M3203B 

(which both have lamella structures) can be attributed to the fact that 16P10A has 

smaller pores than M3203B.  

 Table 7.5: Percentage of pore filled of different membrane supports and different DESs. 

  % v/v filled pores membrane type 

DESs PP2E HF M3203B 16P10A 

Deca-N8888Br 107 87 78 

Deca-Thy 104 85 73 

Deca-Men 102 84 72 

Thy-Lid 102 80 75 

The stability of supported liquid membranes is one of the major limitations of their 

application24, 25. Therefore, it was of interest to investigate the air and water stability 

of the supported DES liquid membranes. All SLMs were tested for 24 h in air and in 

water on weight loss over time. The results after 24 h are depicted in Figure 7.4.  
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Figure 7.4: Weight loss (%) of the SLMs after 24 h in air (solid bars) and after 24 h of transport 
experiment (pattern filled bars) based on different DESs and membrane supports: (black) PP2E HF; 
(blue) M3203B; (green) 16P10A. 
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It is clear that the lamella structure of M3203B and 16P10A leads to higher losses of 

the DESs from these supports as compared to the nice pore structure of PP2E HF. 

The pore size of the M3203B membrane support is largest; this can explain the larger 

loss in weight for this support as compared to 16P10A. Thus, the pore size has also 

a large impact on the stability of the SLMs.  

Even though the DESs applied are hydrophobic, the loss in water is always higher 

than the loss in air. Thus, the applied DESs apparently have a higher solubility in 

water as compared to their vapor pressure. Indeed, small amounts of DES were 

detected in the water phase after 24 h (e.g., max. 2% of the total amount of thymol 

that was present in the six SLMs containing thymol was detected in the water phase 

after 24 h of diffusion experiment using HPLC). The other DES’ constituents were 

not detected in the water phase after 24 h of diffusion experiment. 

From the four DESs, the deca-men DES, impregnated in all three supports, showed 

the largest weight losses in air, most likely because this DES has the largest vapor 

pressure. The deca-thy DES, impregnated in all three supports, showed the largest 

weight losses in water, as this DES is the least hydrophobic. The deca-N8888Br 

DES presented the lowest weight loss in all cases. This can be related to the lowest 

volatility and water solubility of this DES compared to the other.  

The DES losses of the prepared SLMs can be further analyzed and characterized 

using SEM-EDX before and after 24 h of diffusion. For these experiments only the 

SLMs with the deca-N8888Br DES can be used, because this DES contains an atom 

that is DES-specific (i.e., Br), which can be easily detected using EDX. The other 

DESs do not contain a different element compared to the membrane supports and 

are therefore not easily analyzed using EDX. The results of the SLM consisting of 

PP2E HF and deca-N8888Br are also shown in Table 7.6.   
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Table 7.6: Atomic concentration of the elements C, O and Br measured on the surface of the empty 
membrane (PP2E HF), deca-N8888Br filled membrane and after 24h transport of FF. 

  Atomic Concentration 

Symbol Empty Before diffusion after 24 h diffusion 

C 92.80 81.54 84.54 

O 7.20 16.75 14.66 

Br 0.00 1.72 0.80 

With this technique the loss of Br (coming from the deca-N8888Br DES) after 24 h 

diffusion may seem even larger than the results from the weight loss experiment. 

However, it should be noted that with this technique only the surface concentrations 

are measured. Therefore, the loss of DES from the pores could be much lower. 

Again, water permeability tests showed that the pores are still filled with DES, as no 

water was able to pass through the SLMs, also after 24 h of diffusion experiment. To 

further proof this, SEM pictures were made of a large surface area of the SLM before 

and after 24 h of diffusion experiments. Close-up images are presented next to 

clearly show any differences.  

First, SEM pictures of the empty plain membrane supports were made and are 

shown in Figure 7.5. These pictures clearly show the pore structure of PP2E HF and 

the lamella structure of M3203B and 16P10A.  

  

Figure 7.5: SEM pictures of the empty plain membrane supports: (A) PP2E HF; (B) M3203B; (C) 16P10A. 

 

A B C 
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Figure 7.6 shows the SEM pictures of the SLMs consisting of the supports PP2E HF 

and M3203B with the DESs deca-N8888Br and deca-men before and after 24 h 

diffusion. These SLMs were selected because: (i) deca-N8888Br was used for the 

EDX experiments and showed a large loss of Br from the pore surface, (ii) deca-men 

showed the largest weight losses in water after 24h, (iii) M3203B showed the largest 

weight losses from all supports, and (iv) PP2E HF has a different pore structure 

compared to M3203B. Even though relatively large weight losses were measured for 

all SLMs before, the SEM pictures (together with EDX mapping) show that most of 

the pores of all types of membranes are still filled after 24 h of diffusion experiment. 

This means that the newly prepared SLMs are probably more air and water stable 

than estimated from surface techniques, like EDX analysis. 

   

   

Figure 7.6: SEM pictures of SLMs before and after 24 h of diffusion experiments: (A) PP 2E HF filled with 
deca-N8888Br; (B) PP 2E HF filled with deca-N8888Br after 24 h of water transport; (C) PP 2E HF filled 
with deca-men after 24 h of water transport; (D) M3203B filled with deca-N8888Br; (E) M3203B filled with 
deca-N8888Br after 24 h of water transport; (F) M3203B filled with deca-men after 24 h of water transport. 

The experimental concentrations of FF and HMF in the feed phase and in the 

receiving phase as a function of the run time for all the twelve different SLMs were 

monitored. Figures A.7.1 to A.7.4 in the appendices present these plots of FF/HMF 

A B C 

D E F 



Chapter 7 

 

150 
 

concentration in the feed and receiving phase for all the twelve different SLMs. The 

measured FF concentrations in the feed and in the receiving phase for the SLMs 

prepared with the deca-men DES are also shown in Figure 7.7. 
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Figure 7.7: Plot the wt% concentration of FF in the feed and receiving phase in time for the thy-lid based 
SLMs: (black) PP2E HF; (blue) M3203B; (green) 16P10A, starting with a 1 wt% FF in the feed phase at 
293.2 K. 

It can be observed that the sum of the concentrations in the feed and receiving phase 

remained constant for all SLMs. Since the amount of DES supported in the 

membrane is very limited compared with the volumes of both receiving and feed 

phases, the amount of solute remaining in the DES is negligible compared to the 

amount in the two phases. The permeation rate of FF through the M3203B-deca-

men SLM is faster than through the other two SLMs prepared with deca-men, which 

can be explained by the larger pore size and smaller thickness of M3203B compared 

to the other supports, leading to faster FF permeation through the membrane. 

The initial concentration in the feed and the concentrations in the receiving phase 

were used to calculate the individual permeability (P) of FF and HMF through the 

different SLMs. These permeability values were calculated from the slopes of the 

plot of ln[(C0 −2Cr)/C0] for both compounds versus time using Eq. 9. As an example, 
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Figure 7.8 shows the plot used for the calculation of the FF and HMF permeabilities 

through the SLMs impregnated with deca-thy, with a starting concentration of 1 wt%. 

Figure 7.9 shows the FF and HMF permeabilities in the same SLMs for a starting 

concentration of 3 wt%. An overview of the obtained permeability values for each 

compound (FF or MHF) through the different SLMs with and without DES are 

presented in Table 7.7. 

All SLMs impregnated with deca-N8888Br showed lower permeabilities than the 

same supports impregnated with the three other DESs. This can be explained by the 

fact that deca-N8888Br has the highest viscosity and therefore presents highest 

mass transfer limitations. 
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Figure 7.8: Plot of ln[(C0 −2Cr)/C0] vs. operation time for the transport of 1 wt% FF and HMF through the 
different deca-thy-SLMs: (square) HMF; (triangle) FF; (black) PP2E HF; (red) M3203B; (green) 16P10A. 
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Figure 7.9: Plot of ln[(C0 −2Cr)/C0] vs. operation time for the transport of 3 wt% of FF and HMF through 
the different thy-lid-SLMs: (square) HMF; (triangle) FF; (black) PP2E HF; (red) M3203B; (green) 16P10A. 

Table 7.7: Permeabilities (cm·s-1) of the different SLMs at 293.2 °C at different initial solute 
concentrations. 

DES Blanc     deca-N8888Br   deca-thy   

support 
PP2EH
F 

M3203
B 

16P10
A 

PP2EHF 
M3203
B 

16P10
A 

PP2EHF 
M3203
B 

16P10
A 

1%FF 3.31 5.17 3.76 0.72 0.87 0.28 4.46 0.58 0.82 

2%FF   
  1.23 1.00 0.31 6.08 0.60 3.56 

3%FF   
  1.54 1.27 1.24 5.59 4.85 5.40 

1%HMF 0.02 0.03 0.03 0.03 0.04 0.02 0.21 0.68 0.06 

2%HMF   
  0.15 0.54 0.73 0.41 2.78 0.36 

3%HMF   
  0.07 0.62 1.72 0.34 0.97 0.16 

DES       deca-men   thy-lid     

support       PP2EHF 
M3203
B 

16P10
A 

PP2EHF 
M3203
B 

16P10
A 

1%FF     1.86 1.33 1.74 2.53 4.17 2.72 

2%FF     2.87 6.90 4.16 5.46 9.06 5.28 

3%FF     1.29 5.15 3.27 2.39 9.30 5.32 

1%HMF     0.22 0.78 0.12 0.29 4.12 0.34 

2%HMF     1.26 1.69 0.80 0.70 5.51 0.28 

3%HMF     1.08 0.94 0.62 1.24 6.37 1.20 
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But the DES viscosity does not fully explain the observed trends. For example, thy-

lid has a ten times higher viscosity than both deca-men and deca-thy, but the 

permeability of both FF and HMF through the thy-lid-SLMs is the highest. Thus, mass 

transfer limitations cannot explain this observation. Instead, molecular interactions 

are most likely responsible for the fact that this DES has higher affinity for FF and 

HMF, and therefore the permeation through this DES is better, even though the 

viscosity is slightly higher. Thus, it can be concluded that the interaction of the solute 

with the DES has the largest influence on the permeability. 

At low initial solute concentrations (1 wt% of FF and HMF in the feed phase), the 

permeability values of the empty plain membrane supports were in most cases 

higher than the permeability values of the supported DES liquid membranes. This 

could be explained by the fact that the SLMs introduce an additional mass-transfer 

resistance (i.e. in the DES phase) for the transport of FF and HMF. However, when 

the starting concentrations of both species in the feed phase increase to 2 wt%, the 

(Cf-Cr) is higher and the permeability increases. Most importantly, in several cases 

a higher permeability is reached compared the empty plain membrane supports, 

showing that the addition of the DES can enhance the transport of FF and HMF 

through the polymeric membrane support. At even higher initial FF and HMF 

concentrations in the feed phase (3 wt%), the obtained permeability values hardly 

increase any further. Apparently, at these initial concentrations, the maximum 

permeability is reached. At that moment, the mass transfer through the DES phase 

becomes the limiting step or multi-component effects may start to play a role. 

For HMF, the plain membrane supports always have lower permeability than the 

SLMs. Reason is that the SLMs are very hydrophobic, while the HMF is slightly 

hydrophilic. Thus, the HMF does not stay close to the membrane. Instead, all DESs 

have a better interaction with HMF and therefore can drive the HMF through the 

membrane.  
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For FF, it depends on the DES whether the plain membrane support or the SLM 

shows the highest permeability. For example, for PP2E HF the permeability for FF 

is higher when it is impregnated with the deca-thy DES than for the plain membrane 

support. However, when this support is impregnated with the other DESs, the 

obtained permeabilities are lower compared to the plain membrane support. This is 

because of the additional mass transfer resistance introduced by addition of the 

DES. Therefore, it strongly depends on the interaction between the DES and the 

solute (FF) whether it is beneficial to impregnate the membrane supports with the 

DES to increase its performance. Very high permeabilities for FF were found for the 

following SLMs: PP2E HF with deca-thy, PP2E HF with thy-lid, M3203B with thy-lid 

and 16P10A with thy-lid. Thus, in general, it can be concluded that the DESs 

containing thymol show increased interaction with FF (and HMF) and are the most 

suitable for impregnation in the SLMs. 

Highest permeabilities for both HMF and FF are found for the thy-lid DES 

impregnated in the M3202B support. The support of this SLM has the largest pores 

and smallest thickness, and the applied DES shows the highest interaction with both 

FF and HMF. Therefore, this is the most interesting SLM for (in situ) isolation of FF 

and HMF from aqueous solutions, e.g. in biorefinery processes.  

Currently, the separation of solutes/macromolecules by polymeric membranes in 

industry is mostly based on the molecular size of the solutes and less on their 

structure. The main advantage of the SLMs as described in this work is that they 

enable the selective separation of the solutes based on their molecular structure, by 

interaction with the DES. It should be noted that the DES is tuneable, so that the 

most suitable DESs can be designed for specific recovery processes. Moreover, the 

impregnation of the DESs in SLMs will increase the specific surface area, decrease 

the amount of DES required and make it easier to recover solutes from the DES 

phase as compared to other extraction processes. The results of this study are 

encouraging and suggest that the designed SLMs could be incorporated in future 

reaction/separation processes. 
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7.4 Optimization of SLMs 

7.4.1 Nitrogen sweep 

 

To remove the FF completely and selectively from the feed, the receiving phase 

was replaced with a nitrogen sweep flow. Effectively, this creates a zero vapor 

pressure on the receiving side, without a pressure difference between both phases. 

Figure 7.10   shows the separation performance of a PP2EHF membrane filled with 

thy-lid analyzed over 30 h.  

 

 

Figure 7.10. The FF concentration in the feed phase as a function of time with PP2EHP impregnated 
with thy-lid (2:1) using a N2 flow rate of 2 L min-1 over 30 h. 

 

The FF concentration decreases over time, this behavior is not linear, because as 

the FF concentration decreases, also the driving force for this separation 

decreases. It is demonstrated that the FF is almost completely removed after 30 h, 

with only 0.05 wt% left. This can be explained by the nitrogen sweep flow, which 

imposes a negligible bulk concentration, thereby a continuous driving force for all the 

FF to be removed.  
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7.4.2 Nitrogen flow rate 

 

The influence of the nitrogen sweep flow rate on the separation performance is 

investigated. This experiment is conducted using one type of SLM, the PP2EHF 

membrane filled with thy-lid and for three different flow rates (0.5, 5 and 10 

L·min−1). The results of these experiments are shown in Figure 7.11. 
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Figure 7.11: The concentration of FF in the feed phase in time with different flow rates (0.5 L·min-1 

black, 5 red and 10 red L·min−1 blue). 

 

The bulk FF concentration in the sweep gas can be estimated by the decrease in 

FF concentration of the feed phase over time, combined with the known flow rate. 

The time averaged concentration in the sweep gas would be 10−3 g·L−1 FF for 0.5 

L·min−1and 10−4 g·L−1 for 5 L·min−1. When comparing the flow rates of 5 and 10 

L·min−1, the 5 L·min−1 performs marginally better. For these high flow rates, the 

mass transfer resistance in the boundary layer does no longer play a role. 

From Figure 7.11 it can be concluded that the FF concentration in the boundary 

layer of the receiving phase is not negligible. High flow rates are necessary to be 
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able to fully neglect the influence of this boundary layer in the nitrogen sweep. The 

flow rate of the sweep gas (for this setup) should be at least 5 L·min−1 or higher to 

ensure a sweep phase concentration lower than 10−3 g·L−1, for which indeed a 

negligible vapor pressure can be assumed. 

 

 

7.4.3 Different DESs 

 

The influence of different liquid membrane phases on the FF separation is 

investigated by varying the DES (thy-lid, deca-thy, deca-men) inside the PP2EHF 

membrane support, using a constant nitrogen flow rate of 5 L·min−1. The results 

are plotted in Figure 7.12, in which the FF feed phase concentration is shown as 

a function of time.  
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Figure 7.12. The FF concentration in the feed phase as a function of time at a constant flow rate of 5 

L·min-1: for different DESs in the PP2EHF support; deca-men: blue triangle, deca-thy: red circle, thy-lid: 

black square. 

 

The performance of the membrane filled with deca-men is slightly less than the 

other two. This was partially expected based on the difference in solubility. The 

FF and DESs are completely soluble into each other, but the distribution 
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coefficient, KFF, is indicative of which DESs would more easily solvate the FF due 

to increased interactions. The distribution coefficients for the deca-men (KFF 

= 2.51) is significantly lower compared to that of thy-lid (KFF =9.60) and deca-thy 

(KFF = 12.03). The solubility is only partially decisive in the transport rate of FF, it 

is also influenced by the diffusion rate through the DES. 

 

 7.4.4 Recovery of FF 

 

To recover the FF from the nitrogen stream, a cold trap is used at 253 K. Based 

on the previous results, it was estimated that most of the FF (Tmelt  = 237 K), 

with Tboiling  = 113 K should condense at this temperature. The condensed liquid 

is weighted and the concentration of FF is measured. The results of these 

experiments are shown in Table 7.8. In this table, the C0 is the initial concentration 

in the feed phase, the weight is the total mass of liquid collected in the cold trap, 

and Ccold is the FF concentration in the obtained condensed phase. Combining the 

FF concentration in the condensed phase, Ccold, and the known concentration in 

the feed phase allows calculating the recovery of FF (%). 

 

Table 7 . 8  Recovery of FF in cold trap. 

DES Flow C0 Weight Ccold Recovery FF 

  (L min-1) (wt%) (g) (wt%) (%) 

thy-lid 0.5 2.44 0.71 8.00 26.30 

thy-lid 1 1.79 0.13 7.90 4.02 

thy-lid 2 1.02 0.13 4.97 10.04 

dec-thy 1 1.79 0.18 9.41 13.40 
 

This means that most of the FF (73.6 %) is still lost with the nitrogen flow. The 

temperature difference is not sufficiently high to condense the small amount of FF 

at low concentrations with the current flow rates. To increase the temperature 

difference the ice/salt mixture was replaced by pure liquid nitrogen. Now a mixture 

of liquid nitrogen and tiny amounts of water and FF were obtained, but most of the 

wanted components were lost again when the nitrogen evaporated. 

Furthermore, the concentration of FF in this cold trap is low, while pure FF was 
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expected. This means that not only FF is transported through the membrane, also 

water is passing through the membrane alongside the FF. Additional experiments 

with only water in the feed phase showed a weight loss of 10 wt%, 0.4 g of the 40 

mL water present, over 24 h. Despite the hydrophobicity of both membrane 

support and DES, the water is still pervaporating through the membrane. 

 

A similar result is found in the study of Ghosh et al.77, in which a dense, 

hydrophobic, hydroxyl terminated polybutadiene-based polyurethane urea 

membrane was used for the same separation of a mixture of water and FF77. In 

this study water was transported alongside the FF. With an increase in the FF 

concentration in the feed phase, they expected a lower water flux, due to the 

decrease in water activity. Instead, their experiments showed higher water fluxes, 

alongside the expected higher flux for FF. They attributed the additional water flux 

to the effect of the bulk transport of the heavier FF molecules, dragging along the 

water molecules, inducing an increase in water transport.  
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7.5 Conclusions 

 

In this chapter we outlined for the first time the possibility of using SLMs based on 

hydrophobic DESs for the selective separation of FF and HMF. The permeability 

of these compounds through SLMs based on four different DESs (deca-N8888Br, 

deca-thy, deca-men and thy-lid) immobilized in three different hydrophobic 

polymeric membrane supports (PP2E HF, M3203B and 16P10A) was studied. 

Larger pores (e.g., in M3203B) led to faster diffusion of FF and HMF, but also to 

increased losses of the DESs. Higher diffusion was also reached using DESs with 

lower viscosity and stronger interactions with FF and HMF. Thus, the DES can 

tuned for FF and HMF recovery. The most promising result is the high permeability 

for both FF and HMF using the SLM consisting of M3202B with thy-lid, where the 

addition of the DES significantly enhanced the transport of FF and HMF through 

the polymeric membrane support. With a nitrogen sweep flow the FF is almost 

completely removed after 30 h, with only 0.05 wt% left. Unfortunately also water 

is pervaporating through the SLM. More research is needed to optimize the SLM, 

close the mass balance and measure the recovery of FF, but the results of SLMs 

based on hydrophobic DESs are encouraging and suggest that the designed 

SLMs could be incorporated in future reaction/separation processes. 
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Appendices 

Performance of the SLMs 
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Figure A.7.1 Plot of the wt% concentration of FF and HMF in the feed and receiving phase in time for the 

deca-N8888Br-SLMs: (black) PP2E HF; (blue) M3203B and (green) 16P10A, at different starting 

concentrations: (A) 1wt% FF/HMF; (B) 2wt% FF/HMF; (C) 3wt% FF/HMF, at 293.2°C (square) HMF; 

(triangle) FF. 
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Figure A.7.2 Plot of the wt% concentration of FF and HMF in the feed and receiving phase in time for the 

deca-thy-SLMs: (black) PP2E HF; (blue) M3203B and (green) 16P10A, at different starting 

concentrations: (A) 1wt% FF/HMF; (B) 2wt% FF/HMF; (C) 3wt% FF/HMF, at 293.2°C (square) HMF; 

(triangle) FF. 
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Figure A.7.3. Plot of the wt% concentration of FF and HMF in the feed and receiving phase in time for 

the deca-men-SLMs: (black) PP2E HF; (blue) M3203B and (green) 16P10A, at different starting 

concentrations: (A) 1wt% FF/HMF; (B) 2wt% FF/HMF; (C) 3wt% FF/HMF, at 293.2°C (square) HMF; 

(triangle) FF. 
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Figure A.4. Plot of the wt% concentration of FF and HMF in the feed and receiving phase in time for the 

thy-lid-SLMs: (black) PP2E HF; (blue) M3203B and (green) 16P10A, at different starting concentrations: 

(A) 1wt% FF/HMF; (B) 2wt% FF/HMF; (C) 3wt% FF/HMF, at 293.2°C (square) HMF; (triangle) FF. 
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8  

Vapor-liquid equilibria of hydrophobic 

DES-FF systems: Experiments and 

PC-SAFT modelling 

 

In this chapter, vapor-liquid equlibria (VLE) of two hydrophobic DES-FF 

systems, decanoic acid–thymol (deca-thy) and decanoic acid-menthol (deca-

men) were experimentally determined, and modeled using the pseudo-

component approach within the framework of Perturbed-Chain Statistical 

Associating Fluid Theory (PC-SAFT). New pure-component parameters for the 

eight hydrophobic DESs were obtained by fitting to measured density and 

vapor-pressure data, instead of to density data only. Based on these new pure-

component parameters for the DESs, the VLE of the two hydrophobic DES-FF 

systems can be described well for different temperatures and atmospheric 

pressures. 

 

 

 

 

 



A part of this chapter has been published as:  
Carin H. J. T. Dietz, Annika Erve, Maaike C. Kroon, Martin van Sint Annaland, Fausto Gallucci and 

Christoph Held    Fluid Phase Equilibria 2019, 489, 75- 82 
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8.1 Introduction 

The Perturbed Chain Statistical Associating Fluid Theory (PC-SAFT) thermodynamic 

model is the only one that has been able to predict several physicochemical 

properties of hydrophobic DESs30,100,82,101,35,90. A disadvantage of this method is the 

fact that only pure component parameters of the DES’ constituents were fitted to 

density data. To improve these results, pure component parameters were fitted not 

only to density data, but also to volatility data presented in Chapter 5.  

In this chapter we validate the new parameters obtained by predicting the VLE phase 

behavior of hydrophobic DES mixtures with furfural (FF). These mixtures are 

important in biorefinery processes, for example for the recovery of FF. In the future 

DESs can be used as a solvent for the production of FF from sugars in an aqueous 

environment10,11,9. The predicted VLE data will be compared to new experimental 

data obtained in this chapter. 
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8.2 Experimental 

8.2.1 Chemicals 

The purities and suppliers of the chemicals are provided in Table E.1. All chemicals 

were used without further purification.  

 
 
8.2.2 DES preparation 

 

For the hydrophobic DESs, the hydrogen bond donor and acceptor (HBD and HBA) 

pairs were selected based on previously conducted experiments, where thymol can 

act as an acceptor and as a donor. More information about the HBD, HBA, their 

molar ratios and their abbreviations is given in Table 8.1. 

 

Table 8.1. DESs prepared in this work including their HBD, HBA, HBD:HBA ratio and their abbreviation. 

 HBD  HBA Molar ratio Abbreviation 

Decanoic acid 
n-Tetraoctylammonium 

bromide 
2:1 deca-n8888Br 

Decanoic acid Thymol 1:1 deca-thy 

Decanoic acid Lidocaine 2:1 deca-lid 2:1 

Decanoic acid Lidocaine 3:1 deca-lid 3:1 

Decanoic acid Lidocaine 4:1 deca-lid 4:1 

Decanoic acid Menthol 1:1 deca-men 

Thymol Lidocaine 2:1 thy-lid 

Dodecanoic acid Lidocaine 2:1 dode-lid 
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8.2.3 Density of DESs 

The density of the hydrophobic DESs was measured with an Anton-Paar DMA 4500 

M with a density accuracy of ±5·10-5 g·cm-3 and a temperature accuracy of ±0.05 K. 

The discrepancy of the density from the several reference oils that were measured 

was not higher than ±0.00001 g·cm-3.  

 

8.2.4 Vapor-liquid equilibria data 

 

The vapor pressure and vapor-liquid equilibria (VLE) of the DES-FF system were 

measured with the Headspace GC-MS, described in detail in Chapter 4. 

 

8.2.5 PC-SAFT modeling 

In this work, activity coefficients were predicted with PC-SAFT, which calculates the 

residual Helmholtz energy 𝑎𝑟𝑒𝑠 as the sum of the energy contributions due to hard-

chain repulsion 𝑎ℎ𝑐, dispersion 𝑎𝑑𝑖𝑠𝑝 and association 𝑎𝑎𝑠𝑠𝑜𝑐, given by 

𝑎𝑟𝑒𝑠 = 𝑎ℎ𝑐 + 𝑎𝑑𝑖𝑠𝑝 + 𝑎𝑎𝑠𝑠𝑜𝑐 
(1) 

 

Once 𝑎𝑟𝑒𝑠 is available from equation (1), thermodynamic properties (e.g. fugacities) 

can be derived from the volume and composition dependency of  𝑎𝑟𝑒𝑠 78. To describe 

mixtures, combining and mixing rules were applied, namely the conventional 

Berthelot-Lorentz rules including one additional binary interaction parameter 𝑘𝑖𝑗 that 

corrects the dispersion-energy parameter for the mixture uij from the geometric mean 

of the self-dispersion energy parameters 𝑢𝑖 and 𝑢𝑗
102: 

𝑢𝑖𝑗 = √𝑢𝑖𝑢𝑗(1 − 𝑘𝑖𝑗) 
(2) 
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The cross-association energy between two associating substances 𝑖 and 𝑗 was 

characterized using the rules from Wolbach and Sandler [27]. 

𝜖𝐴𝑖𝐵𝑗 =
1

2
(𝜖𝐴𝑖𝐵𝑖 + 𝜖𝐴𝑗𝐵𝑗) 

𝜅𝐴𝑖𝐵𝑗 = √𝜅𝐴𝑖𝐵𝑖𝜅𝐴𝑗𝐵𝑗 (
√𝜎𝑖𝑖𝜎𝑗𝑗

1
2

(𝜎𝑖𝑖 + 𝜎𝑗𝑗)
)

3

 

 

(3) 

 

 

(4) 

with the Boltzmann constant 𝑘𝐵, the association-energy parameter 𝜖𝐴𝑖𝐵𝑖/𝑘𝐵, and the 

association-volume parameter 𝜅𝐴𝑖𝐵𝑖, as well as the segment diameter 𝑖.  

 
8.2.6 Predicting Vapor-Liquid Equilibria 
 
In order to predict the vapor-liquid equilibria, an initial guess-value for the pressure 

was given as input in a P-x-diagram subroutine. The pressure was continuously 

iterated, in a similar fashion as the reduced density. With a constant temperature T 

and now constant pressure P the VLE can be reached when the fugacity of 

component i is equal in both phases: 

 

 

f̂ 𝑖

𝐿
(𝑇, 𝑃, 𝑥𝑖) = f̂ 𝑖

𝑉
(𝑇, 𝑃, 𝑦𝑖)     (5) 

 

where f̂ L
i and  f̂ V

i are the fugacities of species i in the liquid phase and the vapor 

phase, respectively, and yi and xi are the vapor and liquid mole fractions, 

respectively. Since the PC-SAFT can calculate the fugacity coefficients (ф) in both 

phases, the phi-phi (ф - ф) method was used to describe the equilibrium conditions 

at a bubble-point curve between the vapor and the liquid phases. The relationship 

can be rewritten in terms of fugacity coefficients: 
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𝑥𝑖 ̂ 𝑖

𝐿
(𝑇, 𝑃, 𝑥𝑖) = 𝑦𝑖 ̂ 𝑖

𝑉
(𝑇, 𝑃, 𝑦𝑖)     (6) 

 
 
 

Where ̂ i
L and ̂ i

v, represent the fugacity coefficients in the liquid and vapor 

phases, respectively. The fugacity coefficients are related to the residual chemical 

potential, according to: 

 
 

𝑙𝑛 ф𝑖 =
µ𝑖

𝑟𝑒𝑠  (𝑇,𝑉)

𝑘𝐵𝑇
− ln 𝑍      (7) 

 
 
The redisual chemical potential can be expressed in terms of the residual Helmholtz 

energy, ares and the compressibility factor, Z, via: 

 

 

 

µ𝑖
𝑟𝑒𝑠  (𝑇,𝑉)

𝑘𝐵𝑇
= 𝑎𝑟𝑒𝑠 + (

𝜕𝑎𝑟𝑒𝑠

𝜕𝑥𝑖
) 𝑇, 𝑣, 𝑥𝑖≠𝑗 − ∑ 𝑥𝑗 (

𝜕𝑎𝑟𝑒𝑠

𝜕𝑥𝑗
) 𝑇, 𝑣, 𝑥𝑖≠𝑗

𝑁

𝑗=1

  (8) 

 

 
These are the essential equations that were solved in the subroutine to obtain the 

points along a bubble point curve. These values obtained from the model were 

compared with the experimentally measured values in the P-x-diagram. The binary 

interaction values, kij, were then manually supplied to the PC-SAFT model to 

increase the accuracy of the model. 
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8.3 Results and discussion 

8.3.1 Density data of pure hydrophobic DESs 

The density of the liquid DESs between 293 K and 328 K at 1 bar are presented in 

Figure 8.1. It can be observed that the liquid density linearly decreases with 

temperature, and the slope of the lines are very similar for the different DESs under 

consideration. The density of the hydrophobic DESs are in the same order as other 

DESs12. 
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Figure 8.1. Densities of deca-lid 2:1, deca:lid 3:1, deca:lid 4:1, dode-lid, deca:men , deca:thy and thy:lid  

as a function of the temperature. The symbols represent the experimental data and the solid lines 

represent the PC-SAFT results using the parameters from Table 8.3. 
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8.3.2 Total vapor pressures of pure hydrophobic DESs 

The vapor pressures were measured for the DES deca-n8888Br. For all other DESs, 

the vapor-pressure data was already available, Table 4.3. The results are listed in 

Table 8.2. As expected, the volatility of deca-N8888Br is very low, because of the 

low vapor pressure of N8888Br, which also influences the vapor pressure of deca 

and the total vapor pressure. The volatility of deca-N8888Br is in the same order of 

magnitude as other hydrophobic DESs17. 

 

Table 8.2. Partial pressures of the constituents of the DES deca-n8888Br and total vapor pressures of 

deca-n8888Br at different temperatures measured in this work. 

Standard uncertainties are u(T) = 0.5 K and u(p) = 0.5 Pa. 

 

 

8.3.3 Estimated pure-component PC-SAFT parameters for the hydrophobic 

DESs 

Modeling phase equilibria with PC-SAFT requires estimating the five pure-

component parameters mseg,i, σi, and ui/kB, ɛAiBi/kB and kAiBi. In addition, the number 

of association sites 𝑁𝑠𝑖𝑡𝑒 (association scheme) must be set prior to the calculations. 

The latter was not treated as a fitting parameter. Rather, for the hydrophobic DESs, 

a 2B association scheme was applied according to previous works on PC-SAFT 

modeling of DESs and DES-based mixtures12,28. The DESs were considered as 

pseudo-pure components. In previous works, the pure-component parameters were 

fitted to liquid density data of the DESs. In this work, a new strategy was followed, 

as a previous work provided total vapor pressures of the DESs. The pure-component 

parameters, mseg,i, σi, and ui/kB, ɛAiBi/kB and kAiBi of the designated DESs were fitted 

to liquid-density data and vapor-pressure data from literature and from this work 

using the objective function OF, which weighs all data points equally. 

T  pdecanoic acid pn8888Br ptot 

[K] [Pa] [Pa] [Pa] 

353 11 0 11 

373 39 0 39 
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𝑂𝐹 = ∑ (
𝜌𝑚𝑜𝑑 − 𝜌𝑒𝑥𝑝

𝜌𝑒𝑥𝑝
)

𝑁𝑃 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑖

2

+ ∑ (
𝑝𝑚𝑜𝑑 − 𝑝𝑒𝑥𝑝

𝑝𝑒𝑥𝑝
)

𝑁𝑃 𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝑖

2

 

(9) 

 
 

It should be noted that in previous works on the modeling of DESs the association 

parameters ɛAiBi/kB and kAiBi were set to constant values. This was not done in this 

work. To achieve a good description of the vapor pressure data, ɛAiBi/kB and kAiBi were 

also treated as adjustable parameters. Furthermore, it should be mentioned that the 

applied pseudo-pure modeling approach requires a new PC-SAFT pure-component 

parameter set for each new composition of one DES, which might be considered as 

drawback of the suggested approach. However, in many cases only DESs in a 

specific composition are used for certain applications, and in this case the pseudo-

pure modeling approach combines simplicity with speed advantages, especially if 

the approach will be applied in process design tools for multi-component systems. 

Applying the OF and the described modeling strategy within PC-SAFT framework 

yielded the pure-component parameters listed in Table 8.3. Although the DESs 

considered here consist of two components at fixed composition, PC-SAFT pseudo-

pure component parameters are in reasonable ranges. The parameters for the DES 

deca-n8888Br were available from literature. These parameters were adjusted solely 

to density data, and the association parameters were set to constant values. In 

contrast, these parameters were adjusted in this work also to vapor-pressure and 

density data. As a result, the association-energy parameters range between 1500 K 

and 4000 K, respectively, which is very convenient. The association-volume 

parameters are very low for some DESs. It can be observed that for these DESs the 

association-energy parameters are then comparably high, which is meaningful as 

both parameters are correlated. For these DESs (deca-thy, deca-lid 4:1, deca-lid 

3:1) a more balanced ratio between ɛAiBi/kB and kAiBi was used in order to avoid very 

low values for kAiBi.  
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However, higher values for kAiBi for these DESs caused much higher deviations 

between PC-SAFT and experimental vapor-pressure data. In addition, also different 

association schemes were used in this work to avoid low values for kAiBi. Moreover, 

parameter estimation only to vapor-pressure data also could not avoid low values for 

kAiBi. Thus, all these different strategies were not successful, i.e. low values for kAiBi 

were absolutely required for accurately modeling of the vapor pressures, and the 2B 

association approach yielded the best results. Thus, the 2B association approach 

and allowing also very low values for kAiBi was considered to give the best OF results, 

and the resulting parameters of this procedure are listed in Table 8.3. 

 

Table 8.3. Pure-component PC-SAFT parameters for DESs, water and FF. All components were modeled 

using the 2B association scheme. 

Compounds 
Mw/g·mol-

1 
mseg,i σi/Å ui/kB (K) Nsite 

ɛAiBi/kB 
(K) 

kAiBi 

deca-lid 4:1 247.17 5.588 4.072 273.16 1 + 1 3952 0.00006 

deca-lid 3:1 201.54 6.479 3.591 247.80 1 + 1 2818 0.00703 

deca-lid 2:1 192.95 6.802 3.473 249.44 1 + 1 2423 0.01275 

deca-men 164.27 4.897 3.721 229.72 1 + 1 2682 0.09560 

deca-thy 161.24 3.756 4.071 332.09 1 + 1 3909 0.00004 
deca-
n8888Br 297.10 15.482 3.158 317.42 1 + 1 5000 0.01000 

thy-lid 178.26 6.214 3.419 222.82 1 + 1 2409 0.0955 

water 18.02 1.205 2.793 353.95 1 + 1 2426 0.045 

FF 96.08 3.071 3.356 320.08 1 + 1 0 0.045 
 

 

The results of minimizing the OF are shown in Figure 8.1 (liquid density) and Figure 

8.2 (total vapor pressures). Both figures show an overall good agreement between 

experimental data and PC-SAFT model results. In Figure 8.1 it can be observed that 

PC-SAFT slightly overestimates the experimental density at low temperatures and 

slightly underestimates the measured density at higher temperatures, respectively.  
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Figure 8.2. Total vapor pressures of dode-lid, deca-lid 2:1, deca:lid 3:1, deca:lid 4:1, deca: men :, deca:thy 

and thy:lid, as function of the temperature. The symbols represent the experimental data from literature17 

and from this work (dode-lid), and the solid lines represent the PC-SAFT results using the parameters 

from Table 8.3. 

 

The absolute average relative deviation, AARD(%) between the experimental data 

and PC-SAFT modeling results are listed in Table 8.4. The AARD(%) was calculated 

according to: 

 
exp

1
% 100

calc

i i

calc

i

y y
AARD

n y


   

(8) 

 

In equation (8) y denotes any property determined via experiments (exp) and 

modeling (calc) for the n number of experimental data points.  

The AARD values are not higher than 0.237% for the density, which means a very 

good agreement between the densities determined via experiments and PC-SAFT 

modelling. For the density of the DESs deca-lid and deca-men extremely low AARD 
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values were obtained. For the vapor pressures the AARD is higher; the maximally 

obtained value for AARD is 26.49%, which was observed for deca-lid 4:1. This 

comparably higher deviation is probably caused by the peculiar vapor-pressure 

behavior, which was discussed in a previous work90.   

 

Table 8.4. Absolute average relative deviation, AARD(%), between experimentally determined densities 

and PC-SAFT modeling results for pure DESs within the temperature range of 288.15 – 323.15 K and 

between experimentally determined total vapor pressures and PC-SAFT modeling results for pure DESs 

within the temperature range of 285.15 – 383.15 K. 

  Density   Volatility   

DES 
No. of data 

point 
AARD (%) 

No. of data 
point 

AARD (%) 

deca-lid 4:1 8 0.053 5 26.487 

deca-lid 3:1 8 0.012 5 21.831 

deca-lid 2:1 8 0.041 5 17.892 

deca-men 8 0.047 5 4.945 

deca-thy 8 0.237 5 12.030 

thy-lid 8 0.137 5 3.927 

     

 

8.3.4 VLE data and PC SAFT modelling 

The established pure component parameters are used to predict VLE data with the 

PC-SAFT model. The predicted VLE data are compared with experimental VLE data, 

as measured by the GC-MS headspace (see Chapter 4). The behavior of deca-thy-

FF is presented in three different ways: i) at one temperature, ii) at three different 

temperatures, iii) compared with two other DESs, viz. deca-thy and deca-men. The 

experimental and predicted VLE data of the mixture of deca-thy (as DES) over a 

varying composition of FF at 333 K are presented in Figure 8.3. 
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Figure 8.3. P-x diagram for the system of deca-thy-FF. The symbols represent the experimental data, the 
dashed line is predicted by the PC-SAFT model (kij = 0) and the solid lines are the PC-SAFT model 
prediction with an adjustment of the binary interaction parameter (kij = 0.065) at 333 K. PC-SAFT 
parameters are listed in Table 8.3. 

 

The vapor pressure measured for pure deca-thy (x1 = 0) is 75 Pa and the vapor 

pressure measured for the pure FF phase (x1 = 1) is 2500 Pa. Although the vapor 

pressure for the pure DES phase is not zero, it is very low in comparison with the 

vapor pressure for the pure FF phase. Initially, the vapor pressure gradually 

increases with an increase in the FF content, until it reaches a plateau value around 

x1 = 0.5. After this point the vapor pressure is constant and equal to the vapor 

pressure of pure FF, indicating a miscibility gap for the DES-FF system. This means 

that additional FF is no longer dissolved in the DES. At room temperature the DES 

and FF are completely miscible, but apparently the system forms separate phases 

at 333 K, if there is more than 50% FF in the mixture. 

It can be observed that the PC-SAFT model describes the general trend from the 

experimental data relatively well. The accuracy of the PC-SAFT model is enhanced 
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by adjusting the binary interaction parameter kij. The dashed line in Figure 3 depicts 

the correlation between the vapor pressure and the pressure without adjusting the 

binary interaction parameter. In this case the PC-SAFT model is considered to be 

completely predictive. By adjusting the kij to 0.065, the absolute average relative 

deviation (AARD) is reduced from 27% to 13%. This small positive value of the binary 

interaction parameter means that the model slightly overestimates the cross-

dispersion energy of the segment-segment interactions between the DES and FF. 

An AARD of the model with the data of 13% is large in terms of thermodynamic 

modelling. However, given that the error margin within the experimental data itself is 

10%, the AARD value of the model of 13 % is viewed as acceptable. Thus, with the 

addition of a binary interaction parameter, the PC-SAFT model can be used to 

predict VLE data adequately. 

Similar phase behavior is shown in the work of Kato et al.103, in which the phase 

behavior of benzene and cyclohexane in a number of ILs are compared. For the 

IL:cyclohexane system they found miscibility gaps just below x1 = 0.1, while the 

IL:benzene systems form an almost ideal mixture, meaning no or small positive 

deviations from Raoults law, with only very small miscibility gaps at x1 = 0.9. Based 

on this, they conclude that ILs are suitable solvents for the removal of aromatics from 

aliphatic hydrocarbon mixtures. 

An analogous conclusion can be drawn for DESs for FF separation from aqueous 

solutions. Although the P-x diagrams have not been made for the DES water system, 

because the DESs used are very hydrophobic, so very low interaction between DES 

and water can be assumed. 
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8.3.5 VLE temperature influence 

The VLE of deca-thy and FF is investigated at several different temperatures to 

investigate the effect of the temperature on the vapor pressure. The total vapor 

pressure is displayed in Figure 8.4 as a function of the liquid molar fraction of FF.  
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Figure 8.4. P-x diagram for the system of deca-thy-FF at different temperatures. The symbols are the 
experimental data and the lines are the PC-SAFT predictions red: 373 K with kij =0.1, blue: 353 K with kij 
=0.07, black: 333 K with kij =0.065. PC-SAFT parameters are listed in Table 8.3. 

 

The increase in the temperature results in an increase in the vapor pressure of both 

components. For the deca-thy (1:1) (x1 = 0), the vapor pressure increases from 75 

Pa at 333 K to 180 Pa at 353 K and 500 Pa at 373 K, while for pure FF (x1 = 1) the 

vapor pressure increases from 2500 Pa (333 K) to 5500 Pa (353 K) and 13000 Pa 

(373 K). The x1 value at which the plateau is reached, decreases for increasing 

temperatures. The increase in temperature leads to increased kinetics and enhances 

the transition of FF to the vapor phase.  This would imply that a mixture of x1 = 0.5 

of DES-FF can easily be separated to an x1 = 0.15, by heating the mixture to 373 K. 
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This could be useful in the hypothetical scenario of an extraction of FF from water 

with DES at room temperature. This would result in a mixture of DES with a relatively 

’high’ loading of FF, the downstream separation could be relatively easy. 

The PC-SAFT prediction describes the behavior relatively well, for which only a small 

value of kij is needed. At the point where the plateau is reached, the PC-SAFT lines 

demonstrate a sharp notch. This can be explained as follows: when the calculations 

hit the vapor pressure of FF, the PC-SAFT model is stopped. In Figure 8.5 the DES-

FF binary P-x diagram is displayed for deca-men. 
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Figure 8.5. P-x diagram for the system of deca-men-FF at different temperatures. The symbols are the 
experimental data and the lines are the PC-SAFT predictions red: 373 K with kij =0.055, blue: 353 K with 
kij =0.045, black: 333 K with kij =0.025. PC-SAFT parameters are listed in Table 8.3. 

 

The symbols represent the experimental data and the lines are the PC-SAFT 

predictions with the adjusted kij values. Generally, the trends are the same as for the 

system of deca-thy shown in Figure 8.4; the increase in temperature leads to higher 

vapor pressures, which are the same for FF. The deca-men vapor pressure is slightly 
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different from the deca-thy, but is almost negligible nonetheless. The same sharp 

notch is observed. However, the trend in composition at which this sharp notch is 

reached is different. For the menthol based DES the position of the notch is almost 

the same for the P-x curve at 353 K and 373 K at x1 = 0.15. If this trend continues at 

higher temperatures, this could mean that it is difficult to remove the remaining 15% 

FF from the DES. But this cannot be confirmed with the experimental data, because 

these show at lower FF concentration already a higher vapor pressure.  

In Figure 8.6 the DES-FF binary P-x diagram is displayed for thy-lid. The symbols 

represent the experimental data and the lines are the PC-SAFT predictions with the 

adjusted kij values. In general, the trends are the same as before. Unfortunately only 

very few reliable data points were available for 373 K, which is why this curve was 

left out. 
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Figure 8.6: P-x diagram for the system of thy-lid-FF at different temperatures. The symbols are the 
experimental data and the lines are the PC-SAFT predictions blue: 353 K with kij =0.05, black: 333 K with 
kij =0.03. PC-SAFT parameters are listed in Table 8.3. 
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To quantitatively model the vapor-pressure behavior of the other DESs one binary 

interaction parameter kij was introduced. It was decided that kij was dependent 

linearly on temperature. It is worth mentioning that kij must not be a function of 

composition to keep the physical consistency within modelling with an equation of 

state. 

 

In conclusion, it is shown that PC-SAFT is a suitable model for the VLE description 

of of DES-based mixtures with FF. Furthermore, the pseudo-pure component 

modeling approach for the DESs seems to be sufficiently adequate to model the 

phase behavior in good agreement with experimental data when using only one 

binary interaction parameter (or in some cases even without binary interaction 

parameter). This is an important finding for future work on systems where FF (or 

other components) and a DES are commonly present. 
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8.4 Conclusions 

To better understand the behavior of the FF-DES interactions, the PC-SAFT model 

was used. This model was applied to predict the VLE between hydrophobic DESs 

and FF, which was subsequently compared to experimental values. The DESs were 

successfully implemented as pure components in the PC-SAFT model. Afterwards, 

the PC-SAFT model was used to predict the general trends in the VLE diagrams 

quite adequately. It is shown that the accuracy is significantly improved by adjusting 

the binary interaction parameter. This means that the model slightly overestimates 

the cross-dispersion energy of the segment-segment interactions between the DES-

FF separations. In further work on systems where FF (or other components) and a 

DESs are commonly present this model can predict the VLE between the component 

and the DES and also an indication of recovery can be made. 
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9.1 Conclusion 

 

The main objective of this work was to develop novel designer solvents for the 

extraction of FF and HMF from aqueous solutions. The solubilities of sugar-derived 

molecules were experimentally screened in different DESs. The hydrophobic DES 

(deca-N8888Br) showed the highest solubility for the sugar-derived molecules, 

except for the sugars themselves (see Chapter 2). Therefore, hydrophobic DESs are 

interesting solvents for biomass extractions. A search for sustainable hydrophobic 

DESs was performed from 507 combinations of two solid components, 17 

hydrophobic DESs were discovered, identified and characterized (Chapter 3).   

In general, it was always claimed that DESs have a very low total vapor pressure, 

but almost no vapor pressure data of DESs have been reported, so this general 

statement was never really supported quantitatively. Knowledge of vapor pressure 

data is also of utmost importance for thermodynamic modeling, as well for 

classification of the DESs. In Chapter 4 a new method was developed (HS-GC-MS) 

and applied to measure the total vapor pressure as well as the partial vapor 

pressures of the DES constituents. The total vapor pressure of all tested hydrophobic 

DESs was confirmed to be negligible in comparison to vapor pressures of commonly 

used solvents like toluene. It was shown that PC-SAFT modelling can be adequately 

used for the prediction of the total vapor pressures of the hydrophobic DESs using 

the parameters fitted to the vapor pressure data of the DES constituents. 

In Chapter 5 the separation of FF and HMF from aqueous solutions with different 

hydrophobic DESs as extracting agent was measured and compared with the 

benchmark toluene. It was found that only the solvent-to-feed ratio has a significant 

effect on the distribution coefficient. Feed composition, time, temperature and pH did 

not influence the distribution coefficient noticeably. All the hydrophobic DESs show 

much better extraction of HMF compared to toluene. The DESs deca-thy and thy-lid 

perform excellently for the extraction of FF, while the DESs deca-N8888Br, deca-lid 

2:1, deca-lid 3:1 and deca-lid 4:1 show similar performance as toluene. 
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The degradation of FF was decreased when extracting agents were added (as 

compared to the blank and the benchmark toluene, Chapter 6). In-situ extraction at 

the optimized reaction conditions using organic solvents and hydrophobic DESs (at 

a solvent-to-feed molar ratio of 10:1) resulted in comparable xylose conversions but 

with much higher FF yields in comparison to the blank experiment. Thus, 

hydrophobic DESs (especially at relatively short reaction times < 30 min) are 

promising in-situ extracting agents for the removal of FF from biorefinery processes. 

A liquid membrane reactor would allow for in-situ FF and HMF removal, preventing 

further side reactions, with integrated solvent regeneration. For the first time, 

supported liquid membranes (SLM) were made with hydrophobic DESs (Chapter 7). 

The most promising result is the high permeability for both FF and HMF using the 

SLM with thy-lid, where the DES significantly enhanced the transport of FF and HMF 

through the polymeric membrane support. With a gas sweep as a receiving phase, 

FF is almost completely removed after 30 h. Vapor-liquid equilibria (VLE) are also 

very important for the recovery of FF from the DES. The VLE of two hydrophobic 

DES-FF systems were experimentally determined and modeled using PC-SAFT 

(Chapter 8). It was shown that the VLE can be predicted well by PC-SAFT and that 

the recovery can be very successful. 
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9.2 Economic and environmental evaluation 

The easiest recovery method to be implemented in biorefinery processes is liquid-

liquid extraction (with organic solvents), which is an industrial commonly used 

separation method. In case toluene is replaced by a hydrophobic DES, the energy 

consumption is expected to be higher, because for the recovery high vacuum 

distillation is required instead of standard distillation (higher OPEX). On the other 

hand, the distribution coefficient is 3 times higher, so 3 times less solvent is required. 

This will result in smaller extraction equipment (lower CAPEX) and less solvent 

losses (lower environmental impact). When the extraction is carried out in-situ, the 

solvent requirement is even lower and FF degradation can be prevented so that 

higher yields are obtained. 

The costs for the solvent requirement for in-situ extraction using a hydrophobic DES 

(thy-deca) are much lower than that for toluene, because the solvent-to-feed ratio for 

conventional FF extraction with toluene is higher (10:1) and the FF yield is lower 

(55%), even though the price of toluene is lower (€ 64 per liter), as compared to 

extraction with a hydrophobic DES (solvent-to-feed ratio is 1.5:10, FF yield is 70%, 

price of DES is € 130 per liter). 10 kL toluene is needed to extract 1 kg  FF and only 

150 L DES. Thus, overall, the solvent costs are estimated to be about 30 times lower 

when toluene is replaced by a hydrophobic DES. 

To produce 150 L DES, only 288000plants of T.Vulgaris should be cultivated and 

this makes about an area of 0.03km2 (6 “voetbalvelden”). 

In 2013, 300 kton FF was used worldwide, and the prognosis for 2020 is that yearly 

652.5 kton FF is needed104,105. From literature it is known that 25% of biomass is 

hemicellulose and from that maximally 10% can react to FF, of which 80% can be 

extracted, so that 15000 kton biomass is required to produce 300 kton of FF. The 

forecast is that there will be 152.2 Mton sustainable biomass available in 2030, so 

that the availability of biomass does not pose any problems. Concluding, that it is 

possible to produce all the needed FF from biomass with the use of a hydrophobic 

DES replacing the organic solvent, while the FF yield will be higher at expected lower 

costs. 
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9.3 Recommendations 

In this thesis, hydrophobic DESs, the properties and their application to extract FF/ 

HMF from aqueous solutions are presented and discussed. The understanding of 

the formation of the hydrophobic DES, the intermolecular interactions between the 

DES-constituents and the interaction with the compound to be extracted are very 

important. Improved fundamental understanding of the molecular interactions, 

possibly by calculations, and more work on the PC-SAFT modelling to predict 

optimum ratios of HBA and HBD. 

Further research on SLMs should be done, because this extraction method gives the 

opportunity to use even less solvent and allows easy recovery (circumventing the 

need for vacuum distillation), which would save a lot on energy costs (lower OPEX). 

Also, the reaction from xylose to FF could be performed on the surface of the SLM 

in case an acid-based DES is used, further decreasing the occurrence of possible 

side reactions. Preliminary experiments, with an acid-based DES show a high yield 

for FF and HMF. In addition, further research with continuous micro-reactors can 

give a possibility to do in-situ extraction in a fast “way”. Preliminary experiments have 

also shown that salting out can increase the distribution coefficient enormously, 

thereby stabilizing the DESs and resulting in an increase in yield of FF and HMF. 

This surely deserves further research. Last but not least, a full techno-economic 

evaluation should be performed to quantify in more detail CAPEX-OPEX benefits 

with the new solvents and SLMs. 
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Chemicals 

The chemicals used in this work, including their source, purity and melting point (as 

stated by the supplier)22 are presented in Table E.1. Demi water (≥ 18.2 MΩ.cm) was 

obtained from a Purelab flex® cell (cartridge packs LC140 and LC141) from Elga. 

All chemicals were used as received. 

Table E.1. Chemicals, source, CAS number, melting point (Tm) and purity. 

Name purity Source CAS nr Tm (K) 

Acetic Acid 99.7 Sigma Aldrich 64-19-7 289 

2-adamantanol (ada) >98  
TCI 

Chemicals 
700-57-2 

  
Atropine (atr) >99  Sigma Aldrich 51-55-8 391 
2,6-diphenyl-4-(2,4,6-
Triphenylpyridio)phenolate 
(Reichardt’s dye) 

90 Sigma Aldrich 10081-39-7 544-548 

4-Nitroaniline >99 Sigma Aldrich 100-01-6 419-423 
Betaine >99 Sigma Aldrich 107-43-7 583 

2-sec Butylphenol (2sec) >98 
TCI 

Chemicals 
89-72-5 263 

Camphor >96 Sigma Aldrich 76-22-2 448 

cinnamyl alcohol >98 
TCI 

Chemicals 
4407-36-7 306 

Citronellol (cit) >95 
TCI 

Chemicals 
7540-51-4 

  
Caffeine (caf) ≥98 Sigma Aldrich 58-08-2   

Carvacrol (car) >98 
TCI 

Chemicals 
499-75-2 276 

Coumarin (cou) ≥99 Sigma Aldrich 91-64-5   
Cyclohexanecarboxaldehyde 
(chcd) 

≥97 Sigma Aldrich 2043-61-0   

Choline Chloride >99 Sigma Aldrich 67-48-1 375-378 
Cholesterol (chol) ≥92.5 Sigma Aldrich 57-88-5   
1,3 Cyclopentanediol mixture 
cis and trans 

95 Sigma Aldrich 59719-74-3 313 

Cyclopentanone 99 Sigma Aldrich 120-92-3  

1,2-decanediol (1,2-dcd) ≥98 Sigma Aldrich 1119-86-4   
1,10-decanediol (1,10-dcd) ≥98 Sigma Aldrich 112-47-0   
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Name 
Purity 
%wt 

Source CAS nr Tm (K) 

Decanoic acid  (deca) >98 Sigma Aldrich 334-48-5 300-305 

Dimethyladipate >99 Sigma Aldrich 627-93-0 281 

2,6 diiso propyl phenol >97 Sigma Aldrich 2078-54-8 291 

2,4 di tert butyl phenol 99 Sigma Aldrich 96-76-4 328 

2,6 di tert butyl phenol 99 Sigma Aldrich 128-39-2 308 

2 ethyl phenol 99 Sigma Aldrich 90-00-6 255 

4 ethyl phenol >98 Sigma Aldrich 123-07-9 313 

Dodecanoic acid (dode) >98  Sigma Aldrich 143-07-7 316-318 

Ethylene Glycol >99 Sigma Aldrich 107-21-1 260 

D-Fructose >99 Sigma Aldrich 57-48-7 373-377 

Furfural (FF) >99 TCI Chemicals 98-01-1 237 

Glucose >99.5 Sigma Aldrich 50-99-7 423-425 

Glycolic acid 99 Sigma Aldrich 79-14-1 348-352 

5 Hydroxymethyl furfural 
(HMF) 

99 Sigma Aldrich 67-47-0 301-307 

Imidazole >99 Sigma Aldrich 288-32-4 361-364 

Levulinic acid >97 Sigma Aldrich 123-76-2 303-306 

Lidocaine (lid) >99 TCI Chemicals 137-58-6 339-342 

Menthol (men) >99 TCI Chemicals 98-78-1 304 

1-napthol (1-nap) ≥99  90-15-3    

N tetra ethyl ammonium 
Chloride 

>96 Sigma Aldrich 56-34-8   
N, N-Dimethyl-4-nitroaniline >97 Sigma Aldrich 619-31-8 433 

2 propyl phenol 98 Sigma Aldrich 644-35-9   

Sulfuric acid >99 TCI Chemicals 7664-93-9   

Tetrahydrofurfurylalcohol >99 Sigma Aldrich 97-99-4 193 

Tetra octyl ammonium 
Bromide 

98 Sigma Aldrich 14866-33-2 368-371 

1-tetradecanol (1-tdc) ≥97  112-72-1   

Toluene (tol) >99 TCI Chemicals 108-88-3   
Trans-1,2-cyclohexanediol 
(1,2-chd) 

≥98 
 

460-57-7   

Tyramine (tyr) ≥98  51-67-2   

Tryptamine (tryp) ≥98  61-54-1   

Thymol (thy) >99 TCI Chemicals 89-83-8 322-325 

Urea >98 Sigma Aldrich 57-13-6 406 

D Xylose > 98  TCI Chemicals 56-86-6   
 



Bibliography 

 

193 
 

Bibliography 

 

1.  Gallezot P. Process options for converting renewable feedstocks to 

bioproducts. Green Chem. 2007;9(4):295-302.  

2.  Naik SN, Goud V V., Rout PK, Dalai AK. Production of first and second 

generation biofuels: A comprehensive review. Renew Sustain Energy Rev. 

2010;14(2):578-597.  

3.  Huber GW, Iborra S, Corma A. Synthesis of transportation fuels from 

biomass: Chemistry, catalysts, and engineering. Chem Rev. 

2006;106(9):4044-4098.  

4.  Rinaldi R, Schüth F. Acid hydrolysis of cellulose as the entry point into 

biorefinery schemes. ChemSusChem. 2009;2(12):1096-1107.  

5.  Faith WL. Development of the Scholler Process in the United States. Ind 

Eng Chem. 1945;37(1):9-11.  

6.  Kumar AK, Sharma S. Recent updates on different methods of pretreatment 

of lignocellulosic feedstocks: a review. Bioresour Bioprocess. 2017;4(1).  

7.  Hallett JP, Welton T. Room-temperature ionic liquids: Solvents for synthesis 

and catalysis. 2. Chem Rev. 2011;111(5):3508-3576.  

8.  Sain, B.; Chaudhuri, A.; Borgohain JN. Furfural and Furfural-Based 

Industrial Chemicals.; 1982. 

9.  Zeitsch KJ. The Chemistry and Technology of Furfural and Its Many 

Byproducts.; 2000. 

10.  Van Grieken R, Coto B, Romero E, Espada JJ. Prediction of liquid-liquid 

equilibrium in the system furfural + heavy neutral distillate lubricating oil. Ind 

Eng Chem Res. 2005;44(21):8106-8112. 



 

 

194 
 

11.  Lecomte J, Finiels A, Geneste P, Moreau C. Kinetics of furfuryl alcohol 

hydroxymethylation with aqueous formaldehyde over a highly dealuminated 

H-mordenite. J Mol Catal A Chem. 1998;133(3):283-288.  

12.  Lichtenthaler FW. Towards improving the utility of ketoses as organic raw 

materials. Carbohydr Res. 1998;313(2):69-89.  

13.  Brouwer T, Blahusiak M, Babic K, Schuur B. Reactive extraction and 

recovery of levulinic acid, formic acid and furfural from aqueous solutions 

containing sulphuric acid. Sep Purif Technol. 2017;185:186-195.  

14.  Lin L, Ma S, Li P, Zhu T, Chang H. Mutual Solubilities for the Water-2-sec-

Butylphenol System and Partition Coefficients for Furfural and Formic Acid 

in the Water-2- sec -Butylphenol System. J Chem Eng Data. 

2015;60(6):1926-1933.  

15.  Weingarten R, Cho J, Conner WC, Huber GW. Kinetics of furfural 

production by dehydration of xylose in a biphasic reactor with microwave 

heating. Green Chem. 2010;12(8):1423-1429.  

16.  Blumenthal LC, Jens CM, Ulbrich J, Systematic Identification of Solvents 

Optimal for the Extraction of 5-Hydroxymethylfurfural from Aqueous 

Reactive Solutions. ACS Sustain Chem Eng. 2016;4(1):228-235.  

17.  Bhaumik P, Dhepe PL. Efficient, stable, and reusable 

silicoaluminophosphate for the one-pot production of furfural from 

hemicellulose. ACS Catal. 2013;3(10):2299-2303. 

18.  Sitthisa S, Resasco DE. Hydrodeoxygenation of furfural over supported 

metal catalysts: A comparative study of Cu, Pd and Ni. Catal Letters. 

2011;141(6):784-791.  

19.  Croker JR, Bowrey RG. Liquid Extraction of Furfural from Aqueous Solution. 

Ind Eng Chem Fundam. 1984;23(4):480-484.  

 



Bibliography 

 

195 
 

20.  Liu X, Ai N, Zhang H, Quantification of glucose, xylose, arabinose, furfural, 

and HMF in corncob hydrolysate by HPLC-PDA-ELSD. Carbohydr Res. 

2012;353:111-114.  

21.  Abbott AP, Capper G, Davies DL, Rasheed RK, Tambyrajah V. Novel 

solvent properties of choline chloride/urea mixtures. Chem Commun. 

2003;(1):70-71.  

22.  Mohammad S, Held C, Altuntepe E, Salt influence on MIBK/water liquid-

liquid equilibrium: Measuring and modeling with ePC-SAFT and COSMO-

RS. Fluid Phase Equilib. 2016;416:83-93.  

23.  Mohammad S, Grundl G, Müller R, Kunz W, Sadowski G, Held C. Influence 

of electrolytes on liquid-liquid equilibria of water/1-butanol and on the 

partitioning of 5-hydroxymethylfurfural in water/1-butanol. Fluid Phase 

Equilib. 2016;428:102-111. 

24.  van Osch DJGP, Zubeir LF, van den Bruinhorst A, Rocha MAA, Kroon MC. 

Hydrophobic deep eutectic solvents as water-immiscible extractants. Green 

Chem. 2015;17(9):4518-4521.  

25.  Dai Y, van Spronsen J, Witkamp GJ, Verpoorte R, Choi YH. Natural deep 

eutectic solvents as new potential media for green technology. Anal Chim 

Acta. 2013;766:61-68.  

26.  Zhang Q, De Oliveira Vigier K, Royer S, Jérôme F. Deep eutectic solvents: 

syntheses, properties and applications. Chem Soc Rev. 2012;41(21):7108.  

27.  Hayyan M, Hashim MA, Al-Saadi MA, Hayyan A, AlNashef IM, Mirghani 

MES. Assessment of cytotoxicity and toxicity for phosphonium-based deep 

eutectic solvents. Chemosphere. 2013;93(2):455-459.  

28.  Vigier KDO, Chatel G, Jérôme F. Contribution of deep eutectic solvents for 

biomass processing: Opportunities, challenges, and limitations. 

ChemCatChem. 2015;7(8):1250-1260.  



 

 

196 
 

29.  Zubeir LF, Held C, Sadowski G, Kroon MC. PC-SAFT Modeling of CO 2 

Solubilities in Deep Eutectic Solvents. J Phys Chem B. 2016;120(9):2300-

2310.  

30.  Dietz CHJT, van Osch DJGP, Kroon MC. PC-SAFT modeling of 

CO2solubilities in hydrophobic deep eutectic solvents. Fluid Phase Equilib. 

2017;448:94-98.  

31.  Jong-Min Lee, Sebastian Ruckes and, John M. Prausnitz. Solvent Polarities 

and Kamlet−Taft Parameters for Ionic Liquids Containing a Pyridinium 

Cation. 2008;(30):1473-1476.  

32.  Reichardt C. Polarity of ionic liquids determined empirically by means of 

solvatochromic pyridinium N-phenolate betaine dyes. Green Chem. 

2005;7(5):339-351.  

33.  Reichardt C. Solvatochromic Dyes as Solvent Polarity Indicators. Chem 

Rev. 1994;94(8):2319-2358.  

34.  Kamlet MJ, Abboud JL, Taft RW. The Solvatochromic Comparison Method. 

6. The π* Scale of Solvent Polarities1. J Am Chem Soc. 1977;99(18):6027-

6038.  

35.  de Faria ELP, do Carmo RS, Cláudio AFM, Freire CSR, Freire MG, 

Silvestre AJD. Deep eutectic solvents as efficient media for the extraction 

and recovery of cynaropicrin from cynara cardunculus L. Leaves. Int J Mol 

Sci. 2017;18(11).  

36.  Giannetti V, Boccacci Mariani M, Mannino P, Marini F. Volatile fraction 

analysis by HS-SPME/GC-MS and chemometric modeling for traceability of 

apples cultivated in the Northeast Italy. Food Control. 2017;78:215-221.  

37.  Yamamoto M, Narahara H. The measurement of vapor-Liquid equilibrium 

data by headspace gas chromatography. Sumitomo Kagaku. 2004;(I):1-10. 

 



Bibliography 

 

197 
 

38.  Dietz CHJT, Kroon MC, Van Sint Annaland M, Gallucci F. Thermophysical 

Properties and Solubility of Different Sugar-Derived Molecules in Deep 

Eutectic Solvents. J Chem Eng Data. 2017;62(11):3633-3641.  

39.  Carin H. J. T. Dietz, Jemery. T. Creemers, Merijn A. Meuleman, Christoph 

Held, Gabriele Sadowski, Martin van Sint Annaland, Fausto Gallucci and 

Maaike C. Kroon, Determination of the total vapour pressure of hydrophobic 

deep eutectic solvents: Experiments and PC-SAFT modelling, ACS 

Sustainable Chem. Eng. 2019, 7, 4, 4047-4057. 

40.  sigma-aldrich. 

41.  Xie Y, Dong H, Zhang S, Lu X, Ji X. Effect of water on the density, viscosity, 

and CO2 solubility in choline chloride/urea. J Chem Eng Data. 

2014;59(11):3344-3352.  

42.  Chemat F, Anjum H, Shariff AM, Kumar P, Murugesan T. Thermal and 

physical properties of (Choline chloride + urea + l-arginine) deep eutectic 

solvents. J Mol Liq. 2016;218:301-308.  

43.  D’Agostino C, Harris RC, Abbott AP, Gladden LF, Mantle MD. Molecular 

motion and ion diffusion in choline chloride based deep eutectic solvents 

studied by1H pulsed field gradient NMR spectroscopy. Phys Chem Chem 

Phys. 2011;13(48):21383-21391.  

44.  Mjalli FS, Jabbar NMA. Acoustic investigation of choline chloride based 

ionic liquids analogs. Fluid Phase Equilib. 2014;381:71-76.  

45.  Hodge JE. Browning reactions in model systems. J Agric Food Chem. 

1953;1:928-943.  

46.  Francisco M, van den Bruinhorst A, Zubeir LF, Peters CJ, Kroon MC. A new 

low transition temperature mixture (LTTM) formed by choline chloride+lactic 

acid: Characterization as solvent for CO2 capture. Fluid Phase Equilib. 

2013;340:77-84.  



 

 

198 
 

47.  Rodriguez NR, Ferre Guell J, Kroon MC. Glycerol-Based Deep Eutectic 

Solvents as Extractants for the Separation of MEK and Ethanol via Liquid-

Liquid Extraction. J Chem Eng Data. 2016;61(2):865-872.  

48.  Alves LA, Ipt P, Biotecnologia D De, Engenharia E De, Eel DL. Solubility of 

D -Glucose in Water and Ethanol / Water Mixtures. 2007:2166-2170. 

49.  Gray MC, Converse AO, Wyman CE. Sugar monomer and oligomer 

solubility. Appl Biochem Biotechnol. 2003;105(1-3):179-193.  

50.  Handbook of Chemistry and Physics. 

51.  Wongsawa T, Hronec M, Pancharoen U, Phatanasri S. Solubility and tie-

line data for ternary aqueous mixtures of cyclopentanol with organic 

solvents at T=298.2K: Experiments and NRTL model. Fluid Phase Equilib. 

2014;379:10-18.  

52.  Carneiro AP, Rodríguez O, MacEdo EA. Fructose and glucose dissolution 

in ionic liquids: Solubility and thermodynamic modeling. Ind Eng Chem Res. 

2013;52(9):3424-3435.  

53.  Mohan M, Goud V V., Banerjee T. Solubility of glucose, xylose, fructose and 

galactose in ionic liquids: Experimental and theoretical studies using a 

continuum solvation model. Fluid Phase Equilib. 2015;395:33-43. 

doi:10.1016/j.fluid.2015.03.020 

54.  Pei Y, Wu K, Wang J, Fan J. Recovery of furfural from aqueous solution by 

ionic liquid based liquid-liquid extraction. Sep Sci Technol. 2008;43(8):2090-

2102. doi:10.1080/01496390802064018 

55.  Radošević K, Cvjetko Bubalo M, Gaurina Srček V, Grgas D, Landeka 

Dragičević T, Redovniković RI. Evaluation of toxicity and biodegradability of 

choline chloride based deep eutectic solvents. Ecotoxicol Environ Saf. 

2015;112:46-53.  

 



Bibliography 

 

199 
 

56.  Paiva A, Craveiro R, Aroso I, Martins M, Reis RL, Duarte ARC. Natural 

deep eutectic solvents - Solvents for the 21st century. ACS Sustain Chem 

Eng. 2014;2(5):1063-1071.  

57.  Liu Y, Friesen JB, McAlpine JB, Lankin DC, Chen SN, Pauli GF. Natural 

Deep Eutectic Solvents: Properties, Applications, and Perspectives. J Nat 

Prod. 2018;81(3):679-690.  

58.  Corvis Y, Négrier P, Lazerges M, Massip S, Léger JM, Espeau P. 

Lidocaine/ l -menthol binary system: Cocrystallization versus solid-state 

immiscibility. J Phys Chem B. 2010;114(16):5420-5426.  

59.  Kang L, Jun HW, Mani N. Preparation and characterization of two-phase 

melt systems of lidocaine. Int J Pharm. 2001;222(1):35-44.  

60.  Martins MAR, Crespo EA, Pontes PVA. Tunable Hydrophobic Eutectic 

Solvents Based on Terpenes and Monocarboxylic Acids. ACS Sustain 

Chem Eng. 2018;6(7):8836-8846.  

61.  Ribeiro BD, Florindo C, Iff LC, Coelho MAZ, Marrucho IM. Menthol-based 

eutectic mixtures: Hydrophobic low viscosity solvents. ACS Sustain Chem 

Eng. 2015;3(10):2469-2477.  

62.  Tereshatov EE, Boltoeva MY, Folden CM. First evidence of metal transfer 

into hydrophobic deep eutectic and low-transition-temperature mixtures: 

Indium extraction from hydrochloric and oxalic acids. Green Chem. 

2016;18(17):4616-4622.  

63.  Parmentier D, Metz SJ, Kroon MC. Tetraalkylammonium oleate and 

linoleate based ionic liquids: Promising extractants for metal salts. Green 

Chem. 2013;15(1):205-209.  

 

 



 

 

200 
 

64.  Parmentier D, Vander Hoogerstraete T, Metz SJ, Binnemans K, Kroon MC. 

Selective Extraction of Metals from Chloride Solutions with the 

Tetraoctylphosphonium Oleate Ionic Liquid. Ind Eng Chem Res. 

2015;54(18):5149-5158.  

65.  Freire MG, Neves CMSS, Carvalho PJ. Mutual solubilities of water and 

hydrophobic ionic liquids. J Phys Chem B. 2007;111(45):13082-13089.  

66.  Bates ED, Mayton RD, Ntai I, Davis JH. CO2 capture by a task-specific 

ionic liquid. J Am Chem Soc. 2002;124(6):926-927.  

67.  Phang P, Dollimore D, Evans SJ. A comparative method for developing 

vapor pressure curves based on evaporation data obtained from a 

simultaneous TG-DTA unit. Thermochim Acta. 2002;392(393):119-125.  

68.  Focke WW. A revised equation for estimating the vapour pressure of low-

volatility substances from isothermal TG data. J Therm Anal Calorim. 

2003;74(1):97-107.  

69.  Barontini F, Cozzani V. Thermogravimetry as a screening tool for the 

estimation of the vapor pressures of pure compounds. J Therm Anal 

Calorim. 2007;89(1):309-314.  

70.  Price DM, Hawkins M. Calorimetry of two disperse dyes using 

thermogravimetry. Thermochim Acta. 1998;315(1):19-24.  

71.  Rocha MAA, Coutinho JAP, Santos LMNBF. Cation symmetry effect on the 

volatility of ionic liquids. J Phys Chem B. 2012;116(35):10922-10927.  

72.  Shahbaz K, Mjalli FS, Vakili-Nezhaad G, AlNashef IM, Asadov A, Farid MM. 

Thermogravimetric measurement of deep eutectic solvents vapor pressure. 

J Mol Liq. 2016;222:61-66.  

73.  Crespo EA, Silva LP, Martins MAR. Characterization and Modeling of the 

Liquid Phase of Deep Eutectic Solvents Based on Fatty Acids/Alcohols and 

Choline Chloride. Ind Eng Chem Res. 2017;56(42):12192-12202.  



Bibliography 

 

201 
 

74.  Pontes PVA, Crespo EA, Martins MAR. Measurement and PC-SAFT 

modeling of solid-liquid equilibrium of deep eutectic solvents of quaternary 

ammonium chlorides and carboxylic acids. Fluid Phase Equilib. 

2017;448:69-80.  

75.  Verevkin SP, Sazonova AY, Frolkova AK, Zaitsau DH, Prikhodko I V., Held 

C. Separation performance of BioRenewable deep eutectic solvents. Ind 

Eng Chem Res. 2015;54(13):3498-3504.  

76.  Messaâdi A, Dhouibi N, Hamda H. A New Equation Relating the Viscosity 

Arrhenius Temperature and the Activation Energy for Some Newtonian 

Classical Solvents. J Chem. 2015;2015:7-10.  

77.  Campanari S, Chiesa P, Manzolini G. CO2 capture from combined cycles 

integrated with Molten Carbonate Fuel Cells. Int J Greenh Gas Control. 

2010;4(3):441-451.  

78.  Gross J, Sadowski G. Perturbed-chain SAFT: An equation of state based 

on a perturbation theory for chain molecules. Ind Eng Chem Res. 

2001;40(4):1244-1260.  

79.  Holovko MF, Patsahan TM, Shmotolokha VI. What is liquid in random 

porous media: The Barker-Henderson perturbation theory. Condens Matter 

Phys. 2015;18(1):1-17.  

80.  Tumakaka F, Sadowski G. Application of the Perturbed-Chain SAFT 

equation of state to polar systems. Fluid Phase Equilib. 2004;217(2):233-

239.  

81.  Held C, Neuhaus T, Sadowski G. Compatible solutes: Thermodynamic 

properties and biological impact of ectoines and prolines. Biophys Chem. 

2010;152(1-3):28-39.  

 

 



 

 

202 
 

82.  Tanabashi M, Hagiwara K, Hikasa K. Review of Particle Physics. Phys Rev 

D. 2018;98(3).  

83.  Richard M. Stephenson SM. Handbook of the thermodynamics of organic 

compounds. Richard M. Stephenson, and Stanislaw Malanowski, Elsevier, 

New York, 1987, 552 pp.,$69.00. AIChE J. 1989;35(5):877-877.  

84.  Stull DR. Vapor Pressure of Pure Substances. Organic and Inorganic 

Compounds. Ind Eng Chem. 1947;39(4):517-540.  

85.  Rocha MAA, Santos LMNBF. First volatility study of the 1-alkylpyridinium 

based ionic liquids by Knudsen effusion. Chem Phys Lett. 2013;585:59-62.  

86.  Price DM. Vapor pressure determination by thermogravimetry. Thermochim 

Acta. 2001;367-368(June 2000):253-262.  

87.  Carin H. J. T. Dietz, Annika Erve, Maaike C. Kroon, Martin van Sint 

Annaland, Fausto Gallucci and Christoph Held. Thermodynamic properties 

of hydrophobic deep eutectic solvents and solubility of water and HMF in 

them: Measurements and PC-SAFT modeling. Fluid Phase Equilib. 2019 , 

489, 75-82. 

88.  Gross J, Sadowski G. Application of the perturbed-chain SAFT equation of 

state to associating systems. Ind Eng Chem Res. 2002;41(22):5510-5515.  

89.  Warrag SEE, Pototzki C, Rodriguez NR. Oil desulfurization using deep 

eutectic solvents as sustainable and economical extractants via liquid-liquid 

extraction: Experimental and PC-SAFT predictions. Fluid Phase Equilib. 

2018;467:33-44.  

90.  Dannie J.G.P. van Osch*, Carin H.J.T. Dietz*, Jaap van Spronsen, Maaike 

C. Kroon, Fausto Gallucci, Martin van Sint Annaland and Remco Tuinier, 

Into the Search for Sustainable Hydrophobic Deep Eutectic Solvents, ACS 

Sustainable Chem. Eng. 2019, 7, 3, 2933-2942. 

 



Bibliography 

 

203 
 

91.  Trambouze, P. , Euzen J. Chemical Reactors from Design to Operation.; 

2004. 

92.  Lide DR, Haynes WMM, Baysinger G. CRC Handbook of Chemistry and 

Physics, 2009−2010, 90th ed. J Am Chem Soc. 2009;131(35):12862-

12862.  

93.  Rong C, Ding X, Zhu Y. Production of furfural from xylose at atmospheric 

pressure by dilute sulfuric acid and inorganic salts. Carbohydr Res. 

2012;350:77-80.  

94.  San Román MF, Bringas E, Ibañez R, Ortiz I. Liquid membrane technology: 

Fundamentals and review of its applications. J Chem Technol Biotechnol. 

2010;85(1):2-10.  

95.  Althuluth M, Overbeek JP, van Wees HJ. Natural gas purification using 

supported ionic liquid membrane. J Memb Sci. 2015;484:80-86.  

96.  Hernández-Fernández FJ, de los Ríos AP, Rubio M, Tomás-Alonso F, 

Gómez D, Víllora G. A novel application of supported liquid membranes 

based on ionic liquids to the selective simultaneous separation of the 

substrates and products of a transesterification reaction. J Memb Sci. 

2007;293(1-2):73-80.  

97.  Panigrahi A, Pilli SR, Mohanty K. Selective separation of Bisphenol A from 

aqueous solution using supported ionic liquid membrane. Sep Purif 

Technol. 2013;107:70-78.  

98.  Fortunato R, Afonso CAM, Reis MAM, Crespo JG. Supported liquid 

membranes using ionic liquids: Study of stability and transport mechanisms. 

J Memb Sci. 2004;242(1-2):197-209.  

99.  Fortunato R, Afonso CAM, Benavente J, Rodriguez-Castellón E, Crespo 

JG. Stability of supported ionic liquid membranes as studied by X-ray 

photoelectron spectroscopy. J Memb Sci. 2005;256(1-2):216-223.  



 

 

204 
 

100.  Eckert E, Münch F, Göen T, Purbojo A, Müller J, Cesnjevar R. Comparative 

study on the migration of di-2-ethylhexyl phthalate (DEHP) and tri-2-

ethylhexyl trimellitate (TOTM) into blood from PVC tubing material of a 

heart-lung machine. Chemosphere. 2016;145:10-16.  

101.  Jiao T, Li C, Zhuang X, Cao S, Chen H, Zhang S. The new liquid-liquid 

extraction method for separation of phenolic compounds from coal tar. 

Chem Eng J. 2015;266:148-155.  

102.  Wolbach JP, Sandler SI. The use of molecular orbital calculations to 

describe the phase behavior of hydrogen-bonding mixtures. Int J 

Thermophys. 1997;18(4):1001-1016. 

103.  Kato R, Gmehling J. Measurement and correlation of vapor-liquid equilibria 

of binary systems containing the ionic liquids [EMIM][(CF3SO2) 2N], 

[BMIM][(CF3SO2)2N], [MMIM][(CH3)2PO4] and oxygenated organic 

compounds respectively water. Fluid Phase Equilib. 2005;231(1):38-43.  

104. Furfural Market: Global Industry Analysis and Opportunity Assessment 

2016-2026 

105. Furfural Market by Raw Material (Corn Cob, Rice Husk, Sugarcane 

Bagasse, and Others), Application (Furfuryl Alcohol and Solvent), and End 

User Industry (Petroleum Refineries, Agricultural Formulations, Paints & 

Coatings, Pharmaceuticals, and Others) - Global Opportunity Analysis and 

Industry Forecast, 2014-2022 



Publications and Contributions 

 

205 
 

List of Publications 

 

Journal articles related to this thesis 

1. Carin H. J. T. Dietz, Max Verra, Suzanne  Verberkt, Fausto Gallucci, Maaike C. 

Kroon, Fernanda M. Neira D’Angelo, Myrto Papaioannou, Martin van Sint Annaland 

Sequential and in situ extraction of furfural from reaction mixture and effect of 

extracting agents on furfural degradation 

Industrial & Engineering Chemistry Research 2019 

 

2. Carin H. J. T. Dietz, Fausto Gallucci, Martin van Sint Annaland, Christoph Held 

and Maaike C. Kroon  

Distribution coefficients of furfural and 5-hydroxymethylfurfural in hydrophobic deep 

eutectic solvent + water systems: Experiments and PC-SAFT predictions 

Industrial & Engineering Chemistry Research 2019, 58, 10, 4240-4247 

 

3. Carin H. J. T. Dietz, Annika Erve, Maaike C. Kroon, Martin van Sint Annaland, 

Fausto Gallucci and Christoph Held  

Thermodynamic properties of Deep Eutectic Solvents and solubility of water and 

HMF in them: Measurements and PC-SAFT modeling 

Fluid Phase Equilibria 2019 , 489, 75-82 

 

4. Carin H. J. T. Dietz, Jemery. T. Creemers, Merijn A. Meuleman, Christoph Held, 

Gabriele Sadowski, Martin van Sint Annaland, Fausto Gallucci and Maaike C. Kroon 

Determination of the total vapour pressure of hydrophobic deep eutectic solvents: 

Experiments and PC-SAFT modelling 

ACS Sustainable Chem. Eng. 2019, 7, 4, 4047-4057 

 

 



 

 

206 
 

5. Dannie J.G.P. van Osch*, Carin H.J.T. Dietz*, Jaap van Spronsen, Maaike C. 

Kroon, Fausto Gallucci, Martin van Sint Annaland and Remco Tuinier 

Into the Search for Sustainable Hydrophobic Deep Eutectic Solvents 

ACS Sustainable Chem. Eng. 2019, 7, 3, 2933-2942 

 

6. Carin H. J. T. Dietz, Maaike C. Kroon, Michela Di Stefano, Martin van Sint 

Annaland and Fausto Gallucci 

Selective separation of furfural and hydroxymethylfurfural from an aqueous solution 

using a supported hydrophobic deep eutectic solvent liquid membrane 

Faraday Discussion, 2018, 206, 77 

 

7. Carin H. J. T. Dietz, Maaike C. Kroon, Martin van Sint Annaland and Fausto 

Gallucci 

Thermophysical Properties and Solubility of Different Sugar-Derived Molecules in 

Deep Eutectic Solvents    

J. Chem. Eng. Data, 2017, 62, 3633−3641 

 

 

 

 

 

 

 

 

 

 

 

 



Publications and Contributions 

 

207 
 

Journal articles beyond the scope of this thesis 

 

1. Geert. J. Noordzij, Carin. H.J.T. Dietz, N. Leoné, Karel C.H.R.M. Wilsens, S. 

Rastogi 

Small-scale screening of novel biobased monomers: the curious case of 1,3-

cyclopentanediol  

RSC Adv., 2018, 8, 39818  

 

2. Carin H.J.T. Dietz*, Dannie J.G.P. van Osch*, Maaike C. Kroon, Gabriele 

Sadowski, Martin van Sint Annaland, Fausto Gallucci, Lawien F. Zubeir and 

Christoph Held 

PC-SAFT modeling of CO2 solubilities in hydrophobic deep eutectic solvents  

Fluid Phase Equilibria, 2017, 448, 94-98 

 

3. Dannie J.G.P. van Osch, Dries Parmentier, Carin H.J.T. Dietz, Adriaan van den 

Bruinhorst, Remco Tuinier and Maaike C. Kroon  

Removal of Alkali and Transition Metal Ions from Water with Hydrophobic Deep 

Eutectic Solvents 

Chemical Communications, 2016, 52, 11987-11990 

 

4. Fanny Bonnet, Hellen E. Dyer, Yassine El Kinani, Carin H.J.T. Dietz, Pascal 

Roussel, Marc Bria, Marc Visseaux, Philippe Zinck and Philip Mountford 

Bis(phenolate)amide-supported lanthanide borohydride complexes for styrene and 

trans-1,4-isoprene (co-)polymerisations. 

Dalton Trans., 2015, 44, 12312-12325 

 

5. Liliana Gustini, Bart A.J. Noordover, Coen Gehrels, Carin Dietz and Cor Koning 

Enzymatic synthesis of sorbitol-based, hydroxy-functional polyesters with controlled 

molecular weights for coating application 



 

 

208 
 

Polymer Chemistry, 2015, 67, 459-475 

6. Gijs J. M. Habraken;  Maloes Peeters; Carin H. J. T. Dietz; Cor E. Koning and 

Andreas Heise 

How controlled and versatile is N-carboxy anhydride (NCA) polymerization at 0°C? 

Effect of temperature on homo-, block- and graft (co)polymerization 

Polymer Chemistry, 2010, 4, 514-524.  

 

7. Stefan A. Rovers; Carin H. J. T. Dietz; Leon A. M. van der Poel; Richard 

Hoogenboom; Maartje F. Kemmere and Jos T. F. Keurentjes 

Influence of Distribution on the Heating of Superparamagnetic Iron Oxide 

Nanoparticles in Poly(methyl methacrylate) in an Alternating Magnetic Field 

Journal of Physical Chemistry C, 2010, 18, 8144-8149.  

 

8. Stefan A. Rovers; Carin H. J. T. Dietz; Leon A. M. van der Poel; Jef, J. Noijen; 

Richard Hoogenboom; Maartje F. Kemmere; Klaas Kopinga and Jos T. F. Keurentjes 

Characterization and Magnetic Heating of Commercial Superparamagnetic Iron 

Oxide Nanoparticles 

Journal of Physical Chemistry C, 2009, 33, 14638-14643.  

 

9. Micky A. M. E. Vertommen;Henk-Jan L. Cornelissen; Carin H. J. T. Dietz; Richard 

Hoogenboom; Maartje F. Kemmer and  Jos T. F. Keurentjes 

 Pore-covered thermoresponsive membranes for repeated on-demand drug release 

Journal of Membrane Science 2008, 1, 243-248.  

 

10. Dick Van Roosmalen; Monique P.J. Dohmen-Speelmans; Carin H. J. T. Dietz; 

Peter L.J.P. Van Den Broeke; Luuk A.M. Van Der Wielen. and  Jos T.F. Keurentjes  

Bioseparations in aqueous micellar systems based on excluded-volume interactions 

Food and Bioproducts Processing 2006, 84, 51-58.  

 



Publications and Contributions 

 

209 
 

11. Peter L.J.P. Van Den Broeke; Dick Van Roosmalen; Monique P.J. Dohmen-

Speelmans; Carin H. J. T. Dietz; Luuk A.M. Van Der Wielen. and  Jos T.F. Keurentjes  

Characteristics of protein partitioning in an aqueous micellar-gel system 

Biotechnology and Bioengineering, 2006, 2, 355-360.  

 

12.Jan-Pleun Lens; Leontine A. de Graaf; Wim M. Stevels; Carin H.J.T. Dietz; Karin 

C.S. Verhelst; Johan M. Vereijken and Peter Kolster  

 Influence of processing and storage conditions on the mechanical and barrier 

properties of films cast from aqueous wheat gluten dispersions 

Industrial Crops and Product, 2003, 2, 119-130. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

210 
 

Oral presentations  

1. Carin H. J. T. Dietz, Maaike C. Kroon, Martin van Sint Annaland and Fausto 

Gallucci 

Measurement of total vapor pressure of hydrophobic eutectic solvents, Flash oral 

presentation at EuChemSIL, 2018, October, Lissabon, Spain 

 

2. Carin H. J. T. Dietz, Maaike C. Kroon, Michela Di Stefano, Martin van Sint 

Annaland and Fausto Gallucci 

Selective separation of furfural and hydroxymethylfurfural from an aqueous solution 

using a supported hydrophobic deep eutectic solvent liquid membrane, oral 

presentation at AIChE, 2017, Oct-Nov, Minneapolis, United States of America 

 

3. Carin H. J. T. Dietz, Maaike C. Kroon, Martin van Sint Annaland and Fausto 

Gallucci 

Deep eutectic solvents as new extraction solvent for furfural and 

hydroxymethylfurfural from aqueous solutions, oral presentation at AIChE, 2017, 

Oct-Nov, Minneapolis, United States of America 

 

4. Carin H. J. T. Dietz, Martin van Sint Annaland and Fausto Gallucci  

New solvent development for HMF and FF extraction from aqueous solutions, oral 

presentation at Annual meeting InSciTe 2017, October, Horst, The Netherlands 

 

5. Carin H. J. T. Dietz, Maaike C. Kroon, Michela Di Stefano, Martin van Sint 

Annaland and Fausto Gallucci 

Selective separation of furfural and hydroxymethylfurfural from an aqueous solution 

using a supported hydrophobic deep eutectic solvent liquid membrane, Discussion 

at Faraday Discussion, 2017, September, Cambridge, United Kingdom 

 

6. Carin H. J. T. Dietz, Martin van Sint Annaland, and Fausto Gallucci,  

Thermophysical properties and solubility of different sugar-derived molecules in 

deep eutectic solvents, oral presentation at ISGC 2017, May, La Rochelle, France 



Publications and Contributions 

 

211 
 

Poster presentations 

 

1. Carin H. J. T. Dietz, Maaike C. Kroon, Martin van Sint Annaland and Fausto 

Gallucci 

Development of new extraction solvents for furfural isolation from aqueous solutions 

Poster at Annual meeting InSciTe 2018, October, Horst, The Netherlands 

 

2. Carin H. J. T. Dietz, Maaike C. Kroon, Martin van Sint Annaland and Fausto 

Gallucci 

Measurement of total vapor pressure of hydrophobic eutectic solvents, 

Poster at EuChemSIL, 2018, Lissabon, Spain 

 

3. Carin H. J. T. Dietz, Maaike C. Kroon, Martin van Sint Annaland and Fausto 

Gallucci 

Deep eutectic solvents as extraction solvent for furfural and hydroxymethylfurfural  

Poster at Annual meeting InSciTe 2016, October, Nijkerk, The Netherlands 

 

 

 

 



Chapter 1 

 

212 
 

Curriculum Vitae 

 

Carin Dietz was born on 24-12-1968 in Venray. After 

finishing her degree in analytical chemistry at the 

“Middelbare Laboratorium School” (MLO) in 1989, she 

studied polymer chemistry in Venlo at the “Hogere 

Laboratorium School” (HLO) and graduated in 1993. 

Before finishing, she already started working at Agro 

Technologisch Onderzoek – Dienst Landbouwkeudig 

Onderzoek (ATO-DLO) in Wageningen and worked in 

the industrial protein group - non-food. From 2001 she 

started to work at the Eindhoven University of 

Technology in the group of prof. Jos Keurentjes, Process 

Development (SPD). In 2008 she changed to the group 

of prof. Cor Koning, Polymer Chemistry (SPC). From 2012 till 2014 she worked at 

Bodec in Helmond. After this she went back to work at Eindhoven University of 

Technology in the Polymer and Materials (SPM) group.  

Carin started her PhD in 2015 under the supervision of prof. Maaike Kroon, 

Separation technology and continued her PhD in the group of prof. Martin van Sint 

Annaland, Multiphase Reactors/Chemical Process Intensification (SMR-SPI) and in 

the group of prof. Fausto Gallucci, Inorganic Membranes and Membranes Reactors 

(SPE-SIR). Her PhD focused on the discovery of new biobased solvents to extract 

FF and HMF from aqueous solutions as part of the InSciTe Horizontal project. The 

results obtained during this PhD are presented in this dissertation. Throughout her 

PhD time she was involved in teaching activities and had the chance to supervise 

students during their practical work, as well as BSc and MSc thesis projects. Carin 

also worked for one year, part-time, as teacher in Applied Science at Fontys 

Eindhoven (2017). 

 



Acknowledgments 

 

213 
 

Acknowledgments 

 

The past years I have met and worked with many wonderful people. I am grateful 

for their collaboration, discussion, inspiration, and/or support, and therefore I 

would like to dedicate these last pages to acknowledge them, hoping I am not 

forgetting anyone.  

Without you this thesis would not exist. 

First, I would like to thank my co promotor prof. Maaike Kroon, who asked me 

as a PhD, candidate without even knowing me that well. Without you it would not 

have been possible to do my PhD. Maaike, you gave me your trust and despite 

the fact that you left TU/e you took the time to help me writing all the papers and 

this thesis. Gratitude goes to my first and second promotor prof. Fausto Gallucci 

and prof. Martin van Sint Annaland. Many thanks for “adopting” me when Maaike 

left, only 3 days after my start, and that you gave me the freedom to pursue lines 

of research of my own interest. Martin, I will remember your laugh and the 

conversations we had travelling to meetings. Thanks for the discussions that we 

had and your critical look at my research. Fausto, if I had a question you were 

always there to help me, even when you were not at TU/e you always answered 

within 1 hour, by mail. Thanks for your input in my research, your enthusiasm, 

encouragement, support and the trust you gave me. 

After 3 years of my PhD I had to move again from one group to another. This 

also led to a change in the position of you my promotors, Fausto became Martin 

and Martin became Fausto . For the ones who cannot follow all my 

movements, I started in SEP, moved to SMR/SPI and I will finish (hopefully) my 

PhD within SPE/SIR. 

 

Furthermore, I would very much like to acknowledge the members of my defense 

committee, prof. Andrew Abbott, prof. Boelo Schuur, prof. Jos Keurentjes, 

Christoph Held for taking the time to evaluate my thesis. Special thanks go to 

Christoph for the time you took to explain me PC-SAFT and give me the 

opportunity to come to Dortmund. This work together has an outcome of 4 

papers. I would like to thank Jos for the start of my career-path at TU/e and 



 

 

214 
 

already the trust you had in me to offer me a PhD position, which was then 

unfortunately not the right moment for me.  

A special thank goes out to InSciTe for their financial support. All the Biobased 

Horizontal project members, thanks for your interest, working together and 

discussions during our meetings.  

 

All the people from the groups (SPD, SPC (old and new), SPM, SEP, MMP, SMR 

and SPE), sorry that I don’t write all the names, but this would be too much. It 

was a great experience to work and socialize with you. Thanks everybody! A 

special thanks to Olessya, Lily and Joice, you made it easy to come back to the 

University and gave me a feeling of coming home. Olessya you always created 

a nice environment and kept us together. Lily, I enjoyed our talks and you 

showed me the basic things in life. 

The technical support from SPE, SMG, SPC, SPM, MMP, STA and SMR thanks 

for your help with building set-ups, doing analysis and very important our social 

talks. With a special word to Wilko. You were always my guardian angel, giving 

me the help with the GC, but also by giving me or my students the lab-space 

and fume hoods we needed. Especially when I was not allowed to do the work 

in “my own lab”, you saved me.  

 

I would also gratefully like to thank the secretaries from all the groups. Pleunie, 

Caroline, Judith, Ada and Denise, you were always there for me. For a personal 

talk, for questions, for helping me out, giving me advice, etc. Nothing was too 

much for you. 

All my office mates: Lawien, Mariët, Lizzy, Mohammed, Maria and Giulia. Thanks 

for sharing the office with me, giving me a warm welcome every morning and 

that you had to listen to my wishful thinking. It was nice to have you around. 

 

Cor Koning, I loved working in your group, you gave the technical support the 

opportunity to create a good team. Harry Philipsen, thanks for teaching me a lot 

of analytical techniques and the support and help you still give me when I need 

it.  



Acknowledgments 

 

215 
 

 

Kitty Nijmeijer thanks for giving me the possibility to work in your lab. I enjoyed 

the time working within your group and your support for the graduation of Merijn.  

 

I would like to express my respect for Martin Timmer. Martin, I know you already 

for a long time and after my first job you created my career path. Also for this 

opportunity you were again the starting point. Thanks for taking care of me. 

 

Jan Meuldijk, as chairman of the “examen-commissie” you wrote a positive 

advice to the rector magnificus to allow me to start my PhD. You were the one 

who helped me with calculations which nobody could solve, but you did it. 

Thanks so much. 

 

Fabiènne, what a lot of fun we had at Akzo-Nobel in Arnhem and playing tennis 

together, but also at ATO-DLO and Eindhoven. Thanks for being my friend. 

 

Dannie my sparring partner, my partner in “DES-crime”. We had a lot of fun 

with our trips, a laugh and a tear, you are the one I always can rely on.  

 

There are almost 50 students I really need to thank, because without you I 

couldn’t do all this work. You did a lot of work. 

ASIA  

1.  Yannick, Steven, Frank, Sjakko 

2.  Jean-Luc, Thomas, Tijmen, Thomas, Quirinius, Rogier 

3.  Juul, Stijn, Daphne, Tom 

4.  Sven, Remy, Driton, Frank 

OGO  

1. Kim, Claire, Dirk, Nicole, Rowan, Mark.  You were the first who realized 

the DESs-SLMs. The starting point of a paper.  

2. Thijs, Thomas, Thomas, Richard, Michiel, Esther. You all (except 

Esther) enjoyed working on the DESs so much that you did the next 

OGO also with me. You tried al lot on the recovery of the DESs and after 



 

 

216 
 

that the interactions were there to discover, which lead to a small part in 

one of my papers. 

3. Rick, Freek, Jules, Eline, Max, Suzanne, Koen and Keegan 

4. Jord, Joost, Huub, Daphne, Lars, Tijmen, David and Michelle, together 

you were a great team. You worked well and had a lot of fun. It’s a shame 

that I can’t put this exceptional data in my thesis.  

BEP: Yannick, Max, Suzanne you both did a great job, worked hard and together 

we managed to publish the data. 

 

Internship Fontys: Tom, Remy. Remy you did a good job and a lot of work. 

Together with data of Merijn we made a paper out of it. 

 

Erasmus students: Ilaria, Michaela, Domenico, Frederico. Michela also you 

worked crazy which also resulted in a paper. 

Graduate students TUe: Sjoerd en Merijn 

 

Furthermore, I would like to thank all my friends from the “life next to my PhD“, 

for the moments of relaxation, such as; tennis, running, competition, Fiat500, 

painting and the other beautiful moments we shared together. Special thanks to 

my best friend Annemie (and Michel) for being my friends for almost 40 years 

you are always there when I need you, in good and bad times. Many thanks to 

Mike for making the cover even more beautiful as I had in mind. 

 

Als laatste wil ik mijn ouders bedanken dat ze mij hebben geleerd in mijzelf te 

geloven en dat jullie er altijd voor mij zijn. Mijn lieve kinderen, Guido en 

Fabiènne, mijn paranimfen omdat ze mij altijd hebben gesteund in al mijn nieuwe 

uitdagingen, zo ook vandaag. Het was niet altijd makkelijk, but “we made it.” 

Geloof in jezelf en ga ervoor! Mirte en Niels, mijn bonus kinderen, voor het 

brengen van een hoop levendigheid en het nog onvoorwaardelijk kunnen 

genieten. En uiteraard René, bedankt dat je er altijd voor me bent, mij steunt en 

mij lekker met beide beentjes op de grond houdt. Woorden zijn hiervoor niet 

genoeg, maar gelukkig hebben we de rest van ons leven nog. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 


