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Abstract 

The conversion of lignocellulosic biomass to biofuel or its precursors has recently 

received the attention of many researchers because of their use as potential sources of 

transportation fuels, and for being both non-toxic and biodegradable.  5-

Hydroxymethylfurfural (5HMF) has been discovered to be a precursor for biofuel 

production and can be produced from biomass, which is readily available, renewable, 

and sustainable.  Consequently, 5HMF is used to produce Dimethylfuran (DMF), which 

is a biofuel with characteristics similar to petrol and other high-value chemicals.  A 

commercialised 5HMF production has been impeded by the lack of an efficient, 

greener, and low-cost process which does not require the simultaneous use of catalyst 

and solvent.  In this study, a novel self-catalysed Deep Eutectic Solvent (DES) was 

formulated, modified, and tested for the dehydration of fructose to 5HMF.  The process 

was optimised in terms of 5HMF yields and fructose conversion for the following 

reaction factors: temperature, time, formulated DES salt-to-acid ratio and feed ratio 

(fructose-to-DES).  The reaction kinetics were also investigated, while the effect of the 

novel DES composition on the dehydration reaction was explored. 

The DESs were prepared using a Brønsted acid (p-toluenesulfonic acid (p-TSA)) 

and a dicarboxylic acid (adipic acid) and organic salts such as choline chloride (ChCl) 

and diethylethanolammonium chloride (DEAC).  The acids perform a dual role as both 

a hydrogen bond donor (HBD) for the DES composition and a catalyst for the 

dehydration reaction.  The different reaction parameters were investigated and 

optimised in a batch system featuring reaction temperature (50 – 110 °C), reaction time 

(5 – 180 min), feed ratio (fructose mass to DES mass) (2.5 – 100 g/g) and DES molar 

mixing ratio 0.5:1 to 2:1 (salt-to-acid).  The first DES system was composed of ChCl 
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and p-TSA, where it was found that fructose was readily dehydrated to 5HMF.  The 

acquired results showed that the highest 5HMF yield of 78.3% was obtained at a 

temperature of 80 °C and reaction time of 60 min, using a DES molar mixing ratio of 

1.5:1 (ChCl-to-p-TSA) and a feed ratio (initial fructose concentration) of 5. 

To investigate the effect of changing the DES composition, a different organic salt 

was used.  The second DES system was composed of the inexpensive N,N-

diethylethanolammonium chloride (DEAC) as an organic salt and p-TSA as an HBD.  

The advantage of using this DES is its ability to act as a solvent and catalyst 

simultaneously.  It was shown to actively catalyse the dehydration reaction of fructose 

under moderate reaction conditions with a high 5HMF yield of 84.8% obtained at a 

reaction temperature of 80 °C, a reaction time of 60 min, a DES molar mixing ratio of 

0.5:1 DEAC-to-p-TSA, and feed ratio (initial fructose ratio) of 5. 

For the third DES, a new acid was used to study the influence of changing the 

DES composition.  The third DES was composed of adipic acid, which is a weak 

dicarboxylic acid, as the HBD and ChCl as the organic salt.  The dehydration reaction 

was carried out in an open system at mild reaction conditions.  One hundred percent 

fructose conversion was achieved, giving a 5HMF yield and selectivity of 90.8% at a 

reaction temperature of 90 °C and at a reaction time of 120 min, using a DES molar 

mixing ratio of 1:1 (salt-to-acid) and feed ratio (initial fructose) of 2.5. 

The kinetics of the reactions were studied and showed close to 1 order for DES1 

and DES2 and close to 1.8 order for DES3.  An increase in the rate of reaction with 

temperature was observed for the three DES systems that were formulated and 

investigated. 
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Chapter 1  Introduction 

1.1 Background 

Securing energy resources, keeping the environment safe from pollutants and 

economic growth are core factors for any country’s energy policy.  The global 

consumption of energy is increasing in parallel with the world population growth, as 

illustrated in Figure 1.1.  The global population was estimated to be more than 7 billion in 

2014.  This expansion in world population has led to a rapid increase in fossil resources 

depletion, and energy consumption is expected to increase by 30% over the coming two 

decades (Kobayashi et al., 2012).  To cope with this increase in consumption and 

population, reliable energy resources have to be in place. 

 

Figure 1.1. The estimation of increasing energy demand vs world population from 

1940 to 2100 (Omer, 2009) 
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 A previous study by the World Energy Council revealed that the world demand for 

energy in 2020 would be 50 to 80% higher compared with the levels in 1990.  Global 

energy consumption is estimated to increase from 2×109 kW h per year in 2009 to 53×109 

kW h per year by 2020 (Omer, 2009).  In India alone, up to the 31st of March 2013, the 

annual energy consumption from oil, natural gas and coal (thermal) was 151.3 GW, 4.80 

GW from nuclear energy, 30.50 GW from hydro and 27.54 GW from renewable energy 

(Kumar et al., 2015), as illustrated in Figure 1.2.  The energy consumption of fossil fuels in 

India increased from 64% in 2004 (Pillai and Banerjee, 2009) to 68% in 2013. 

 

Figure 1.2. The contribution of different energy resources in India up to 31st of 

March 2013 (Kumar et al., 2015) 

 

Meanwhile, in the United States, the total consumption of energy was 1.02×1024 

Joules in 2011.  Eighty-two percent of this consumed energy was obtained from fossil 

resources (Juneja et al., 2013).  The transportation sector itself accounted for one-third of 

the total energy consumed worldwide, giving rise to 21% of the global greenhouse gas 

(GHG) emissions (Banowetz et al., 2008).  These statistics clearly demonstrate the 

12%
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dependency of the world on fossil fuel resources as the dominant energy source.  Fossil 

fuel resources are non-renewable and the main source for unwanted emissions, which 

could be a direct reason for the global warming phenomenon (Schaub and Vetter, 2008).  

However, the unsustainability of fossil fuels in terms of unstable prices, limited or non-

renewable resources, the ecological effect and the resultant increase in greenhouse gas 

emissions have influenced researchers to seek environmentally friendly and more reliable 

alternative energy resources (Ni and Sun, 2009, Schaub and Vetter, 2008, Despax et al., 

2013).  Among the wide diversity of renewable energy resources, lignocellulosic biomass, 

in particular, has been recognised as a sustainable source (Stöcker, 2008). 

1.2 Lignocellulosic Biomass 

Lignocellulosic biomass consists of non-edible components such as the wastes of 

trees, harvest, the timber industry, food, and animals.  Lignocellulosic biomass is the 

foundation of second-generation biofuels; it replaces the first-generation biofuels 

feedstock, which directly threatened the security of human food resources.  It is estimated 

that in the United States of America alone, the annual production of dry biomass from 

forest waste and agriculture is approximately 1.3 billion tons (Bond et al., 2010).  Second 

generation biofuels feedstock is mainly derived from lignocellulose, which is the foremost 

component in the composition of plants and algae.  Lignocellulose is composed of three 

main parts, namely lignin, cellulose and hemicellulose.  In addition, it contains minor 

amounts of other materials such as protein and pectin.  The proportion of the three parts 

depends on the plant or the source, but normally the percentages of the portions are 40 to 

50 wt% of cellulose, 20 to 40 wt% of hemicellulose and 18 to 35 wt% of lignin, as shown 

in Figure 1.3. 



4 

 

 

Figure 1.3. The composition of lignocellulose biomass of wood (Sun et al., 2011) 

 

This interest in lignocellulosic biomass has been driven by different factors.  Firstly, 

it can efficiently reduce the dependency on fossil fuels as it is widely spread.  This may 

lead to a reduction in poverty and an increase in employment in rural areas.  Secondly, it 

can be easily converted to green energy (Bilgili and Ozturk, 2015).  Thirdly, it does not 

deplete human food resources.  Biomass is composed of lignin, fatty acids, lipids, 

carbohydrates, and many other components.  A total of 170 billion tons of biomass are 

produced from nature by photosynthesis annually.  Approximately 75% of this huge 

amount of biomass is carbohydrates (Caratzoulas and Vlachos, 2011).  It is worth 

mentioning that carbohydrates, particularly the ones obtained from lignocellulosic 

biomass, are known as the largest natural source of carbon, despite the profusion of 

oxygen in their structure.  They produce useful chemicals such as furans and levulinic acid 

(Van Putten et al., 2013).  The US Department of Energy (DOE) reported that furans, 

considered as one of the top ten chemicals, have the potential to produce biofuels and 

many other useful products (Abdulmalik et al., 2005).  5-Hydroxymethylfurfural (5HMF) 
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is one of the main chemicals mentioned that has the ability to produce useful biopolymers, 

chemicals and fuels. 

1.3 5-Hydroxymethylfurfural as a Block Intermediate Chemical 

5HMF is a heterocyclic furan compound consisting of two functional groups, 

aldehyde and hydroxide.  As shown in Figure 1.4, 5HMF is produced from biomass 

resources through a variety of carbohydrates and it has useful downstream derivatives in 

the form of chemicals and biofuels.  Some of its physical and chemical properties are listed 

in Table 1.1.  5HMF is found to be safe and has a negligible toxicological effect on 

humans; it was detected as a product of the thermal decomposition of carbohydrates in the 

human diet (Van Putten et al., 2013). 

 

Figure 1.4. Production of 5HMF from biomass resources and its downstream 

products (Saha and Abu-Omar, 2014) 
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Table 1.1. Physical and chemical properties of 5HMF (Van Putten et al., 2013) 

Property Value 

CAS Registry number 67-47-0 

Chemical Abstracts name 5-(hydroxymethyl)-2-furancarboxaldehyde 

Synonyms 5-(hydroxymethyl)-2-furaldehyde, HMF, 5-

(hydroxymethyl)-2-furancarbonal, 5-(hydroxymethyl)-2-

furfural, 5-hydroxymethyl-2-formylfuran, 5- 

oxymethylfurfurole, hydroxymethyl furfuraldehyde 

Molecular formula C6H6O3 

Molecular weight (g/mol) 126.11 

Colour Yellow powder 

Odour Chamomile flowers 

Boiling point °C 114 – 116 

Melting point °C 28 – 34 

Solubility Freely soluble in water, methanol, ethanol, acetone, ethyl 

acetate and dimethylformamide 

Toxicity Acute toxicity (LD50 Oral - Rat - 2,500 mg/kg) 

Density g/cm3 1.243 at 25 °C 

Flash point °C 79 

UV absorption nm 283 

Refractive index 1.5627 at 18 °C 

 

5HMF was discovered over 100 years ago as a product of hexose dehydration.  The 

first reported synthesis of 5HMF was in the late 19th century by Dull and Kiermayer (Van 

Putten et al., 2013).  It was described by the DOE as one of the top ten added-value 

chemicals, which can be used to produce many useful chemicals and fuels (Bozell and 

Petersen, 2010). 

Synthesis of 5HMF comes from the dehydration of C6 carbohydrates, including 

polymeric and monomeric carbohydrates such as cellulose, inulin, starch, sucrose, glucose 
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and fructose.  5HMF plays the role of bridging the gap between the resources of biomass 

and the wide range of useful biochemical products, as illustrated in Figure 1.5 (Teong et 

al., 2014).  In addition to 5HMF being naturally obtained by the catalytic thermal 

processing of different hydrocarbons, it can also be found in many types of processed food 

and food resources (Martins and Van Boekel, 2005). 

 

Figure 1.5. 5HMF bridging the gap between biomass resources and useful products of 

chemicals and fuels (Teong et al., 2014) 

 

1.4 Why 5HMF is Being Produced 

There has been growing interest in 5HMF since the late 19th century.  Although 

5HMF itself has a relatively high boiling point, which has led to a shrinking in its market, 

a greater interest has been paid to its downstream products as it is a very useful and 

important block intermediate material in the production of added-value chemicals and 
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pharmaceutical products (Ma et al., 2011).  5HMF can be processed, for example, to 

produce levulinic acid and furan derivatives as potential sources of bioplastics, other useful 

chemicals (Cukalovic and Stevens, 2010) and biofuels (Zakrzewska et al., 2011).  Figure 

1.6 illustrates the most important added-value chemicals and fuels which can be produced 

by different processes from 5HMF. 

 

Figure 1.6. 5HMF derivatives (Van Putten et al., 2013) 

 

The 5HMF derivatives illustrated in Figure 1.6 above are classified in furan and non-

furan components, and some of their applications are highlighted in Table 1.2. 
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Table 1.2. Classification of 5HMF derivatives and their applications (Van Putten et 

al., 2013) 

Furanic 5HMF derivatives 

No. Compound Name Applications 

2 5-Alkoxymethylfurfural Fuel additives 

3 2,5-Furandicarboxylic acid Block intermediate to 

produce polyesters 

5 2,5-Bishydroxymethylfuran Pharmaceutical, polymers 

and resin additives 

6 2,5-Dimethylfuran Bio petrol 

7 Bis(5-Methylfurfuryl)ether Fuel additives 

Non-furanic 5HMF derivatives 

No. Compound Name Applications 

8 Levulinic acid Polymers, reagents, 

photography, batteries  

9 Adipic acid Pharmaceutical, 

bioplastics and reagent 

10 1,6-Hexanediol Polyesters, dyes and 

adhesives 

11 Caprolactam Nylon industry 

12 Caprolactone Polymers 

 

1.4.1 The Historical Background of 5HMF Synthesis from Biomass Development 

The synthesis of 5HMF was first reported by Dull at the end of the 19th century, 

when he heated inulin in the presence of a pressurised oxalic acid solution (Rosatella et al., 

2011).  Over time, interest has been growing in developing a variety of systems to produce 

5HMF from biomass resources.  Historically, the development of 5HMF synthesis can be 

summarised in three main periods, as illustrated in Figure 1.7: firstly, the starting period 
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from the late 19th century to 1980; secondly, the growth–development period from 1980 to 

2000; and thirdly, the most active period from 2000 onwards. 

 

Figure 1.7. The historical development of 5HMF synthesis from biomass (Teong et 

al., 2014) 

 

1.4.2 The Starting Period from the late 19th Century to 1980 

In this period of time, the synthesis of 5HMF started slowly at the end the 19th 

century.  The first review publication in this field was in 1951 by (Newth, 1951).  The 

research work was mainly focused on investigating the capability of mineral acid catalysed 

aqueous systems on the dehydration of carbohydrates to 5HMF, where water was the 

prevalent solvent used for the dehydration process (Moye, 1964).  A variety of biomasses 

such as corn starch, glucose (Mednick, 1962), wood chips, and fructose (Kuster, 1977) 

were examined using mineral organic acid catalysis and non-catalysis media.  The 
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development of the aqueous system was restricted by several factors, such as the 

requirement for severe reaction conditions (time, temperature, and pressure) to achieve 

high selectivity of 5HMF.  The presence of water as a solvent in the dehydration reaction 

caused 5HMF rehydration to levulinic acid and formic acid (Van Putten et al., 2013).  

Furthermore, 5HMF polymerisation or cross-polymerisation with carbohydrates produces 

humins, which lead to a reduction in 5HMF yield.  To overcome these drawbacks of the 

aqueous system and increase the selectivity towards 5HMF, a continuous extraction 

system consisting of n-butanol as the organic phase was invented by Pineston in 1956 

(Teong et al., 2014).  This finding led to an increase in the 5HMF yield in a shorter 

reaction time as a result of suppressing the side reactions by continuously removing the 

5HMF produced from the aqueous system to the organic system (Kuster and van der Steen, 

1977).  This invention has paved the way for a new technique, namely a biphasic system, 

which combines the aqueous system with organic solvents for continuous extraction. 

1.4.3 The Growth–Development Period from 1980 to 2000 

During this period of time, interest grew in investigating fructose dehydration to 

5HMF using heterogeneous (Musau and Munavu, 1987) and homogeneous (Antal et al., 

1990)  catalysts, simultaneously with increasing interest in developing biphasic systems 

and studying the viability of involving organic solvents in the dehydration of a variety of 

carbohydrates to 5HMF.  Different organic solvents were studied in catalytic and non-

catalytic systems.  DMSO was the first active organic solvent reported in sugars’ 

dehydration to 5HMF in 1980.  It has the ability to dissolve most sugars and is capable of 

stabilising 5HMF (Nakamura and Morikawa, 1980).  The development of organic solvents 

was limited by several factors, including that they are not environmentally friendly, are 

expensive and have high boiling points.  In addition, there is the difficulty of product 
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separation and energy consumption (Kuster, 1990).  Dehydration of fructose in different 

alcohol solvents such as n-butanol, methanol, ethanol and iso-propanol was reported 

(Brown et al., 1982).  Despite the lower boiling point of these solvents compared to 

DMSO, the yields of 5HMF obtained were still not promising.  

1.4.4 The Most Active Period from 2000 Onwards 

By the beginning of the 21st century, the worldwide energy demand had increased 

tremendously.  This came as a result of the increasing growth in world population, 

depletion and fluctuation in oil prices and the political instability in production zones.  All 

of these factors and more have led to a greater interest in developing the manufacturing of 

5HMF from carbohydrates as an intermediate in the production of sustainable sources of 

energy (Van Putten et al., 2013).  Since 2000, a number of new systems and old systems 

for carbohydrate dehydration have been developed (Teong et al., 2014), such as the 

dehydration of different carbohydrates in aqueous systems with no use of catalysts 

(Watanabe et al., 2005, Wu et al., 2010, Aida et al., 2007).  Fructose dehydration to 5HMF 

was also studied using different catalytic systems such as phosphates (Benvenuti et al., 

2000), metal oxides (Chareonlimkun et al., 2010), metal halides (Davis et al., 2011) and 

organic acids (Li et al., 2009).  Later, the fructose dehydration to 5HMF in aqueous 

systems was studied using different solid acids as catalysts (Jadhav et al., 2013).  Despite 

the fact that water is a green solvent and sugars have high solubility in water, aqueous 

systems produce low yields of 5HMF.  This low yield is attributed to the characteristics of 

5HMF as a compound with high solubility and low stability in water. 

Different polar organic solvents such as DMSO, DMA, and DMF were studied in the 

dehydration of carbohydrates to 5HMF using a variety of heterogeneous and homogeneous 

catalysts.  A remarkable yield of 5HMF (95.2%) obtained from fructose dehydration in 
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DMSO was achieved, while 90% 5HMF yield achieved when the DMA and DMF were 

used (Seri et al., 2000).  Despite the high 5HMF yield obtained by using elevated-boiling-

point organic solvents, scaling up the process was not feasible due to the product 

separation difficulties.  To overcome this, interest grew in using low-boiling-point organic 

solvents in carbohydrates’ dehydration to 5HMF (Ohara et al., 2010).  Dumesic’s group 

has recently studied new kinds of solvents obtained from biomass, namely γ-valerolactone 

(GVL) and γ-hexalactone (GHL) in the carbohydrates’ dehydration to 5HMF (Gallo et al., 

2013).  The same group has recently studied the biphasic system intensively; most of the 

conducted studies focused on the continuous extraction of 5HMF from water (Roman-

Leshkov et al., 2006, Roman-Leshkov and Dumesic, 2009, Chheda and Dumesic, 2007). 

Lansalot-Matras and Moreau (2003) began the development of using ionic liquids in 

the conversion of carbohydrates to 5HMF involving imidazolium salts.  Ionic liquids were 

studied in the presence of catalysts (Chan and Zhang, 2009), no catalysts (Zhao et al., 

2007) and in combination with other solvents (Moreau et al., 2006).  Despite the high 

yields achieved in shorter reaction times and moderate reaction temperatures, the high cost 

of ionic liquids, the fact that they are unstable at high temperatures, and the problem of 

5HMF separation as a result of its high solubility in ionic liquids have all been factors in 

limiting the development of this method (Teong et al., 2014). 

Despite the massive investigation work which has been carried out in 5HMF 

production, the commercialisation of 5HMF production has not yet been achieved, partly 

due to the lack of an inexpensive production process and partly because the separation of 

5HMF as a final product is still a challenge (Saha and Abu-Omar, 2014).  The only 

reported commercial trial was carried out in February 2014 by AVA Biochem in 

Muttenz,Switzerland, with a small production capacity of 20 ton/year, with purity of 
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99.9%, by implementing a hydrothermal carbonisation process, where the feedstock of 

biomass was converted in an aqueous media to coal under pressure and temperature of 220 

°C.  Then, the hydrogen cations and hydroxide anions were removed via an anaerobic 

chemical process (Biochem, 2014). 

With regard to the drawbacks of the aforementioned systems, this PhD thesis 

addresses the use of novel Deep Eutectic Solvents (DESs), which have not been used for 

dehydration reactions before.  Here, the DESs are used as green and self-catalysed media 

for the dehydration of fructose to 5HMF with no need to add water to dissolve the fructose 

and with no external catalyst as the acid used is both a hydrogen bond donor (HBD) and a 

catalyst at the same time.  DESs are new forms of ionic liquids, discovered by Abbott in 

2003 and obtained from renewable resources.  They are mixtures formed by mixing any 

quaternary ammonium salt with HBDs such as amides, amines, alcohols or carboxylic 

acids.  DESs are cheaper and more environmentally friendly than normal ionic liquids. 

1.4.5 Properties of Deep Eutectic Solvents 

DESs are chemically self-associated solvents of two or three safe components aided 

by hydrogen bond donors (HBD) interactions to form a eutectic mixture of lower melting 

point than the individual components.  They are mostly liquids at temperatures below 100 

⁰C.  In addition to been environmentally friendly, they have shown physico-chemical 

properties that is similar to ionic liquids (Zhang et al., 2012b).  In order to formulate and 

develop new DES, it is important to review and understand the physico-chemical 

properties of some DESs reported in the literature.  Table 1.3 summarises typical 

properties of some formulated ChCl based DESs with variety of HBDs such as; urea (U), 

ethylene glycol (EG), glycerol (G), thiourea (TU) and trifluoroacetamide (TFA) that have 

been reported in the literature. 



15 

 

Table 1.3. Properties of some selected ChCl based DESs 

 

 

 

 

 

 

 

 

 

 

 

DES Salt:HBD 

(molar ratio) 

Meltin

g point 

°C 

Viscosity 

(cP) 

Density 

(g cm-3 ) 

Surface 

tension  

(mN m-1) 

Conductivity 

(mS cm-1) 

Polarity 

(kJ mol-1) 

Reference 

ChCl-U 1:2 12 750 (25 

°C) 

1.25 52 0.199 (40 

°C) 

-  (Abbott et al., 2006) 

ChCl-TU 1:2 69 - - - - - (Abbott et al., 2003) 

ChCl-EG 1:2 -66.01 37 (25 °C) 1.12 48.9 7.6 (20 °C)  - (Shahbaz et al., 2012) 

ChCl-G 1:2 -36.15 259 (25 

°C) 

1.18  57.24 1.05 (20 °C) 243.84 (Abbott et al., 2011) 

ChCl-G 1:3 -32.65 450 (20 

°C) 

1.2 - - 242.51 (Abbott et al., 2007) 

ChCl-

TFA 

1:2 - 77 (40 °C) 1.34 35.9 0.286 (40 

°C) 

- (Abbott et al., 2006) 

ChCl-1,4-

butanediol 

1:3 -32 140 (20 

°C) 

1.06 47.17 1.64 (20 °C) - (Shahbaz et al., 2012) 
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The properties of interest are commonly melting and freezing temperatures, density, 

viscosity, polarity, conductivity, surface tension and vapour pressure.  DESs can be 

prepared easily in the laboratory by mixing high melting components such as ammonium 

or phosphonium salt and a neutral compound which is able to associate through hydrogen 

bond interactions such as amides, alcohols, carboxylic acids, phenols and carbohydrates 

(Cardellini et al., 2014).  This HBD association lowers the melting point of the mixture 

significantly. 

The choline chloride (ChCl)/urea DES, was the first to be formulated, commonly 

used and studied.  The most commonly used molar mixture ratios of ChCl:urea is 1:2 

(Table 1.3).  In this study, the DESs were developed using ChCl, Diethyl Ethanol 

Ammonium Chloride (DEAC), p-Toluene Sulphonic Acid (p-TSA) and Adipic acid.  The 

mixture of two of these components formed the following DESs ChCl-p-TSA, DEAC-p-

TSA and ChCl-Adipic.  Figure 1.8 shows the phase diagram of a eutectic point on a two 

components mixture.  Depression of freezing point (∆Tf) represent the magnitude of the 

interaction between A + B as shown in Figure 1.8, which is controlled by the difference in 

the freezing point at the eutectic composition of the mixture A + B rather than the 

theoretical ideal mixture (Smith et al., 2014).  Hence, the more the interaction, the larger 

the value of ∆Tf. For example, the individual melting point of ChCl as an organic salt is 

302 °C.  This salt cannot be used as a solvent in its solid state as it is not possible to 

produce 5HMF at this severe reaction temperature, since degradation of 5HMF would 

occur.  On the other hand, the melting point of the p-TSA as an acid catalyst is 103.5 °C.  

This clearly shows the necessity of using a higher temperature and/or a solvent such as 

water or an organic solvent to dilute the acid. 
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Figure 1.8. Phase diagram of binary DES system (Smith et al., 2014)  

 

1.5 Aim and Objectives of This Thesis 

The aim of this work is to produce 5HMF from a fructose dehydration reaction using 

a novel DES combination that has the dual function of green solvent and catalyst.  5HMF 

is a precursor to produce biofuel and high-value chemicals.  To increase the yield of 

5HMF from the dehydration of fructose with resultant environmental and economic 

benefits, the project therefore seeks to address the following specific objectives: 

• To prepare DESs that are biodegradable, renewable, and environmentally friendly 

using Choline chloride (ChCl), diethylenethanol ammonium chloride (DEAC), 

para-toluene sulphonic acid (p-TSA) and adipic acid.  Three different DESs were 

formulated using these acids and salts, namely a) DES (ChCl and p-TSA), b) salt-

modified DES (DEAC and p-TSA) and c) acid-modified DES (ChCl and adipic 

acid). 

• To test the ability of the prepared DESs to perform the dual function of catalyst and 

solvent in the dehydration reaction of fructose to 5HMF. 
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• To evaluate the effect of the reaction factors of temperature, reaction time, 

fructose-to-DES ratio (feed ratio), and the DES composition molar mixing ratio 

(acid-to-salt) on the dehydration reaction of fructose to 5HMF, and to determine 

the best reaction conditions. 

• To investigate the effect of DES composition for the three formulated DESs on the 

optimum yield and selectivity of 5HMF, and on the conversion of fructose from the 

dehydration reaction. 

• To study the reaction kinetics of all three DES systems in order to understand the 

rate of fructose conversion and to determine the reaction order, rate constant and 

the activation energies of each system. 

1.6 Thesis Layout 

This thesis consists of nine chapters.  Chapter One covers the introductory 

background, the motivation for the research and finally the specific objectives to be 

accomplished in the project.  Chapter Two is the literature review, which addresses 

previous research on 5HMF production using different catalysts, solvents and different 

biomass sources.  A general background about the synthesis, properties and applications of 

DES solvents is also presented.  Chapter Three details the materials and methods used in 

this study.  They include feedstock, DES preparation techniques, measuring instruments 

and the experimental setup. 

The effects of reaction temperature, reaction time, feed ratio and molar mixing ratio 

on the dehydration reaction of fructose to 5HMF using the DES (ChCl and p-TSA) are 

presented and discussed in Chapter Four.  The results of similar experiments using a salt-

modified DES (p-TSA and N,N-diethylenethanol ammonium chloride) (DEAC) and an 
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acid-modified DES (adipic acid and ChCl) are presented and discussed in Chapters Five 

and Six, respectively.  The three different DESs examined for the dehydration reactions of 

fructose to 5HMF are summarised, as shown in Figure 1.9. 

 

Figure 1.9 Experimental work layout 

In Chapter Seven the kinetics of the three DES systems studied to determine the 

reaction order, the reaction rate constant and the activation energy of each system are 

presented and discussed.  Chapter Eight is a comparison study of the three DES systems 

and highlights the main differences in the observations and results obtained.  The effects of 

the acids and salts in the different DES formulations on the fructose dehydration reaction 

to 5HMF are also presented in Chapter Eight.  Finally, Chapter Nine summarises the 

conclusions of the work and outlines recommendations for future research.  
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Chapter 2  Literature Review 

2.1 Overview 

This chapter gives an overview of the dehydration reaction chemistry and the 

systems used in converting different biomass resources to 5HMF.  The recent archived 

results and reaction conditions of the different systems are highlighted and compared.  

This chapter also discusses the nature of the DESs and highlights their properties and 

applications. 

2.2 The Chemistry of the Dehydration Reaction of Fructose to 5HMF 

Dehydration of fructose is generally defined as the elimination of three molecules of 

water from the substrate.  This reaction is usually performed in the presence of an acid 

catalyst as a proton donor and a solvent as a reaction medium. 

Fructose dehydration reaction mechanisms were first reported by Haworth and Jones 

(1944).  They proposed that it is a cyclic form of fructose, which leads to the formation of 

5HMF.  This was also suggested by (Antal et al., 1990), who stated that the 5HMF 

formation is favoured to go through a fructofuranose ring.  The same group also proposed 

that the fructose transformation to 5HMF could be done over an open ring pathway.  This 

pathway was not preferred, due to the high activation barriers involved in open ring 

pathways (Nimlos et al., 2006).  Several studies have been carried out in aqueous media to 

investigate the mechanisms of the fructose dehydration reactions to 5HMF (Amarasekara 

et al., 2008).  All these studies focused on the transformation of fructose to 5HMF, rather 

than the different intermediates produced.  Amarasekara et al. (2008) conducted a nuclear 

magnetic resonance (NMR) study of a fructose dehydration reaction catalysed by DMSO.  

This study concluded that the dehydration of fructose occurs in two furanose forms of D-

fructose by the elimination of three molecules of water.  Caratzoulas and Vlachos (2011) 
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studied the closed ring mechanism which is illustrated in Figure 2.1, and stated that the 

dehydration of fructose is accomplished by removing three different water molecules in an 

acidic medium. 

 

Figure 2.1. Fructose dehydration to 5HMF mechanism (Caratzoulas and Vlachos, 

2011) 
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The closed ring mechanism of fructose dehydration to 5HMF starts by the 

protonation of the OH group attached to the second carbon atom in step 1, as shown in 

Figure 2.1, and transforming it to a water molecule, as shown in step 2.  This is followed 

by the removal of the protonated OH in a form of a water molecule from the second carbon 

atom to form a stable intermediate in step 3a, where a charge is transported from oxygen 

atom no. 5 to carbon atom no. 2, and both atoms are bound by a double bond. 

The second dehydration step is performed through three actions.  Firstly, a hydride 

transfer happens from carbon atom no. 1 to carbon atom no. 2, as shown in steps 3a and 4.  

Secondly, a proton transfer between the oxygen atoms no. 1 and no. 3 results in the 

formation of an oxonium ion, as shown in steps 4 and 5 in Figure 2.1.  Thirdly, a 

dehydration action occurs, as illustrated in steps 5 and 6.  As the intermediate formed in 

step 6 is unstable, a hydride transformation from carbon atom no. 4 to carbon atom no. 3 

occurs spontaneously during the second dehydration step (from step 6 to step 7) in  

Figure 2.1. 

The third dehydration step occurs by a hydride transformation to the carbon atom no. 

4, corresponding to the transfer from step 7 to step 8, followed by a proton transfer from 

carbon atom no. 3 to oxygen atom no. 4 to form an oxonium ion, as shown in steps 8 and 

8a.  As the intermediate formed in step 8a is unstable, once the proton is received by 

oxygen atom no. 4 the bond between carbon atom no. 4 and oxygen atom no. 4 breaks off 

and the water molecule immediately leaves the ring, as shown in steps 8a and 9.  This is 

followed by deprotonating from step 9 to step 10. 
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2.3 The Proposed Side Reactions Occurring with the Dehydration Reaction of 

Fructose to 5HMF 

The lack of sustainability and the high cost of the production processes of 5HMF 

pose a challenge for the commercialisation of production (Melo et al., 2014).  Optimisation 

of the industrial scale process remains the focus of ongoing research.  Tao et al. (2011) 

suggested that the main side reactions associated with the dehydration reaction of fructose 

to 5HMF are the rehydration of 5HMF to formic and levulinic acids, the condensation 

reactions caused by the single polymerisation of 5HMF molecules to produce soluble 

humins, or the cross-polymerisation between fructose and 5HMF molecules to produce 

insoluble humins, as shown in Figure 2.2.  The same study proved that a small amount of 

furfural was produced from 5HMF at the same reaction conditions. 

 

Figure 2.2. The pathway of fructose dehydration to 5HMF and possible side reactions 

(Tao et al., 2011) 

 

These side reactions are the main reason for the low yield and selectivity of 5HMF.  

The occurrence of these side reactions is directly connected to the nature of the production 

process and its conditions.  For instance, Tao et al. (2011) studied the dehydration of 
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fructose using an acidic ionic liquid as a catalyst and a biphasic system consisting of 

water/MIBK as a reaction medium.  It was reported that when the reaction was carried out 

in an aqueous medium, the rehydration of 5HMF to formic and levulinic acids is the most 

probable pathway of the side reaction.  Prolonging the reaction time and increasing the 

reaction temperature may lead to the occurrence of the condensation reactions of 5HMF to 

produce polymers or the cross-polymerisation between fructose and 5HMF to produce 

humins.  Increasing the mass of the substrate fructose could lead to a cross-polymerisation 

or condensation of 5HMF and produce humins and polymers.  In Tao et al. (2011) study, it 

was also reported that the side reactions were activated by increasing the dosage of the 

catalyst, which led to a decrease in the fructose conversion and the 5HMF yield.  In 

another study, the conversion of glucose in DMAC as a solvent and AlCl3 as a catalyst was 

reported.  It was found that increasing the reaction temperature and prolonging the reaction 

time produced a brown substance, which could be humins (Ren et al., 2014). 

2.4 Production of 5HMF in Different Systems 

Over the last decade, 5HMF has been produced on a laboratory scale using different 

systems.  In the following sections, the various systems reported in the literature are 

described. 

2.4.1 Production of 5HMF in an Aqueous System using Homogenous Catalysts 

In the aqueous system, water acts as a green reaction medium without the use of 

catalysts.  Compared to other solvents, water can dissolve high concentrations of sugars, 

while it is cheap, abundant, and environmentally friendly (Van Putten et al., 2013).  

Despite these advantages, the dehydration of fructose with water as a reaction medium was 

limited by the severe reaction conditions required, and also by a low yield of 5HMF due to 

rehydration resulting in by-products such as formic and levulinic acids.  Table 2.1 shows 
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some previous studies on different initial fructose concentrations, which were dehydrated 

to 5HMF in water without a catalyst.  It can be observed that the yield of 5HMF was low, 

despite the high reaction temperatures used.  

Table 2.1. Fructose dehydration in an aqueous system without using any catalyst 

Fructose 

Con. 

Temp. 

°C 

Reaction 

time 

(min) 

Fructose 

conversion 

(%) 

5HMF 

yield 

(%) 

5HMF 

select. 

(%) 

Ref. 

30 wt% 160 5 5 1 28 (Hansen et 

al., 2009) 

11 wt% 200 30 89 51 57 (Li et al., 

2009) 

0.9 wt% 350 1 67 8 11 (Aida et al., 

2007) 

55 mM 180 60 87 47 65 (Moller et 

al., 2012) 

 

To overcome the low yields obtained from the aqueous system without a catalyst, 

different organic and inorganic acids were studied as homogeneous catalysts for the 

dehydration of fructose to 5HMF.  Table 2.2 shows 5HMF yields reported using different 

acid catalysts in subcritical water (Asghari and Yoshida, 2007).  The highest yield obtained 

is 65.3 % (H3PO4), which is relatively low due to the presence of water, despite the high 

reaction temperature (240 °C).  The quest to increase the 5HMF yield from fructose 

dehydration has necessitated the investigation of alternative reaction media to resolve the 

challenges of rehydration caused by water. 
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Table 2.2. The use of homogeneous catalysts in an aqueous system to catalyse fructose 

dehydration to 5HMF at pH of 2, reaction time of 2 min and reaction temperature of 

240 °C 

Catalyst 5HMF yield (mol%) 

HCl 29.6 

H2SO4 40.3 

H3PO4 65.3 

Maleic acid 60.3 

Citric acid 17.6 

Oxalic acid 17.4 

Uncatalysed 18.1 

 

In another study, a mixture of acid and base catalyst (composed of H3PO4 and 

NaOH) was used to catalyse the conversion of different carbohydrates to 5HMF with 

compressed hot water as the reaction medium (Daorattanachai et al., 2012).  5HMF yields 

of 9.6% and 29% were obtained from glucose and fructose, respectively, for a reaction 

temperature range of 200 – 230 °C and reaction time of 5 min.  Meanwhile, a 5HMF yield 

of 7.5% was achieved by the same authors from cellulose with a conversion of 23%.  It can 

be observed that the yields of 5HMF obtained using fructose as a starting material were 

high compared to glucose and cellulose.  This can be attributed to the ease with which 

fructose can be dehydrated to 5HMF when compared to glucose, which requires an 

isomerisation process prior to dehydration.  Furthermore, the purpose of using NaOH as a 
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catalyst is to improve the conversion of glucose to fructose, and thus increase the 5HMF 

yield.  Despite the short reaction time and the slight improvement in 5HMF yields 

compared to the non-catalysed aqueous system, the development of the aqueous system 

with homogeneous catalysts is faced with the challenges of high reaction temperatures, the 

difficulties of recovering the homogeneous catalysts and the relatively low yields caused 

by the rehydration of 5HMF because of the presence of water as a solvent. 

To resolve the rehydration challenges, Wang et al. (2014) reported on the 

dehydration to 5HMF using a mixture of glucose and fructose with a homogeneous 

hydrochloric acid catalyst and a mixture of water and acetone as a continuous extraction 

solvent.  They observed a 5HMF selectivity of 70%.  The same authors reported that 

Chitin biomass, namely glucose amine (GLc NH4), was converted to 5HMF in an aqueous 

solution containing 67% ZnCl2, achieving a 5HMF yield of 21.9% at 120 °C with 99% 

feed conversion.  The role of acetone was to aid the extraction of 5HMF from the aqueous 

to the organic phase, which remarkably improved the 5HMF yield compared to that 

obtained in a previous study by (Daorattanachai et al., 2012).  The study by Wang et al. 

(2014) would have been more interesting if a green solvent had been used and a higher 

yield of 5HMF accomplished.  Nevertheless, the high flammability and the ecological 

effect of acetone still pose a challenge to the scaling up of the production process. 

The homogeneous catalysts were also investigated as co-catalysts with 

heterogeneous catalysts.  In this respect, Yang et al. (2013) suggested the addition of HCl 

to improve the catalytic activity of a heterogeneous AlCl3.  This efficiently promoted the 

conversion of glucose to 5HMF in a biphasic system composed of water and THF, 

producing a 62% yield of 5HMF.  In a similar way, Binder and Raines (2009) reported the 

conversion of lignocellulosic biomass to 5HMF in a mixture of DMA and LiCl as a 
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solvent and catalysed by HCl and CrCl2, giving a 5HMF yield of 54% in 120 min at 140 

°C.  In the same work, fructose dehydration to 5HMF catalysed by sulphuric acid in DMA-

LiCl as a solvent produced a 5HMF yield of 68% at 120 °C in 60 min.  It can be noticed 

that the ineffectiveness of heterogeneous catalysts was resolved by adding mineral acids to 

improve them, thus incurring an additional cost.  This makes the dehydration process 

complex in terms of homogeneous catalysts’ separation.  In addition, the catalysts are non-

environmentally friendly.  The severe reaction conditions still pose a challenge for the 

development of this system. 

Generally, it is observed that increasing the concentration of substrate in the 

dehydration reactions of carbohydrates to 5HMF activates side reactions, which decrease 

the 5HMF yield.  In this context, Roman-Leshkov et al. (2006) improved the 5HMF yield 

obtained from a concentrated solution of fructose (50 wt%) by using a biphasic system 

composed of an aqueous phase and DMF, catalysed by HCl.  The 5HMF produced was 

continuously extracted by the organic phase composed of MIBK and 2-butanol, as shown 

in Figure 2.3; 5HMF yield of 80% with fructose conversion of 90% was achieved at 180 

°C in 3 min.  While a high 5HMF yield was obtained, this system required severe reaction 

conditions. 
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Figure 2.3. Illustration of the batch process in a biphasic system to produce 5HMF 

from fructose (Roman-Leshkov et al., 2006)  

 

To enhance the extraction process, Roman-Leshkov and Dumesic (2009) stated that 

the addition of inorganic salts improved the continuous phase extraction of 5HMF in the 

dehydration of 30 wt% fructose solution.  The study was conducted in a biphasic system 

using 1-butanol as an extraction solvent, catalysed by HCl and H2SO4 at 180 °C, reaction 

time range from 8 to 15 min, volume ratio of organic to aqueous (Vorg/Vaq) of 3.2 and pH 

of 6.  The results are illustrated in Table 2.3.  The variation in results was attributed to the 

ionic interaction between the mixture components and the process parameters such as 

temperature, pressure, and concentration. 
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Table 2.3. The effect of different salts on the dehydration of a concentrated fructose 

solution at reaction temperature 180 °C, pH 6 and time range 8 – 15 min (Roman-

Leshkov and Dumesic, 2009) 

Salt Acid Conversion (%) Selectivity (%) R 

No salt HCl 77 69 1.7 

LiCl HCl 71 72 2.2 

KCl HCl 89 84 2.7 

NaCl HCl 87 82 3.1 

CsCl2 HCl 92 80 2.5 

CaCl2 HCl 77 73 2.2 

MgCl2 HCl 78 74 2.3 

KBr HCl 77 71 1.7 

NaBr HCl 90 73 1.9 

Na2SO4 H2SO4 62 71 8.1 

Note: R is the HMF concentrations ratio in the organic and aqueous phases.  

 

Homogeneous catalysts were also involved in converting different biomass sources 

to 5HMF combining an aqueous system with other solvents.  Glucose, xylose and fructose 

were dehydrated to 5HMF in a biphasic reactor containing an aqueous phase with DMSO 

and an organic phase for extraction composed of MIBK and 2-butanol in the ratio 7:3 w/w.  

The reaction was conducted at 170 °C and catalysed by different mineral acids HCl, 

H2SO4 and H3PO4.  The highest 5HMF selectivity achieved was 53%, 91% and 89% from 

the dehydration of glucose, xylose and fructose, respectively, when the reactions were 

catalysed by HCl (Chheda and Dumesic, 2007).  The main drawbacks of this system were 

the severe reaction conditions. 

Some studies have shown that the type of substrate and the nature of the production 

system can impact the conversion process.  For example, Amiri et al. (2010) conducted a 
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hydrolysis of rice straw agricultural waste, as an abundant and cheap biomass in a single 

aqueous phase with 0.5% of sulphuric acid for 180 min at 180 °C, where a 5HMF yield of 

15.3 g/kg straw was obtained.  The same authors examined different extraction solvents, 

where the results revealed that a 5HMF yield of 59g/kg straw was achieved when 2-PrOH 

and BuOH were used as extraction solvents.  Despite the severe reaction conditions and 

the ecological effect of the solvents and catalysts used, the yield obtained was still 

relatively low.  Brasholz et al. (2011) described the dehydration of fructose as a substrate 

to produce 5HMF.  The dehydration was carried out in 0.25 M aqueous HCl and MIBK, 

using a biphasic continuous flow dehydration system at a flow rate of 0.33 ml/min, as 

shown in Figure 2.4.  This process required less harsh reaction conditions, and a better 

5HMF yield of 74% was obtained at 140 °C in 15 min compared with the study reported 

by (Amiri et al., 2010), which used a different substrate. 

 

Figure 2.4. Fructose dehydration to 5HMF in a continuous flow biphasic system 

(Brasholz et al., 2011) 

 

Furthermore, Pagan-Torres et al. (2012) reported glucose conversion to 5HMF in a 

biphasic system composed of water/2-butylphenol, catalysed by a catalyst mixture of HCl 
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and AlCl3.  They obtained a 62% yield of 5HMF and over 97% of the 5HMF produced 

was extracted by the organic phase.  However, the use of glucose as a substrate requires an 

isomerisation step, as illustrated in Figure 2.5.  This accounts for the relatively low yield 

obtained compared with that achieved from fructose. 

 

Figure 2.5. Glucose conversion to 5HMF in biphasic system (Pagan-Torres et al., 

2012) 

 

Wheat straw was converted to 5HMF in acid catalysis using a microwave.  A low 

5HMF yield of 3.4% was obtained at a reaction temperature of 170 °C and reaction time of 

40 min (Yemiş and Mazza, 2012).  A biomass source in the form of girasol (as inulin 

source) and potato (as starch source) was converted to 5HMF in an ionic liquid of 

[OMIM]Cl at a reaction temperature of 120 °C and reaction time of 120 min.  A 5HMF 

yield of 54.4% was obtained from a potato when the reaction was catalysed by HCl and 

CrCl2.  On the other hand, 5HMF of 58.2% was obtained from girasol at the same reaction 

conditions without adding the CrCl2 (Yi et al., 2012).  These studies were conducted to 

convert different forms of biomass to 5HMF in a one pot process and highlighted some 

drawbacks such as the ecological effects and 5HMF separation difficulties that arise from 

the combination of mineral acids and ionic liquids used as reaction media.  In addition, the 

severe reaction conditions and the low yields make these processes unfeasible.  
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Despite the essential role played by mineral acids as catalysts for sugars’ conversion 

to 5HMF, the use of aqueous systems catalysed by homogenous catalysts is associated 

with several drawbacks.  The difficulties include catalyst separation, the limitation of 

reusability and the necessity for severe reaction conditions (which can activate corrosion) 

to achieve high 5HMF selectivity.  Furthermore, the huge amount of acid waste causes 

severe negative ecological and environmental effects, while the aqueous phase leads to the 

activation of side reactions, which causes rehydration of 5HMF to produce formic acid and 

levulinic acid (Deng et al., 2015).  As a result of these disadvantages, more focus was 

given to the use of solid acids in biomass conversion to 5HMF. 

2.4.2 Production of 5HMF from Biomass Catalysed by Solid Catalysts  

Solid or heterogeneous catalysts are porous materials with a large surface area.  They 

are capable of accelerating chemical reactions on their surfaces.  Some of their advantages 

are that they are reusable and remain stable under severe reaction conditions (Lin and 

Huber, 2009).  Despite the high 5HMF yields obtained from the dehydration of fructose 

and the ease of separation, as shown in Table 2.4, the use of solid catalysts in biomass 

dehydration reactions requires a solvent such as DMSO, which causes difficulty in the 

separation of 5HMF since their boiling points are in a similar range.  Also, these systems 

require relatively high reaction temperatures and long reaction times, which makes the 

process unviable.  In addition to the previously mentioned challenges, solid catalysts use 

water as a reaction media, which causes the rehydration of 5HMF.
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Table 2.4. Fructose dehydration in solid catalysts 

No. Substrate Catalyst Solvent Temp. 

(°C) 

Time 

(min) 

Fructose conversion 

% 

5HMF yield 

% 

Ref. 

1 Fructose Fe3O4, R-SO3H, 

COOH (components 

are specified in 

abbreviation list) 

DMSO 130 40 100 81.1 (Hu et al., 2015) 

2 Fructose Fe3O4 and sulfonic 

acid 

DMSO 110 180 99 82 (Zuo et al., 2014) 

3 Fructose NbCl5 (BMIM)Cl 80 30 - 79 (Mittal et al., 2012) 

4 Fructose Sc(OTf)3 DMSO 120 120 100 83.3 (Zhao et al., 2011) 

5 Fructose Zirconium phosphate Sub-critical water 240 - 80 61 (Hu et al., 2008) 

6 Fructose Sulfonated zirconia DMSO and 

acetone 

180 20 93.6 72.8 (Zhang et al., 

2009) 

7 Fructose Sulfonic acid resin DMSO 147 60 - 93 (Morales et al., 

2014) 

8 Fructose Zeolite (BMIM)Cl 150 50 - 86.6 (Hu et al., 2014) 
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Different substrates of biomass were converted to 5HMF in different solid catalysts, 

as listed in Table 2.5.  The results showed that the use of these substrates produced lower 

yields of 5HMF compared with the fructose reported in Table 2.4.  This is due to the 

deficiency of the solid catalysts to catalyse other required processes such as the 

isomerisation of glucose to fructose before the dehydration of fructose to 5HMF. 
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Table 2.5. Conversion of other biomass sources to 5HMF in solid catalysts 

No. Substrate Catalyst Solvent Temp. 

(°C) 

Time 

(min) 

Conversion 

% 

5HMF yield 

% 

Ref. 

1 Glucose Sulfonic group Water and THF 180 240 99.9 80.7 (Chen et al., 2016) 

2 Glucose Silica Water and MIBK 195 150 87 36 (Jimenez-Morales et al., 

2015) 

3 Glucose Sulfonic acid resin DMSO 147 1440 - 33 (Morales et al., 2014) 

4 Glucose Silica with 

zirconium 

Water/MIBK 175 150 69 23 (Jiménez-Morales et al., 

2014) 

5 Glucose NaI and AlCl3 DMAC 130 15 86 62 (Ren et al., 2014) 

6 Glucose LCC DMSO and 

[Bmim]Cl 

160 50 99 68 (Guo et al., 2012) 

7 Starch SO2-
4/ZrO2-Al2O3 Water and DMSO 150 360 - 55 (Yang et al., 2012) 
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It can be noted from Table 2.4 (entry 7) and Table 2.5 (entry 3) that Morales et al. 

(2014) conducted two experiments using the same system but starting with different 

substrates, namely fructose and glucose.  A lower yield of 5HMF was obtained from 

glucose, in spite of the longer reaction time used.  Entry 1 in Table 2.5 shows a recent 

study conducted by Chen et al. (2016) investigating a sulfonic acid catalyst which has 

Brønsted acid and Lewis acid sites for the conversion of glucose to 5HMF.  Although they 

found a high fructose conversion and 5HMF yield, the challenges associated with the use 

of water and THF were still observed.  On the other hand, low yields of 5HMF were 

obtained for the rest of the heterogeneous catalysts and solvents reported in Table 2.5, 

despite the relatively high temperatures used. 

2.4.3 Production of 5HMF from Biomass in Organic Solvents 

Organic solvents have been widely used in the conversion of biomass to 5HMF.  

Their role is essentially to extract the produced 5HMF to prevent its rehydration.  The 

addition of MIBK during the dehydration reaction of fructose to 5HMF catalysed by 

zeolites increases the reaction selectivity towards 5HMF.  This is due to the role played by 

MIBK, which fills the pores of the catalyst and, as a consequence, inhibits the side 

reactions that lead to humins’ formation (Ordomsky et al., 2012).  Another group 

(Sampath and Kannan, 2013) conducted a comparison study between the activity of 

Amberlyst-15 in DMF and DMSO for fructose dehydration to 5HMF.  The results revealed 

that there was a significant loss in Amberlyst-15 activity when DMF was used, while there 

was no activity loss observed in the DMSO case.  It is suggested that activity loss may be 

caused by the neutralisation of acid sites forming ammonium ions.  Despite the high 

efficiency of DMSO as a solvent for converting biomass to 5HMF, its use was limited by 

its high boiling point, high flammability and toxicity.  Different studies reported the use of 
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organic solvents as reaction media for the conversion of biomass to 5HMF, as depicted in 

Table 2.6.  Even though the results obtained from the use of organic solvents in sugars’ 

dehydration to 5HMF were much better compared to the ones obtained from aqueous 

systems, the use of organic solvents as reaction media is faced with several disadvantages, 

such as the non-green nature, the relatively high cost, and the low solubility of sugars in 

them.  
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Table 2.6. The conversion of biomass in organic solvents 

Substrate Organic 

solvent 

Catalyst Temp. 

(°C) 

Time 

(min) 

Conversion 

% 

5HMF 

yield % 

5HMFselectivity 

% 

Ref. 

Fructose DMSO Nb2O5 120 120 100 86.2 - (Zhou et al., 2014a) 

Fructose DMSO - 150 - - 92 - (Despax et al., 2013) 

Inulin DMSO - 150 - - 47 - 

Fructose (15 

wt%) 

Glycerol - 

 

 

150 

 

 

 

3 78 - 

 

 

 

 

4 (Despax et al., 2014) 

Ethylene 

glycol 

15 76 9 

DMSO 10 100 71 

DMA 8 87 25 

Fructose DMSO [CMIM]Cl 

 

120 

 

120 - 

- 

95.7 - 

- 

(Hu et al., 2013) 

Inulin 180 88.4 

Glucose DMAC - 120 15 - 52 - (Ren et al., 2013) 

Fructose (50 

wt%) 

DMSO Amberlyst-

15 

120 120 - 100 - (Shimizu et al., 2009) 
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Apart from the capability of DMSO to self-catalyse the conversion of sugars to 

5HMF without additional catalysts, the results illustrated in Table 2.6 show that the use of 

some organic solvents without catalysts results in low yields of 5HMF.  This clearly 

proves that the use of organic solvents in sugars’ dehydration to 5HMF requires catalysts 

and severe reaction conditions.  Furthermore, the non-environmentally friendly nature and 

the high boiling points of these solvents pose a challenge in the scale-up of the conversion 

processes. 

2.4.4 Production of 5HMF from Biomass in Ionic Liquids 

Ionic liquids are a new class of reaction media composed of organic and inorganic 

ions, first reported in 1914 by (Walden, 1914).  Their use as reaction media for the 

dehydration of fructose to 5HMF is because they offer unique properties such as low 

vapour pressure, low viscosity, chemical and thermal stability, and low melting point.  

Moreover, they are capable of dissolving a wide range of sugars (Wang et al., 2014).  

Therefore, ionic liquids have recently been used in biomass conversion to useful chemicals 

and biofuels (Van Putten et al., 2013).  Comparing the use of ionic liquids as reaction 

media in biomass conversion to 5HMF with previous systems (aqueous, solid catalyst, and 

solvents), their use showed higher yields of 5HMF in mild reaction conditions and 

eliminated the use of water in the reactions.  This led to a reduction in side reactions and 

an increase in 5HMF yields.  The selection of an ionic liquid as a reaction medium is 

subject to its composition, which is highly affected by its properties such as melting point, 

viscosity and density (Earle and Seddon, 2000).  A summary is presented in Table 2.7 of 

the published results of fructose dehydration to 5HMF in ionic liquids without the addition 

of catalyst. 
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Table 2.7. Dehydration of fructose to 5HMF in ionic liquids without catalyst 

Ionic 

liquid 

Time 

(min) 

Temp. 

(°C) 

Conv. 

% 

Yield 

% 

Selectivity 

% 

Ref. 

[HMIm]Cl 45 90 98 92 94 (Moreau et al., 

2006) 

[EMIm]Cl 180 120 100 73 73 (Zhao et al., 2007) 

[BMIm]Cl 50 120 93 63 68 (Cao et al., 2011) 

PyHCl 80 60 92 69 76 (Hu et al., 2008) 

[BMIm]Cl 180 80 4 0 0 (Wei et al., 2011) 

[BMIm]Cl 180 100 60 28 47 (Wei et al., 2011) 

 

Cao et al. (2011) studied the dehydration of fructose to 5HMF in [BMIm]Cl without 

the addition of catalyst.  At a reaction temperature of 120 °C and a reaction time of 50 min, 

a conversion of 93% was achieved with 63% yield and 68% selectivity of 5HMF.  The 

relatively higher conversion and yield obtained may be attributed to the  catalytic activity 

of the ionic liquid.  Wei et al. (2011) investigated the same ionic liquid at different reaction 

temperatures and a reaction time of 180 min without a catalyst.  The reported results 

showed that the conversion of fructose increased from 4 to 60% when the reaction 

temperature increased from 80 to 100 °C.  No 5HMF was produced at 80 °C, whereas 

when the temperature increased to 100 °C a 5HMF yield of 28% and selectivity of 47% 

were obtained.  In another study, Moreau et al. (2006) reported a higher 5HMF yield of 

92% and fructose conversion of 98% when [HMIm]Cl was used with no catalyst at mild 
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reaction conditions of 90 °C and 45 min.  This could be due to the improved activity 

obtained from the different composition of the ionic liquid. 

Table 2.8 shows the use of different ionic liquids and catalysts for the dehydration of 

fructose to 5HMF.  Cao et al. (2011) reported a follow-up study on fructose dehydration to 

5HMF catalysed by H2SO4 in [HMIm]Cl at a reaction time of 50 min and reaction 

temperature of 100 °C.  It was found that increasing the catalyst loading from 10 to 25 

mol% increased the conversion of fructose from 55 to 82% and the 5HMF yield from 7 to 

100%.  Zhang et al. (2011b) investigated fructose dehydration to 5HMF catalysed by CrCl2 

in [EMIm]Cl at reaction conditions of 80 °C and 180 min.  The full conversion of fructose 

and 60% yield of 5HMF were obtained.  However, the lower yield obtained at a longer 

reaction time could be attributed to the activity of the catalyst used.  Qi et al. (2009b) 

investigated the same ionic liquid for fructose dehydration to 5HMF in a heterogeneous 

catalyst of Amberlyer 15.  A 5HMF yield of 83% was achieved in a shorter reaction time 

of 10 min at the same reaction temperature. 
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Table 2.8. Dehydration of fructose to 5HMF in ionic liquids with homogeneous and 

heterogeneous catalysts 

Ionic liquid Catalyst Temp. 

(°C) 

Time 

(min) 

Conv. 

% 

Yield 

% 

Selectivity 

% 

Ref. 

[EMIm]Cl CrCl2 6 mol% 80 180 100 60 60 (Zhang 

et al., 

2011b) 

[BMIm]Cl AuCl3.HCl 7 

mol% 

80 180 50 22 44 (Wei et 

al., 

2011) 

[BeMIm]Cl CrCl3.6H2O 10 

mol% 

100 120 100 71 71 (Cao et 

al., 

2011) 

[HMIm]Cl H2SO4 10 

mol% 

100 50 55 7 13 (Cao et 

al., 

2011) 

[HMIm]Cl H2SO4 25 

mol% 

100 50 100 100 82 (Cao et 

al., 

2011) 

[BMIm]Cl Amberlyer 15  

100 wt% 

80 10 99 83 85 (Qi et 

al., 

2009b) 

[EMIm]Cl PTA/MIL101 

40 wt% 

80 60 87 80 92 (Zhang 

et al., 

2011a) 
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More recent studies reported the use of different ionic liquids and catalysts in 

fructose dehydration to 5HMF.  The results of these studies are presented in Table 2.9.  Liu 

et al. (2015) reported that (NH4)2S2O3 efficiently catalysed the fructose dehydration 

reaction to 5HMF using [Bmim]Cl, achieving 5HMF selectivity of 81.6% at mild reaction 

conditions.  On the other hand, Jadhav et al. (2014) reported a better yield of 5HMF at 

mild reaction conditions when using active self-catalysed unsymmetrical dicationic ionic 

liquids.  Despite the high yield obtained at mild reaction conditions with no catalyst 

involved, these systems suffered from the high cost of the ionic liquids involved. 

Table 2.9. Fructose dehydration to 5HMF in different ionic liquids and catalysts 

Substrate Ionic liquid Catalyst Temp 

(°C) 

Time 

(min) 

Con. 

% 

Yield 

% 

Sel. 

% 

Ref. 

Fructose [Bmim]Cl (NH4)2S2O3 120 50 - - 81.6 (Liu et 

al., 2015) 

Fructose Dicationic 

ionic liquids 

- 70 40 - 92.3 - (Jadhav 

et al., 

2014) 

Fructose [Bmim]Cl H3PW12O40 80 5 99 99 99 (Xiao et 

al., 2014) 

Fructose [Bmim]Cl FeCl3 100 240 - 90.8 - (Zhou et 

al., 

2014b) 

 

 Xiao and Song (2014) reported that different heteropoly acids showed high activity 

in catalysing the fructose dehydration to 5HMF in [Bmim]Cl, where a fructose conversion, 

5HMF yield and selectivity each of 99% were obtained at 80 °C and 5 min when 

H3PW12O40 was used as a catalyst.  On the other hand, Zhou et al. (2014b) reported a 

5HMF yield of 90.8% at severe reaction conditions using the same ionic liquid [Bmim]Cl, 
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but with FeCl3 as a catalyst.  In the same work, the 5HMF yield decreased to 60.3% when 

a solvent mixture of [Bmim]Cl and ethanol was used.  This emphasises how the nature of 

the catalyst and the reaction medium govern the reaction pathway and also influence the 

5HMF yield.  Chinnappan et al. (2014) reported that the use of ionic liquids associated 

with metal complexes in fructose dehydration gave a 5HMF yield of 95.5% at 110 °C and 

60 min.  Despite the high yield of 5HMF obtained, the commercialisation of this process is 

limited by the cost of the ionic liquid. 

Table 2.10 shows the yields of 5HMF from fructose, cellulose, and sucrose when 

dehydrated in ionic liquids.  It is clear that the yields obtained from cellulose and sucrose 

are lower compared to the ones obtained from fructose.  This could be attributed to the 

complicated conversion routes of cellulose and sucrose sugars which, unlike fructose, 

require hydrolysis or pyrolysis at severe conditions and catalysts.  Zhou et al. (2015) 

reported a one-step cellulose conversion to 5HMF using an ionic liquid of [Bmim]Cl, 

catalysed with CrCl3.  The optimum 5HMF yield  achieved was 63% at atmospheric 

pressure and 120 °C.  Jadhav et al. (2012) reported a complete conversion of fructose and 

sucrose when both were converted to 5HMF in an ionic liquid at room temperature.  The 

5HMF yield obtained from fructose was much higher and at milder reaction conditions 

compared to the yield from sucrose.  Su et al. (2013) reported that the hydrolysis of 

sucrose in [Emim]Br and amino acids, using tyrosine as a catalyst at harsh reaction 

conditions resulted in a 5HMF yield of only 76%. 
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Table 2.10. Conversion of different carbohydrates to 5HMF in ionic liquids 

Substrate Ionic liquid Catalyst or solvent Temp. (°C) Time (min) Conv. % Yield % Sel. % Ref. 

Cellulose [Bmim]Cl CrCl3 120 - 100 63 - (Zhou et al., 2015) 

Sucrose [TetraEG(mim)2][OMs]2 120 150 100 67.2 - (Javhav et al., 2012) 

Fructose - - 40 - 92.3 - 

Sucrose [Emim]Br Amino acids, and tyrosine 160 240 - 76 - (Su et al., 2013) 
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The isomerisation of glucose was reported in different ionic liquids and catalysts. 

Some of the studies are shown in Table 2.11, where the results showed lower yields under 

higher reaction conditions compared to fructose.  Tao et al. (2014) reported a 5HMF yield 

of 75.1% from glucose using a functionalised acidic ionic liquid of SO3OH in a biphasic 

system.  However, the process required severe reaction conditions.  In another work, 

glucose was converted to 5HMF and catalysed by zeolite in [BMIM]Cl as a solvent.  

Despite the shorter reaction time used, the 5HMF yield and glucose conversion were not 

sufficiently high.  It was also found that increasing the catalyst loading, reaction 

temperature and reaction time had a negative effect on the 5HMF yield (Hu et al., 2014).  

The variation in results between these two studies could be attributed to the activity of the 

SO3OH compared to zeolite and the activity of the extraction solvent used.  Furthermore, 

the presence of MIBK enhanced the solubility of glucose and thus improved the 

conversion rate.  On the other hand, the water content and severe reaction conditions 

negatively influenced the reaction.  The composition of the reaction medium is clearly an 

important issue in achieving higher conversion.  Qi et al. (2012) investigated the use of 

water and an ionic liquid mixture on the conversion of glucose to 5HMF, catalysed by 

ZrO2.  The results obtained showed a low yield of 5HMF.  This was due to the severe 

reaction temperatures and the presence of water as a solvent.  Hu et al. (2012) reported that 

a double catalytic mixture of boric acid and chromium chloride improved the activity of 

the catalytic mixture.  This promoted the conversion of glucose to 5HMF in an ionic liquid 

of [Bmim]Cl. 
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Table 2.11. The conversion of glucose to 5HMF in ionic liquids 

Substrate Ionic liquids Catalyst or 

solvent 

Temp. 

(°C) 

Time 

(min) 

Con. % Yield % Sel. % Ref. 

Glucose SO3OH MIBK and water 120 360 97.4 75.1 - (Tao et 

al., 2014) 

Glucose [BMIM]Cl Zeolite 150 50 80.6 50.3 - (Hu et al., 

2014) 

Glucose 1,3-dialkylimidazolium 

chloride ionic 

ZrO2 and water 200 10 - 53 - (Qi et al., 

2012) 

Glucose [BMIM]Cl Boric acid and 

chromium 

chloride 

120 30 - 78.8 - (Hu et al., 

2012) 
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Generally, the necessity of using external catalysts and solvents for the conversion of 

biomass to 5HMF, as well as the high cost of ionic liquids, remain the main challenges for 

developing these systems. 

2.5 Deep Eutectic Solvents as New Reaction Media for the Dehydration of Fructose to 

5HMF 

DESs are new kinds of solvents made by the gentle mixing and heating of any 

quaternary ammonium salt such as choline chloride (ChCl) with a variety of HBDs in solid 

form like alcohols, amines, amides and carboxylic acids (Maugeri et al., 2012).  This forms 

a homogeneous eutectic mixture in liquid form at a temperature range of 25 to 70 °C.  

DESs are characterised by their highly reduced freezing points compared to the individual 

ones for each component (Zhang et al., 2012b).  The chemistry concept of the DES 

mixtures is that the electrostatic forces between the anions and cations are highly reduced 

by an interaction between the quaternary ammonium salts and the HBD; thus, the freezing 

points of the DES mixtures are highly decreased (Maugeri et al., 2012). 

The first DES, composed of ChCl and urea was reported by (Abbott et al., 2003).  

DESs are generally regarded as types of ionic liquids as they share common properties.  

Despite this similarity in their properties, their structure is completely different.  Basically, 

the DESs are a form of eutectic mixture composed of Brønsted or Lewis acids with 

different types of bases, which are a source of different ionic and cationic species.  On the 

other hand, ionic liquids consist of one type of anion and cation (Smith et al., 2014).  

The drawbacks associated with the use of ionic liquids as solvents are reported to be 

the poor biodegradability and the toxicity of a variety of ionic liquids (Romero et al., 

2008), the impurity of ionic liquids which influence their properties, the environmentally 

unfriendly synthesis procedures and the high cost.  This has discouraged the development 
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of the use of ionic liquids.  In view of such drawbacks, DESs were found to be the 

optimum alternative solvents, being non-toxic, cheap, biodegradable and renewable 

(Zhang et al., 2012b).  ChCl, which has similarity to vitamin B (Abo-Hamad et al., 2015), 

is considered the common organic salt used to form a variety of DESs with a large range of 

HBDs.  This is because ChCl is cheap (2 €/kg) (Vigier et al., 2015), renewable and can be 

obtained by the extraction of biomass and fossil resources (Zhang et al., 2012b).  

Furthermore, it is biodegradable and non-toxic, as it is used for human food processes and 

as animal feed (Russ and Konig, 2012).  The DESs composed of ChCl are considered 

economical (Perkins et al., 2014, Singh et al., 2014) and are easy to prepare with no 

purification or waste disposal required.  They are easy to store as they are chemically inert 

with water, and have no vapour pressure (Zhang et al., 2012b).  Also, they are 

biodegradable, non-flammable and non-toxic (Weaver et al., 2010). 

2.5.1 DES Properties 

Although the chemical properties of DESs differ from those of ionic liquids, they 

still share some physical properties such as low vapour pressure, availability in liquid 

form, and non-flammability (Smith et al., 2014).  It was reported that the different DES 

properties such as density, pH, viscosity and melting point are extremely influenced by the 

type of the two components that constitute the DES, and their molar mixing ratios (Kareem 

et al., 2010).  In this section, some of the DES properties are discussed. 

2.5.2 Freezing Point 

DESs are formed by heating and mixing two different solids with individual high 

melting points that act as HBDs and hydrogen acceptors to form a new mixture in a liquid 

form with a lower freezing point, as shown in Table 2.12.  The results illustrated in Table 

2.12 show that the freezing point of the DES mixture is subject to the type of halide salt, 
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the type of HBD and their molar mixing ratios, while the melting point of the individual 

components has no influence on the freezing point of the DES.  Comparing results 1 and 4 

in Table 2.12, the DES freezing point increased from 12 to 51 °C when the HBD changed 

from urea to acetamide at the same molar ratio.  The DES freezing point changed from 51 

°C in result 4 to -16 °C in result 6 when the halide salt changed from ChCl to ZnCl2.  

Changing the molar ratio from 1:2 to 1:1 for the ChCl to urea DES mixture in results 1 and 

2 changed the freezing point from 12 to 50 °C, respectively.  Both components of the DES 

in result 2 have the same individual melting points as those in result 5, but the freezing 

points of the DESs produced are 50 and 10 °C, respectively.  It was also reported that the 

DES freezing point decreased greatly when low molecular weight acids were used as 

HBDs (Abbott et al., 2004).  Despite the limited number of DESs which are liquids at 

room temperature, DES mixtures with freezing points below 50 °C are preferred for many 

application fields because they are cheap and green solvents (Zhang et al., 2012b).    
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Table 2.12. The freezing points of different DESs composed of different halide salts 

and HBDs (Smith et al., 2014, Zhang et al., 2012b) 

No.. Halide salt Melting 

point 

°C 

(a) 

Hydrogen 

bond 

donor 

(HBD) 

Melting 

point 

°C 

(a) 

Salt 

to 

HBD 

molar 

ratio 

DES 

Freezing 

point °C 

(b) 

1 ChCl 303 Urea 134 1:2 12 

2 ChCl 303 Urea 134 1:1 50 

3 ChCl 303 Adipic 

acid 

153 1:1 85 

4 ChCl 303 Acetamide 80 1:2 51 

5 ChCl 303 Malonic 

acid 

134 1:1 10 

6 ZnCl2 293 Acetamide 80 - -16 

7 ZnCl2 293 Urea 134 - 9 

8 ZnCl2 293 Ethylene 

glycol 

-12.9 - -30 

9 methyltriphenylphosphonium 

bromide 

231-

233 

Ethylene 

glycol 

-12.9 - - 49.34 

10 methyltriphenylphosphonium 

bromide 

231-

233 

Glycerol 17.8 - - 4.03 

11 benzyltriphenylphosphonium 

chloride 

345-

347 

Ethylene 

glycol 

-12.9 - 47.91 

(a) Melting point is used for the two DES components individually in their solid form. 

(b) Freezing point is used to assess the performance of the DES mixture in a liquid form. 
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2.5.3  Density 

Generally, the reported DES densities are slightly higher than water density (Abbott 

et al., 2006, Abbott et al., 2007).  Shahbaz et al. (2011) measured different DES densities 

using a vibrating tube density meter.  Due to the difficulties of measuring the DES 

densities as a function of temperature, the same group established a prediction method by 

using the modified Racket’s equation, where an error percentage of 1.9 was reported.  The 

density of the DES decreases by increasing the molar ratio of salt to HBD.  This is 

attributed to the free volume in the DES (Shahbaz et al., 2012).  The DES mixtures 

composed of ZnCl2 to urea (1:3.5) and ZnCl2 to acetamide (1:4) have recorded densities of 

1.63 and 1.36 g/cm3, respectively.  These densities are higher than the densities of the pure 

HBDs urea and acetamide, which are 1.16 and 1.32 g/cm3, respectively (Zhang et al., 

2012b).  As the DES structure contains holes, this difference was attributed to the decrease 

in the radius of these holes as a result of mixing the HBDs with ZnCl2, which leads to an 

increase in the densities of the DESs (Abbott et al., 2007). 

2.5.4 Viscosity 

The majority of the DESs have a high viscosity, which is close to 100 cP at room 

temperature.  This could be attributed to the reduced movement of the free DES species 

because of the strong hydrogen bonding between the two components of the DES.  

Generally, the viscosity of the DESs composed of two components is controlled by the 

interactions of electrostatic forces, namely the hydrogen bonds and van der Waals forces.  

In terms of DES applications as solvents, the lower viscosity DESs are preferred as green 

reaction media (Zhang et al., 2012b).  The less viscous solvent is also easier to handle and 

reduces the process cost as it requires less energy to pump (Gunny et al., 2014).  It is also 

mentioned that low viscosity DES and cellulose mixtures greatly improve the kinetics of 
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biomass treatment reactions (Gericke et al., 2012).  As mentioned above, the DES 

viscosity is highly affected by the nature of the DES components and the mixing ratios, as 

well as the temperature.  As shown in Table 2.13, in entries 1 and 2 the DES viscosity 

changed from 750 to 85000 cP when the HBD changed from urea to ZnCl2 at the same 

molar ratio and temperature.  Increasing the temperature from 25 to 40 °C reduced the 

viscosity of the ChCl/urea DES mixture from 750 to 169 cP, as shown in entries 1 and 3.  

Changing the ChCl to glycerol DES molar ratio from 1:2 to 1:3 and 1:4 changed the DES 

viscosity to 376, 450 and 503 cP, respectively, as shown in entries 4, 5 and 6. 

Table 2.13. The effect of different parameters on DES viscosity (Zhang et al., 2012b) 

No. Salt HBD Salt-to-HBD molar ratio Viscosity (cP) 

1 ChCl Urea 1:2 750 at 25 °C 

2 ChCl ZnCl2 1:2 85000 at 25 °C 

3 ChCl Urea 1:2 169 at 40 °C 

4 ChCl Glycerol 1:2 376 at 20 °C 

5 ChCl Glycerol 1:3 450 at 20 °C 

6 ChCl Glycerol 1:4 503 at 20 °C 

 

2.5.5 Polarity 

Zhang et al. (2011b) investigated the polarity of a DES mixture of ChCl and glycerol 

by the Richardt Dye method.  It was found that the polarity of the DES mixture increased 

as the concentration of ChCl increased. 

2.5.6 Ionic Conductivity 

The ionic conductivity of DESs is generally found to be poor (less than 2 mS/cm). 

This is due to their relatively high viscosity.  As a function of viscosity, DES 
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conductivities increase with increasing temperatures and ChCl content in the DES mixture 

(Zhang et al., 2012b). 

2.5.7 DES Applications 

DESs have superior advantages and unique properties such as low vapour pressure, 

non-toxicity, non-flammability, biodegradability, ease of preparation, availability and low 

cost compared with conventional ionic liquids.  Thus, the involvement of DESs in many 

applications has been of great interest over the last decade (Abo-Hamad et al., 2015).  In 

addition to their use as alternative reaction media in organic synthesis, DESs are also 

widely involved in many applications in the research field (Smith et al., 2014) such as 

nanotechnology (Wagle et al., 2014, Zhang et al., 2015a), electrochemistry (Xu et al., 

2015b, Renjith and Lakshminarayanan, 2015) , resin catalyst manufacturing (Lian et al., 

2015), extraction of natural products (Nam et al., 2015), batteries (Xiong et al., 2015), 

corrosion prevention (Fashu et al., 2015, Zhang et al., 2015b), bio and metal catalysis 

(Zhao et al., 2015), biodiesel production (Gu et al., 2015, Hayyan et al., 2014, Huang et al., 

2013), enzyme activation and stabilisation applications (Huang et al., 2014), isomers 

separation (Hou et al., 2014), supercritical fluids applications (Martins et al., 2014), 

adsorption applications (Lopez-Salas et al., 2014), alcohol oxidation (Azizi et al., 2014), 

alcohol ester separation applications (Maugeri et al., 2012), lubricants (Abbott et al., 

2014), synthesis applications (Sanap and Shankarling, 2014), fuel desulphurisation (Li et 

al., 2013) and plastics applications (Leroy et al., 2012). 

2.5.8 The Contribution of DESs in the Conversion of Biomass  

In addition to the applications mentioned above, DESs are also involved in the 

reforming of raw biomass to carbohydrates and then to intermediates for a variety of 

applications.  Xia et al. (2014) reported a cellulosic biomass hydrolysis in two different 
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DES systems composed of ChCl/urea and ChCl/glycerol at a molar mixing ratio of 1:2. 

Both systems showed competitive hydrolysis rates for cellulose compared to the rates 

obtained from conventional ionic liquids.  The ability of ethylene glycol and ChCl to 

function as a cheap and low viscosity DES mixture was investigated for the pre-treatment 

of rice husk as a lignocellulosic biomass source by Gunny et al. (2014).  The cellulose 

showed stability of 90% in the presence of the selected DES.  Zhang et al. (2012a) 

investigated the ability of an inexpensive and green mixture of choline derived for 

cellulose recrystallisation.  The results obtained revealed that 6 wt% of cellulose dissolved 

at 110 °C after 10 min.  Glucose isomerisation followed by fructose dehydration to 5HMF 

was carried out in a DES mixture composed of ChCl/glucose and catalysed by mineral 

acids in a biphasic system of MIBK/water.  At the optimum conditions, 70% of 5HMF 

yield was obtained (Liu et al., 2013).  The same group also reported that no reaction 

occurred when they tried to convert glucose to 5HMF in a ChCl/glucose DES at 180 °C 

and catalysed by Cu(NTf)2.  This was attributed to the loss of reactivity of glucose due to 

its stabilisation caused by hydrogen bond interaction with ChCl.  

The pre-treatment of biomass aims to produce carbohydrates, which are the 

dominant feedstock of a variety of chemicals and fuels.  Carbohydrates are traditionally 

produced from biomass using different systems, all of which suffer from many drawbacks.  

In order to overcome these drawbacks and due to the advantages of DESs, such as the 

ability of composing DES mixtures from carbohydrates and ChCl as shown in Table 2.14, 

great interest has been shown in using DES mixtures in the conversion of carbohydrates to 

furans (Vigier et al., 2015).  Different types of carbohydrates have been converted to the 

platform compound 5HMF in DES, using different approaches.  Ilgen et al. (2009) 

reported a 30% yield of 5HMF from fructose dehydration catalysed by Lewis acids in a 

DES mixture of ChCl/urea at 100 °C.  The low yield of 5HMF obtained from this reaction 
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was attributed to the activation of side reactions between the substrate fructose and urea.  

Hu et al. (2008) reported a 5HMF yield of 66% for the dehydration of fructose to 5HMF at 

a reaction time of 60 min and reaction temperature of 80 °C, using a biphasic system, 

AcOEt as an extraction solvent and a DES of ChCl/Citric acid. 

Table 2.14. Different DESs made from ChCl and carbohydrates and their freezing 

points (Vigier et al., 2012) 

No. DES Molar ratio Freezing point °C 

1 ChCl/glucose 1:1 80 

2 ChCl/fructose 3:2 70 

3 ChCl/inulin 3:2 80 

4 ChCl/sucrose 1:1 80 

5 ChCl/sorbitol 1:1 RT 

6 ChCl/xylitol 1:1 RT 

7 ChCl/glycerol 1:2 RT 

RT: Room Temperature 

 

Vigier et al. (2012) reported a 5HMF yield of 80% for the fructose dehydration to 

5HMF in a DES composed of ChCl, water and Betaine hydrochloride (BHC) as an ionic 

carboxylic acid at a molar ratio of (10:2:0.5) and reaction temperature of 150 °C.  In 

another publication, where BHC acid in aqueous solution was reported as a catalyst to 

convert xylan to furfural, approximately 70% was obtained at 150 °C (Liu et al., 2014). 

2.5.9 Production of 5HMF from Biomass in Deep Eutectic Solvents  

Fructose was dehydrated in different DESs such as ChCl/oxalic acid, ChCl /malonic 

acid and ChCl /citric acid, involving ethyl acetate as an extraction solvent (Hu et al., 

2008).  The highest 5HMF selectivity of 83.3% was obtained with conversion of 91.9% 

when a DES composed of ChCl /citric acid was used at 80 °C and 60 min of reaction time.  
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Also in this study, it was found that the use of the extraction solvent increased the 5HMF 

yield by 9% compared to runs conducted in a monophasic system without adding ethyl 

acetate (Hu et al., 2008).  This may be attributed to the efficient role of the ethyl acetate as 

an extraction solvent in the separation of the reactive phase from the organic phase, which 

suppresses the rehydration of 5HMF to levulinic and formic acids.  The same authors 

reported that inulin was converted to 5HMF using two DES systems composed of ChCl 

/oxalic acid and ChCl /citric acid in a biphasic system composed of ethyl acetate.  5HMF 

yields of 64% and 55%, respectively, were obtained from the above mentioned systems 

(Hu et al., 2009).  Both experimental results reported by the same authors were obtained 

using different substrates and DESs composed of different carboxylic acids.  This indicates 

that the composition of the DES and the type of the substrate greatly affect the conversion 

reactions of biomass to 5HMF in DES media.  

In another study, 20% fructose solution was dehydrated in ChCl to 5HMF at 120 °C 

in a system pressurised by 4MPa of CO2.  This reaction was catalysed by in-situ carbonic 

acid, obtained from the CO2 reaction with water generated from fructose in the reaction.  

At the end of the reaction, CO2 was depressurised and 5HMF was extracted by MIBK 

using the fact that ChCl has low solubility in MIBK.  The highest yield of 5HMF obtained 

was 74% after 90 min (Liu et al., 2012).  However, this system was limited by the use of 

water to dissolve the fructose, which could lead to 5HMF rehydration.  Furthermore, the 

use of CO2 made the process not green, unlike the DES systems described in this thesis 

where an open system was used.  Low melting point mixtures consisting of different 

hydrocarbons and ChCl were studied for the conversion of carbohydrates to 5HMF using 

different acid catalysts (Ilgen et al., 2009).  A DES mixture composed of fructose and 

ChCl at a mass ratio of 4:6 and catalysed by p-TSA was found to give the best 

carbohydrates conversion to 5HMF.  The optimum results obtained are listed in Table 
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2.15.  In this thesis, the p-TSA was used as an HBD and catalyst at the same time, and a 

higher 5HMF yield was obtained (Assanosi et al., 2014, Assanosi et al., 2016). 

Table 2.15. Conversion of carbohydrates to 5HMF in a DES composed of fructose 

and ChCl (Ilgen et al., 2009) 

Substrate Catalyst Time (min) Temp. (°C) 5HMF yield % 

Fructose pTsOH 30 100 67 

Glucose CrCl2 60 110 45 

Sucrose CrCl2 60 100 42 

Inulin pTsOH 60 90 57 

 

Different publications have reported the dehydration of different carbohydrates to 

5HMF in DES systems.  These systems use an external catalyst and/or solvent as reaction 

media, as listed in Table 2.16, thus adding additional cost to any future scaled up process.  

For example, Zhao et al. (2014) dehydrated fructose to 5HMF in a DES.  Compared to the 

DES systems investigated in this thesis, although this system requires a shorter reaction 

time and produces a high 5HMF yield, it also requires an external catalyst and higher 

reaction temperature.  A DES composed of citric acid and ChCl was used to study the 

stability of 5HMF in organic liquids.  The study concluded that the 5HMF yield of 66% 

was stable at a reaction temperature below 80 °C (Kobayashi et al., 2015).  Liu et al. 

(2013) investigated the use of ChCl as an additive to enhance the selectivity of chloride 

metal catalysts for one pot glucose isomerisation and dehydration to 5HMF in a biphasic 

system of water and MIBK.  This study has limitations such as the relatively low 5HMF 

yield, negative ecological effects and the possibility of 5HMF rehydration due to the use of 

water and MIBK as a reaction medium.  A combination of quaternary ammonium salt 

(TBAB) and SnCl4 was used to catalyse glucose conversion to 5HMF in the presence of 
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the DMSO as a solvent (Tian et al., 2013).  Despite the catalytic activity of DMSO and the 

relatively high reaction conditions, the yield obtained was not promising.  In contrast, 

Matsumiya and Hara (2015) reported a lower yield at higher reaction conditions for the 

glucose conversion to 5HMF, catalysed by B(OH)3 in a DES composed of choline 

dihydrogen citrate and glycolic acid with the addition of a small amount of water as a co-

solvent.  The low yield was attributed to the low activity of boric acid as a catalyst and the 

presence of water, which rehydrated the 5HMF.  In a kinetic study of lignocellulosic 

biomass conversion to 5HMF and furfural using a microwave as the heating source, it was 

found that DES mixtures of ChCl/oxalic acid and ChCl/betaine were the most efficient 

DES mixtures (Da Silva Lacerda et al., 2015).  This study was conducted in sulfolane and 

water as co-solvents and TiO2 as a catalyst in the time and temperature ranges of 5 to 60 

min and 120 to 200 °C, respectively.  A total yield of furfural and 5HMF of 53.24% was 

obtained.  Xylose and xylan were converted to furfural using a DES composed of ChCl 

and oxalic acid with MIBK.  Furfural yields of 60.4 and 55.5% were obtained, respectively 

(Zhang et al., 2014). 

Fructose was dehydrated to 5HMF and catalysed by p-TSA at a reaction temperature 

of 80 °C and long reaction time of 1920 min in an ionic liquid [BMIM]BF4 with DMSO as 

a co-solvent for the solubilisation of fructose.  A 5HMF yield of 68% was achieved 

(Lansalot-Matras and Moreau, 2003).  This clearly shows the efficiency of the DES of 

ChCl and p-TSA used in this thesis.  In the dehydration of fructose to 5HMF in methanol 

and THF as the reaction medium, ChCl was used for the impregnation of AlCl3/SiO2 as a 

solid catalyst to facilitate a good contact between the insoluble carbohydrates and solid 

catalyst by forming an in-situ DES between ChCl and the carbohydrates (Yang et al., 

2015).  However, the reported yield was still relatively low.  Zakrzewska et al. (2011) 

reported that due to the high polarity of the ChCl/fructose DES mixture, it has poor 
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miscibility with both low boiling point organic solvents such as ethyl acetate (34 °C) and 

high boiling point organic solvents such as MIBK (117 °C).  This phenomenon could lead 

to a better 5HMF yield in fructose dehydration in this DES by performing an efficient 

continuous extraction of 5HMF in organic phase, and therefore eliminating the rehydration 

of 5HMF to levulinic and formic acid. 
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Table 2.16. Previous studies of carbohydrates’ conversion to 5HMF in different DES systems 

Substrate DES Solvent Catalyst Temp. 

(°C) 

Time 

(min) 

Conv. % Sel. % Yield 

% 

Ref. 

Fructose ChCl/fructose Ethyl acetate (HPAs) 110 1 93.3 83.3 92.3 (Zhao et al., 

2014) 

Fructose ChCl/citric acid 

with [Bmim]Cl 

Ethyl acetate - 80 - - - 66 (Kobayashi et 

al., 2015) 

Glucose ChCl  Water/MIBK Chloride metal - - - - 70 (Liu et al., 

2013) 

Glucose TBAB DMSO SnCl4 100 120 - - 69.1 (Tian et al., 

2013) 

Glucose Choline dihydrogen 

citrate/glycolic acid 

Water B(OH)3 140 240 - - 60 (Matsumiya 

and Hara, 2015) 

Fructose ChCl Methanol and 

THF 

AlCl3/SiO2 120 80 - - 58 (Yang et al., 

2015) 
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2.6 Fructose Dehydration Reaction Kinetics 

There have been few kinetic studies on the dehydration reaction of fructose to 5HMF 

reported in the literature.  Table 2.17 shows the reaction order reported in the literature for 

this dehydration reaction using different catalysts and solvents.  It is clear that most of the 

reactions reported followed first-order reaction kinetics.  Kobayashi et al. (2015) modelled 

fructose conversion to 5HMF as parallel and consecutive reactions using a biphasic system 

with DES (citric acid and ChCl) and/or [Bmim]Cl as the catalyst and ethyl acetate as the 

solvent at 70 – 120 °C.  They found that the fructose conversion followed first-order 

kinetics for low initial fructose concentrations (≤ 10% (kg/kg of IL)) and observed a 

deviation when the initial fructose concentration was greater than 20% at 70 °C.  The 

formation of 5HMF followed a consecutive path in the order of fructose to intermediate to 

5HMF (Kobayashi et al., 2015); hence, the activation energy reported in Table 2.17 is that 

for intermediate to 5HMF (110 kJ/mol). 
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Table 2.17. Kinetics of fructose dehydration reactions for different catalysts and 

solvents 

Catalyst Solvent Temp. 

range 

(°C) 

Time 

range 

(min) 

Reaction 

order 

Activation 

Energy 

(kJ. mol-1) 

Preexponential 

factor (A) 

Ref. 

Sulphonic acid DMSO 100-

140 

6-60 1st 55 8.95×107 h-1 (Chen et 

al., 2014) 

Heteropolyacid [BMIM]Cl 60-80 0-5 1st 31.88 2.38 min-1 (Xiao and 

Song, 

2014) 

Brønsted 

acidic ionic 

liquid 

Isopropanol 90-

110 

0-

180 

1st 62.1 5.7×107 min-1 (Ma et al., 

2015) 

Zirconium 

phosphate 

DMSO 60-

120 

30-

150 

1st 52 - (Xu et al., 

2015a) 

ChCl/citric 

acid 

Ethyl 

acetate 

70-

120 

0-

240 

1st 110 - (Kobayashi 

et al., 

2015) 

A mixture of 

sulphonic acid, 

ionic liquid 

and silica 

DMSO 90-

140 

0-

180 

1st 67.5 - (Lee and 

Wu, 2012) 

Heteropolyacid DMSO 80-

160 

0-

350 

1st 27.21 11.72 min-1 (Song et 

al., 2016) 



65 

 

2.7 Conclusions  

From the literature reviewed, it was found that 5HMF is an important feedstock to 

produce valued chemicals, bioplastics, and biofuels such as DMF, which is viewed as a 

substitute for petrol. 

5HMF can be produced from a variety of biomass such as carbohydrates like glucose 

and fructose using different acid catalysed and non-catalysed systems such as aqueous 

systems, organic solvents, and ionic liquids. 

Fructose, however, was reported as the optimum feedstock among the different 

carbohydrates.  This is because of its ability to be readily dehydrated to 5HMF compared 

to other carbohydrates such as glucose, which requires an isomerisation step prior to the 

dehydration reaction. 

It was also discovered that the use of aqueous systems (composed of mineral acids as 

catalyst and water as solvent) for the dehydration of fructose to 5HMF required high 

temperatures and pressures, and produced only low yields of 5HMF.  In addition, these 

systems would involve high operational costs and would lead to a negative ecological and 

environmental impact from the generated waste.  These drawbacks impede the 

commercialisation of 5HMF production.  In this study, a dual function material (DES) is 

developed to serve as catalyst and solvent in the dehydration of fructose to 5HMF.  Three 

different DES systems were formulated using cheap and renewable materials, which would 

reduce the cost associated with the use of aqueous systems.  The DES mixtures can be 

readily prepared compared to the heterogeneous catalysts reported in the literature.  The 

dehydration reactions of fructose to 5HMF using the different DES systems were carried 

out at mild reaction temperatures and atmospheric pressure, which would also reduce the 

operational costs incurred compared to using aqueous systems, ionic liquids, or 

heterogeneous catalysts. Unlike aqueous systems (mineral acids and water), the DES 
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system produces high yields of 5HMF, since the rehydration of 5HMF caused by the 

presence of water has been eliminated.  Each formulated DES is composed of acid and 

salt, where the acid is the HBD and acts as a catalyst, while the DES is the reaction 

medium.  This eliminates the need for an external catalyst and solvent, and hence is 

referred to as a self-catalysed system.  
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Chapter 3  Experimental Setup, Materials and Methods  

3.1 Overview 

This chapter outlines the materials used in this work and their specifications and 

suppliers.  The experimental procedure, the setup of experiments and equipment used are 

also described in this chapter, in addition to the analytical method and procedure. 

3.2 Materials 

The commercial chemicals and materials used in this work are listed in Table 3.1. All the 

chemicals were used as received from the supplier without further purification, unless 

otherwise stated.  
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Table 3.1. Commercial chemicals and materials used in this study 

Item Specifications Supplier 

p-Toluenesulfonic acid 

monohydrate (p-TSA) 

98.5% (dual catalyst and 

HBD)  

Sigma-Aldrich 

Adipic acid 99% (dual catalyst and 

HBD) 

Sigma-Aldrich 

Choline chloride  99% (organic salt) Acros Organics 

N,N-

Diethylethanolammonium 

chloride  

 

≥98% (organic salt) VWR 

D-Fructose  

 

99% (reactant) Sigma-Aldrich 

Water HiPerSolv 

CHROMANORM for 

HPLC 

HPLC mobile phase VWR 

Calcium hydroxide  96% pH modifier Sigma-Aldrich 

5-Hydroxymethylfurfural ≥  

 

99% HPLC analytical 

standard 

Sigma-Aldrich 

Heating oil Reaction heating medium 

(Boiling point: 415 °C) 

Acros Organics 
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3.3 Methodology  

3.3.1 Experimental Plan 

An experimental plan could be either: (1) Design of Experiment (DOE), where 

several factors can be investigated in one experiment; or (2) One Factor At a Time 

(OFAT), where a particular factor is treated while the rest variables are maintained 

constant.  DOE is mostly used to establish the relationship between variables that influence 

a process and its output.  The information obtained is used for optimisation, modelling and 

screening of the process variables.  This approach is rigorous, takes time to develop and 

involves statistics (Cox and Reid, 2000, Schmitz et al., 2016). The knowledge of statistics 

is also a prerequisite for its implementation.  On the other hand, the OFAT can be used to 

gain insight into the effect of a given process variable on the process output.  The OFAT 

approach provides rapid information and suboptimal results on the effect of a process 

variable, while the others are held constant (Schmitz et al., 2016). 

The DOE approach is generally more desirable than OFAT because DOE has many 

advantages.  However, with the OFAT approach the full trend and the impact of one 

process factor can be monitored.  As a consequence, the OFAT approach is easy to use 

compared to the DOE approach (Schmitz et al., 2016).    Also, OFAT provides a larger 

amount of data sufficient to gain process understanding within a short time period (Wu and 

Hamada, 2011).   The experiments can be monitored and more rapidly react to the data 

than when using DOE (Qu and Wu, 2005).  Therefore, in this study the OFAT approach 

was considered because this project aims to screen the ability of a novel DES to self-

catalyse the dehydration reaction of fructose to 5HMF and determine the optimum reaction 

conditions.  The use of the DOE approach requires the use of statistical software package, 

and this expertise would require time to acquire under the limited timeframe of this study.  

The experimental conditions used in this study are presented in Table 3.4. 
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Table 3.2. The ranges of the experimental variables studied in this thesis 

Variable Range 

Temperature (°C) 50, 60, 70, 80, 90, 100, 110 and 120 

Reaction Time (min) 1 – 180 

Feed Mass Ratio (g.g-1) 2.5 – 100 

DES Molar Mixing Ratio (acid-to-salt) 0.5:1, 1:1, 1.5:1 and 2:1 

 

It is worth mentioning that the experiments were carried out at agitation speeds of 

100, 200, 300, and 400 rpm to study the effect of mixing.  It was observed that at 100 and 

200 rpm little or no reaction occurred, as revealed by the analysis for the presence of 

5HMF.  When the experiment was carried out at 400 rpm, however, there was splashing of 

the reaction medium on the reactor walls, thus reducing the amount of material available 

for reaction.  Therefore, the best agitation speed that resulted in significant reaction 

without loss of the reaction medium was 300 rpm.  Hence, the experiments reported in this 

study were carried out at 300 rpm.  Note also that the reaction time starts when the 

temperature of the reactor medium is approximately (± 0.5°C) that of the oil bath. 

3.3.2 Experimental Setup 

To investigate the effect of different reaction parameters on fructose dehydration to 

5HMF in DES, an open batch system was used in a fume cupboard.  As illustrated in 

Figure 3.1, it consisted of either a 100 ml glass or a stainless steel beaker as the main 

reactor, which was placed in a 500 ml oil bath as the heating medium.  The oil bath was 

heated by a controllable electrical magnetic stirrer hot plate.  The DES and reaction 

mixtures, as well as the heating oil, were stirred by magnetic bars at 300 rpm. 
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3.4 Equipment 

3.4.1 IKA Magnetic Stirrer Hot Plate 

The magnetic stirrer hot plate used (Model No. 01.672700 from IKA, Germany) is 

illustrated in Figure 3.1.  It has a heating capacity range from 0 to 340 °C, and a stirring 

range from 0 to 1500 rpm.  The temperature is controlled by two thermocouples placed in 

the oil bath. 
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Figure 3.1. Open system used for fructose dehydration reactions (agitation speed of 

300 rpm) 

 

3.4.2 Oil Bath 

The oil bath (Scientific Glass Laboratory, UK) used was a 500 mL round glass 

vessel with a diameter of 130 mm, as shown in Figure 3.1. 
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3.4.3 Main Reactor 

Beakers made of glass and stainless steel and of 100 mL capacity were used as 

reaction vessels. 

3.4.4 Balance  

A balance (Model No. AR2140, from Ohaus Adventurer Balances, Switzerland) was 

used to weigh the materials.  It has a weighing capacity of 210 g, readability of 0.1 mg, 

and is regularly calibrated by Precision Balance Services. 

3.4.5 pH Meter 

A SevenMulti pH meter (Metter Toledo, UK) was used to measure the pH of the 

sample prior to analysis by HPLC.  It has a pH in the a temperature range from -30.00 to 

130 °C.  It is provided with an electrode and an electrode holder and LCD display.  It was 

always calibrated before measuring the sample with three different calibration buffers with 

pH values of 4, 7 and 10. 

3.4.6 Vacuum Oven 

A GallenKamp vacuum oven (Fistreem International Ltd, UK) was used to dry the 

chemicals prior to use.  It was connected to a vacuum pump, equipped with a thermostat 

and safety controller, and operates within the temperature range from 0 to 200 °C. 

3.4.7 Syringe Filters and HPLC Vials 

Twenty-five millimetre syringe filters with pore size of 0.2 μm GHP membrane 

made of polyethylene were used to filter the sample prior to pouring it into HPLC vials.  

The filters were connected to 10 mL plastic syringes.  HPLC glass vials (Agilent 

Technologies, UK) 2 mL in volume were used to store the samples for HPLC analysis.  
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3.4.8 Rotamixer 

A rotamixer (Hook and Tucker Instruments, UK) was used to shake the samples well 

for mixing prior to analysis.   

3.4.9 Ultrasonic Bath 

An ultrasonic bath (Grant Instruments Ltd, UK) was used to sonicate the mobile 

phase to expel air bubbles prior to the sample passing through the HPLC. 

3.4.10 Experimental Procedure 

The calculations for determining the mole ratios of the DES mixtures and the feed 

ratios of fructose are detailed in Appendices B and C, respectively.  The calculations of the 

5HMF yield, selectivity and fructose conversion equations and procedures are detailed in 

Appendices A and D. 

3.5 Preparation of Deep Eutectic Solvents and Fructose for the Dehydration Reaction 

to 5HMF  

Three different DES solvents were prepared for the dehydration of fructose to 

5HMF.  These were made in different molar ratios between the acid and the salt 

(composing the DES) to study the effect of the molar mixing ratios on the dehydration 

reaction of fructose to 5HMF.  Prior to mixing the salt and acid, both materials were dried 

separately at 70 °C under vacuum for 120 min.  This step was carried out to remove 

moisture from the materials for two main reasons: (1) to make the materials easy to handle 

on the balance, and (2) to exclude the moisture mass from the calculated mass of the 

material for the DES preparation. 

An equivalent mass to the required molar ratio of each material was then weighed 

and mixed together in a 100 mL glass beaker covered by foil.  The contents of the beaker 
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were agitated by a magnetic stirrer bar at 300 rpm and heated at 80 °C in an oil bath in a 

fume cupboard for 30 min, where the mixture became a homogenous liquid.  Then, the oil 

bath temperature was adjusted to the desirable dehydration reaction temperature, and the 

weighed mass of fructose was added to the reaction beaker, which was again covered with 

foil.  The reaction mixture was then stirred and heated in the fume cupboard for a known 

reaction time.  The reaction beaker was then taken out from the oil bath and immediately 

placed in an ice bath to stop the reaction by lowering the temperature to 0 °C.  When the 

mixture was cooled down a frozen brown mixture was obtained.  Afterwards, the mixture 

was dissolved in 5 ml HPLC grade water by agitating it with a glass rod.   

3.5.1 Analysis of Reaction Samples  

Experimental samples were analysed by HPLC.  The main focus in the analysis was 

quantifying the residual reactant fructose and the desirable product 5HMF.  After the 

samples were dissolved in 5 ml HPLC grade water, the pH was adjusted to 7 by using a 

base modifier of 2 M calcium hydroxide solution.  Then, using a 250 mL pipette, the 

sample volume was adjusted to 100 ml as a total volume for analysis.  Afterwards, the 

sample was poured into a 250 mL glass bottle and shaken. Then, a part of it was filtered 

using a 0.2 μm syringe filter and approximately 1.5 mL was bottled in a 2 mL HPLC vial 

for HPLC analysis.  

3.5.2 High-Pressure Liquid Chromatography 

Both the initial reactant fructose and the final product 5HMF were analysed by 

HPLC 1100 Agilent series, using a refractive index (RI) detector as shown in Figure 3.2, 

and a Rezex RCM-monosaccharide column. 
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Figure 3.2. HPLC 1100 Agilent series 

 

3.5.3 Refractive Index Detector 

The RI detector illustrated in Figure 3.2 is the main part of the HPLC, where every 

single component is detected individually after separation in the column.  In this work, an 

Agilent 1200 series refractive index detector (Serial No. CN60555933) was used.  It has a 

refractive index range of 1.00 to 1.75 refractive index unit (RIU), measurement range of ± 

600×10-6 RIU, sample cell volume of 8 μl, maximum pressure of 5 bar, maximum flow 

rate of 5 ml/min and sample pH range of 2.3 to 9.5.  It was chosen as the sugars cannot be 

detected by any other type of HPLC detector such as a diode array detector (DAD) or a 

variable wavelength detector (VWD).  Most importantly, the RI detector also has the 

capability of detecting the final product, 5HMF. 

Mobile phase bottle 

Degasser 

Solvent cabinet 

Isocratic pump 

Auto sampler 

RI detector 

Column compartment 

Chemstation software 
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3.5.4 The HPLC Column  

The column used in this work, an RCM-Monosaccharide (Part No. 00H-0130-KO), 

was equipped with a column guard (Part No. 03B-0130-KO) and supplied by Phenomenex, 

UK.  It has dimensions of 300 × 7.8 mm.  It has a calcium-based stationary phase with 

particle size of 8 μm and maximum operating pressure of 69 bar, with a maximum flow 

rate of 1.0 ml/ min and maximum temperature of 85 °C.  The recommended mobile phase 

storage solvent is water at neutral pH.  The cleaning procedure is 100% water at a flow 

rate of 0.4 mL/min and a temperature of 85 °C for at least 720 min.  For the column 

regeneration, 0.1 M Ca(NO2)2 solution was used as the regeneration solvent at a flow rate 

of 0.2 ml/min and a temperature of 85 °C in a time range of 240 to 960 min. 

3.5.5 HPLC Method 

The HPLC method used for analysing the feed materials and the final product 

consists of HPLC grade water as the mobile phase with a maximum flow rate of 5 ml/min, 

sample injection volume of 20 μl, analysis method time of 40 min, column oven 

temperature of 75 °C and RI detector temperature of 40 °C.  Known concentrations of 

standard samples of fructose and 5HMF were first injected into the HPLC to determine the 

retention time of both materials, as shown in Figure 3.10 and Figure 3.11.  Calculations of 

the calibration curves are illustrated in Appendix E. 
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Figure 3.3. Standard fructose retention time 

 

Figure 3.4. Standard 5HMF retention time  
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Chapter 4  Facile Acidic p-TSA-Choline Chloride DES-Catalysed 

Dehydration of Fructose to 5-Hydroxymethylfurfural 

4.1 Abstract 

The conversion of lignocellulosic biomass to biofuel precursors such as 5HMF and 

levulinic acid has recently been the focus of intensive research due to the supplementary 

role of biofuels as future transportation fuels.  5HMF is a molecule from which high-value 

chemicals and biofuel molecules such as 2,5-Dimethylfuran (DMF) can be produced.  In 

this chapter, an environmentally friendly Brønsted acidic Deep Eutectic Solvent (DES) 

(consisting of p-toluene sulfonic acid monohydrate (p-TSA) (C7H8O3S) and choline 

chloride salt (ChCl) (C5H14ClNO) was used for the dehydration of fructose to 5HMF.  This 

DES (p-TSA–ChCl) plays a dual role as both a hydrogen bond donor (HBD) and as a 

catalyst for the promotion of the dehydration reaction, thus obviating the need for an 

external acid.  The reaction was carried out in a batch system, at temperature ranges of 50 

– 110 °C, time 5 – 120 min, feed ratio (fructose-to-DES) (g.g-1) 2.5 – 100, DES molar 

mixing ratio 0.5 – 2, (acid-to-salt) and stirring speed 300 rpm at atmospheric pressure (1 

atm).  It was found that fructose was readily dehydrated to 5HMF.  The optimum reaction 

conditions, giving the highest 5HMF yield of 78.3%, were at a temperature of 80 °C, a 

DES molar mixing ratio of 1.5:1 (p-TSA to ChCl), with a feed ratio of 5, a reaction time of 

60 min at agitation speed of 300 rpm and pressure 1 atm. 

4.2 Introduction 

As mentioned in section 2.4 (Chapter Two), the dehydration of fructose to 5HMF 

was investigated in different systems, where their drawbacks and limitations were debated.  

The fructose dehydration reaction mechanism and its possible side reactions are illustrated 

in Figure 4.1. 
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Figure 4.1. The schematic diagram of catalysed fructose dehydration reaction and the 

possible sub reaction pathways (Roman-Leshkov and Dumesic, 2009) 

 

In all the previously mentioned systems for the dehydration of fructose to 5HMF, the 

addition of an acid catalyst is required, which is generally undesirable from a processing 

viewpoint because of corrosion and the fact that its waste is not environmentally friendly. 

In this study, the self-catalysed dehydration of fructose to 5HMF using an acidic 

DES derived from p-toluene sulfonic acid monohydrate (p-TSA) and choline chloride 
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(ChCl) was investigated.  Some of the advantages of using DES are a) it is cost effective 

and easy to prepare, b) it allows mild reaction conditions compared to the aqueous system 

reported in the literature, c) it eliminates rehydration of 5HMF as no water is involved in 

the reaction, and d) it eliminates the need for an external catalyst as p-TSA serves as both 

HBD and acid catalyst for the dehydration reaction.  The DES mixture had no 

contamination effect as it is not reactive.  The effect of different reaction parameters on the 

dehydration reaction was studied, namely, the effect of the feed ratio, reaction time, 

reaction temperature and the DES mixing ratios. 

4.3 Results and Discussion 

The reactions were carried out in an open system for two main reasons: (1)because 

of the reaction medium used being non-volatile, so enabling the reaction to be done at 

atmospheric pressure. (2)because it is easier with an open system to add the reactant and 

count time zero when the desirable temperature is reached, and the DES is well mixed.  

In addition, due to the high viscosity of the DES, it was easier at the end of the 

reaction to recover the whole reaction sample in an open system compared to in a closed 

system.  Throughout the experimental work, the experiments were conducted three times; 

the calculated using Equations (A-1), (A-2) and (A-3) (see Appendix A).  It is important to 

mention here that it was not possible to use organic solvents for extraction to investigate 

the reusability of the DES systems used in this work, this because of the HPLC column 

used for analysing the experimental samples could only accept water as a solvent.  Thus, 

reusability studies are recommended as future work. The standard deviation was used  to 

quantify the variation within the experimental resultsof the5HMF yield, selectivity and 

fructose conversion. 
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4.3.1 The Effect of Feed Ratio 

The feed mass ratio is defined as the ratio of the fructose mass to the total DES mass 

used (see Appendix A, Equation A-4).  The effect of the feed ratio on fructose conversion, 

5HMF yield and selectivity was investigated at a reaction temperature of 80 °C, reaction 

time of 60 min, a DES molar mixing ratio of 1:1 (acid-to-salt) and agitation speed of 300 

rpm.  These conditions were chosen as they showed a good 5HMF yield based on the 

initial results from the experimental plan investigation prior to the start of the experimental 

work.  The study of the feed ratio effect was carried out in a ratio range from 2.5 to 100.  

Figure 4.2 shows the effect of the feed ratio (i.e. fructose-to-DES (g.g-1)) on the fructose 

conversion, 5HMF yield and selectivity.  It is worth noting that four major experiments 

were initially conducted in triplicate and the average values and standard deviations (i.e. 

error bars) plotted.  However, to obtain a good fit curve, additional experiments were 

conducted singly at the same conditions, which can be noticed in Figure 4.2. 
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Figure 4.2. The effect of feed ratio on fructose conversion, 5HMF yield and selectivity 

at reaction temperature 80 °C, time 60 min, agitation speed 300 rpm, and DES 

mixing ratio of 1:1 (acid-to-salt) at atmospheric pressure. 

 

 From Figure 4.2, it can be seen that at feed ratios between 2.5 and 10 the conversion 

of fructose increased rapidly from 75.5 to 92.7%.  As the feed ratio was further increased 

towards 100, the fructose conversion increased only slightly, especially between a feed 

ratio of 30 (96.9%) and 100 (98.5%). 

As shown in Figure 4.2, the 5HMF yield decreased as the feed ratio (fructose to DES 

mass ratio) increased.  This may be attributed to 5HMF being rehydrated by the presence 

of water produced from the dehydration reaction of the fructose.  The highest yield 

obtained was 70.7%, with a feed ratio of 2.5, after which the yield sharply decreased to 

52.3% at a feed ratio of 10.  As the feed ratio increased from 20 to 100, the 5HMF yield 

0

10

20

30

40

50

60

70

80

90

100

110

0 10 20 30 40 50 60 70 80 90 100 110

m
o
l%

Feed Ratio (Fructose mass / DES mass)

5HMF yield mol%

Fructose conversion mol%

5HMF selectivity mol%



84 

 

decreased gradually.  The lowest yield was 20.5% at a feed ratio of 100.  This can be 

attributed to the fact that increasing the initial fructose concentration (feed ratio) could 

result in subsequently high 5HMF concentration, which then leads to the occurrence of 

unwanted side reactions (Ilgen et al., 2009).  It has been reported that these reactions 

produce insoluble humins and/or soluble polymers (Sievers et al., 2009), which lead to a 

decrease in 5HMF yield.  This was noticed from the change of the sample colour to a 

darker brown as the fructose mass increased.  This observed colour change could be an 

indication of undesirable by-products in the dehydration reaction; however, further 

analysis was not carried out for confirmation.  Due to some limitations associated with the 

availability of the analysis techniques, such as NMR and gas chromatography mass 

spectrometry (GC MS), it was not possible in this work to identify the by-products 

produced from the dehydration reactions of fructose to 5HMF.  Therefore, the products 

such as humins, polymers, formic acid and levulinic acid from the side reactions were 

compared withsimilar observations reported in the literature.  Also, self-polymerisation of 

5HMF and cross-polymerisation between fructose and 5HMF could produce polymers in 

fructose dehydration reactions (Wang et al., 2011).  As shown in Figure 4.2, the effect of 

the feed ratio on the 5HMF selectivity showed a similar trend to the 5HMF yield.  The 

5HMF selectivity sharply decreased from 71.4 to 56.4% when the feed ratio was increased 

from 2.5 to 10.  As the feed ratio increased from 20 to 100, the 5HMF selectivity 

decreased gradually from 47.4 to 20.5%.  It was mentioned that the increase of initial 

fructose concentration would encourage the occurrence of polymerisation reactions, which 

would decrease the 5HMF selectivity (Van Putten et al., 2013).  The highest yield was 

obtained at a feed ratio of 2.5.  Upon analysis, a 2.5 feed ratio gave unreproducible results 

for fructose conversion, 5HMF yield and selectivity.  This may be due to an insufficient 
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amount of fructose; therefore, a feed ratio of 5 was selected for subsequent experiments.  

Thus the following parameters investigation was carried out at feed ratio of 5. 

The trends observed in the obtained results are in good agreement with the literature.  

The experimental conditions reported in the literature, however, are more severe, with a 

temperature of 300 °C and pressure of 200 bar (Bicker et al., 2003).  Whereas in this 

system, a high yield of 5HMF was achieved at the mild reaction temperature of 80 °C and 

atmospheric pressure (1 bar), meaning a lower energy cost and high-safety system.  Yang 

et al. (2015) found that the polymers were produced as a by-product from the single and 

cross-polymerisation side reactions, which decreased the 5HMF yield and selectivity from 

69 to 48% when the initial fructose concentration was increased from 20 to 100 mg/ml.  

This was upon fructose dehydration to 5HMF in a biphasic system of water/THF (1:3 v/v) 

at 140 °C for 15 min.  Fan et al. (2011) reported a similar observation for fructose 

dehydration at initial concentrations of 10, 30 and 50 wt% to 5HMF in a biphasic system 

composed of water/MIBK.  The reaction was catalysed by a heteropoly acid (Ag3 

PW12O40) as a heterogeneous catalyst at 120 °C and over a reaction time of 60 min.  

Conversion increased slightly with increasing feed ratio.  The same study reported that the 

5HMF selectivity decreased from 93.8 to 87.4 wt% when the initial concentration of 

fructose was changed from 30 to 50 wt%.  The reduction in selectivity was attributed to the 

high concentration of fructose, which leads to an increase in the rate of condensation of 

5HMF to polymers; moreover, 14% of levulinic acid was detected within the reaction 

mixture, which means a 5HMF rehydration reaction was accrued by the presence of water 

as a solvent. 

Qi et al. (2008) investigated the effect of different initial fructose concentrations of 

2, 5, 10 and 20 wt% on fructose conversion in a reaction medium of acetone/water (70/30 

w/w) at a reaction temperature of 150 °C, a reaction time of 20 min and catalysed by ion 
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exchange resin.  It was found that the increase of initial fructose concentration had a very 

slight effect on the fructose conversion.  This study also revealed that the yield of 5HMF 

decreased from 73.4 to 54.3 wt%, and the selectivity decreased from 88.3 to 82 wt% when 

the initial fructose concentration increased from 2 to 20 wt%.  This reduction in 5HMF 

yield and selectivity was attributed to the formation of humins, because of the cross-

polymerisation between the fructose and 5HMF.  Furthermore, Kuster (1990) reported that 

the presence of water in the dehydration reaction media leads to an increase in 5HMF yield 

losses in the form of humins, which can be from 20 to 35% when the initial fructose 

concentration is increased from 0.25 to 1 M in the fructose solution. 

 Roman-Leshkov et al. (2006) investigated fructose dehydration in a binary phase 

composed of water/MIBK and catalysed by hydrochloric acid.  The 5HMF yield decreased 

from 48 to 39 wt%, when the initial concentration of fructose increased from 30 to 50 

wt%.  In another publication, the same author reported a high 5HMF selectivity of up to 

80% by using 30 wt% of initial fructose in an efficient continuous extraction biphasic 

system involving HCl as a catalyst and different organic solvents and salts as extraction 

phase (Roman-Leshkov and Dumesic, 2009), thus proving that the reduction in 5HMF 

selectivity is a result of the presence of water in the reaction medium, which leads to the 

activation of side reactions in the form of 5HMF rehydration and produces formic and 

levulinic acids.  This clearly shows that the increase in initial fructose concentration in a 

different reaction medium could lead to different by-products.  Li et al. (2010) carried out 

fructose dehydration in [C4mim]Cl as an ionic liquid and catalysed by HCl at various 

initial fructose concentrations of 33, 43, 50 and 67 wt%, resulting in decreasing yields of 

5HMF of 82, 76, 67 and 51 wt%, respectively. 
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4.3.2 The Effect of Reaction Time 

The fructose conversion, the 5HMF yield, and selectivity in fructose dehydration 

reactions at a reaction temperature of 80 °C, agitation speed of 300 rpm, with a feed ratio 

of 5 and a DES molar mixing ratio of 1:1 (acid-to-salt) as a function of reaction time are 

presented in Figure 4.3.  These conditions were chosen from preliminary experiments and 

the results are described in section 4.3.1, while 300 rpm is moderate for an open system, 

giving reasonable 5HMF yields. 

 

Figure 4.3. The effect of reaction time on fructose conversion, 5HMF yield and 

selectivity at 80 °C, agitation speed of 300 rpm, with a feed ratio of 5 and DES molar 

mixing ratio of 1:1 (acid-to-salt) as a function of reaction time. 
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Fructose conversion was almost steady for the entire reaction timescale.  As 

illustrated in Figure 4.3, it can be seen very clearly that most of the fructose was converted 

during the first 10 min of the reaction time, after which the fructose conversion remained 

almost constant from 10 to 120 min.  The yield and selectivity of 5HMF show similar 

trends to each other.  A 5HMF yield of 57.5% was obtained at 10 min reaction time, and 

then increased to 63.7% at 30 min.  The selectivity showed a slight increase from 65.5% at 

10 min to 68.3% at 30 min.  Over the course of 40 to 120 min reaction time, the yield and 

selectivity did not show a definite trend, except for wavering around 70% yield ± 10%.  

This could be attributed to the possible rehydration of 5HMF as a result of producing water 

as a by-product from the dehydration reaction and the formation of side products by 

degradation (Zhao et al., 2011).  The fluctuation in the 5HMF yield and selectivity when 

the reaction time was prolonged over 40 min could be related to the decomposition of 

5HMF.  The decomposition of the 5HMF in acidic medium can occur in three different 

ways (Asghari and Yoshida, 2007):  the first possibility is the rehydration of 5HMF to 

levulinic and formic acids as a result of the accumulation of the water produced as a by-

product from the reaction; the second possibility is decomposition of the 5HMF in a form 

of condensation reaction by the self-polymerisation between its molecules to produce 

soluble humins; and the third possibility is the disappearance of 5HMF caused by the 

cross-polymerisation between the molecules of 5HMF and fructose, thus producing 

insoluble humins (Kuster, 1990, Chheda and Dumesic, 2007, Asghari and Yoshida, 2007).  

Also, (Asghari and Yoshida, 2007) reported that the changing of the sample colour to 

darker brown is a sign of the formation of humins and polymers.  In this work, it was 

observed that the sample colour changed to a darker brown with increasing reaction time, 

which makes the second and the third possibilities the most likely causes of the fluctuation 

in 5HMF yield.  Consequently, the large molecular weight component and the 
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intermolecular interactions within the DES contributed to its high viscosity relative to 

conventional solvent such as water (Mjalli and Naser, 2015).  Due to this high viscosity, an 

internal resistance to shear stress is experienced by the mixture. Typical viscosity for ChCl 

based DESs ranges from 22 to 821 cP depending on the mole ratio of the composing 

constituents, composition and temperature (Mjalli and Naser, 2015).  However, an increase 

in temperature weakens the intermolecular forces and, hence, the viscosity decreases.  But 

in this study, the experiments were carried at relatively mild temperatures such as 80 ⁰C, as 

consequence the effect of viscosity could be experienced though not investigated.  

Therefore, the wavering in 5HMF yield and selectivity could be attributed to the highly 

viscous nature of the ChCl based DES used that may have affected the mass transfer 

during the reaction, which is expected since the study was carried out in an open batch 

system.  Hence, a dip can be observed at 60 min for the conversion of fructose, which 

corresponds to the peaks for 5HMF yields and selectivity (Figure 4.3).  For this reason, a 

reaction time of 60 min was selected as the optimum reaction time. 

Comparing these results with the literature, this system was very efficient with 

87.8% of fructose converted in the first 10 min of the reaction time at 80 °C.  Zhao et al. 

(2011) achieved a fructose conversion of 78% to 5HMF after 60 min of reaction time in a 

biphasic system and catalysed by a solid heteropolyacid catalyst (Cs2.5H0.5PW) at 115 °C.  

Another study conducted by (Wang et al., 2011) found that fructose conversion to 5HMF 

in DMSO and a Lewis acid of scandium triflate reached 89.6% at 40 min and 100% at 70 

min.  Qi et al. (2009a) mentioned that the change in sample colour was a sign of humins 

formation, which could be attributed to the cross-polymerisation between 5HMF and 

fructose molecules.  Furthermore, it was reported that the 5HMF selectivity in a sucrose 

dehydration reaction in an ionic liquid decreased after 30 min of reaction time, which was 

attributed to the decomposition of 5HMF (Chinnappan et al., 2015). 
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4.3.3 The Effect of Reaction Temperature 

The effect of reaction temperature on the fructose conversion, 5HMF yield and 

selectivity in dehydration reactions of fructose to 5HMF was investigated over a 

temperature range of 50 to 110 °C, with a feed ratio of 5, reaction time of 60 min, a DES 

molar mixing ratio of 1:1 (p-TSA to ChCl) and agitation speed of 300 rpm, with the results 

presented in Figure 4.4.  It is worth mentioning that the experiment started when the 

temperature inside the reaction beaker was the same as that of the oil bath temperature in 

which it was placed. 

 

Figure 4.4. The effect of reaction temperature on fructose conversion, 5HMF yield 

and selectivity at reaction time 60 min, with a feed ratio of 5, agitation speed 300 rpm, 

and DES mixing ratio of 1:1 (acid-to-salt) at atmospheric pressure. 
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It can be observed in Figure 4.4 that fructose conversion increased with increasing 

reaction temperature.  Notably, the fructose conversion increased with temperature from 

77.1% at 50 °C to 99% at 110 °C.  This represents an additional 22% fructose conversion 

over a 60 °C temperature increase.  This increased conversion is because of higher 

temperatures promoting faster molecular collisions, and therefore increased reaction rates 

(see Chapter Seven for further details).  On the other hand, the 5HMF yield increased 

gradually as the temperature increased from 50 to 80 °C, thereafter it decreased with a 

further increase in temperature from 80 to 110 °C.  Notably, the highest yield of 70.6% 

was obtained at 80 °C.  The lowest yield of 50.6% was achieved at 110 °C, where the 

sample colour was very dark brown.  This observed change in colour to very dark brown 

as the reaction temperature increased from 50 to 110 °C is similar to that observed when 

increasing the feed ratio and increasing the reaction time reported in sections 4.3.1 and 

4.3.2, respectively.  This could be due to the thermal degradation of 5HMF to humins with 

increasing reaction temperature (Mittal et al., 2012).  Based on these results, 80 °C was 

selected as the optimum reaction temperature, because it gave the optimal yield of the 

desired product 5HMF. 

The 5HMF selectivity is also presented in Figure 4.4, which shows a general 

decrease with increasing reaction temperature.  The highest 5HMF selectivity was 84.3% 

at 50 °C, while the lowest selectivity of 51.1% was observed at 110 °C.  This could be 

attributed to the decomposition of 5HMF due to side reactions in the form of 

polymerisation and rehydration occurring at increasing reaction temperatures (Yang et al., 

2015).  As the main interest of this chapter is to determine the best reaction conditions 

which lead to the highest yield of 5HMF, based on the results presented in sections 4.3.1, 
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4.3.2 and 4.3.3 thus far, a feed ratio of 5, reaction time of 60 min and reaction temperature 

of 80 °C gave the optimal yield of 5HMF. 

Comparing these results with the literature, (Qi et al., 2008) conducted fructose 

dehydration to 5HMF in an aqueous system catalysed by ion exchange resin using a 

microwave.  They found that the fructose conversion increased from 14.5 to 59.1% when 

the reaction temperature increased from 100 to 120 °C.  A further increase in the 

temperature to 180 °C led to an increase of the fructose conversion to 94.2%.  The same 

authors later reported a dehydration of fructose to 5HMF in [BMIM]Cl catalysed by 

Amberlyst resin.  It was found that the fructose conversion increased from 52.9 to 90.7 and 

98.7% with the increase in reaction temperature from 70 to 80 and 90 °C, respectively (Qi 

et al., 2009a).  In the same publication, they found that the 5HMF selectivity decreased 

from 93 to 87.4 and 84.6% when the reaction temperature was increased from 70 to 80 and 

90 °C, respectively. 

Yang et al. (2015) reported that increasing the reaction temperature from 120 to 180 

°C led to fructose conversion of 98.8 and 99.9%, and to a 5HMF yield which decreased 

from 63 to 60 and 54% as the temperature increased from 140 to 160 and 180 °C, 

respectively, in 15 min of reaction time when fructose was dehydrated to 5HMF in a 

biphasic system composed of water/THF and catalysed by FePO4.  The reduction in 5HMF 

yield was attributed to the degradation of 5HMF with increasing reaction temperature. 

 Wang et al. (2011) described a fructose dehydration to 5HMF catalysed by 

Sc(OTf)3 in DMSO for 120 min.  They found that increasing the reaction temperature from 

90 to 120 °C increased the 5HMF yield from 66.4 to 83.3%, respectively.  However, 

further increase in temperature decreased the 5HMF yield to 77.8% and changed the 

sample colour to darker brown.  They suggested this decrease in 5HMF yield resulted from 

the self-polymerisation of 5HMF or by the cross-polymerisation between fructose and 
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5HMF.  This suggestion was based on the fact that the polymers and humins are dark 

brown in colour, and the reaction mixture colour became darker with increased reaction 

temperature. 

In another work conducted by (Li et al., 2013), fructose was dehydrated to 5HMF in 

an ionic liquid with an ion exchange resin as a catalyst.  It was found that the 5HMF yield 

increased in the beginning with increasing reaction temperature and subsequently 

decreased when the reaction time was extended.  They attributed the decrease in 5HMF 

yield to the possible rehydration of 5HMF caused by the water generated from the 

dehydration reaction as a by-product.  In contrast, (Qu et al., 2012) reported different 

results showing that the 5HMF yield increased with increasing reaction temperature when 

fructose was dehydrated to 5HMF in sec butanol and [MIMPS]3PW12O40 as a catalyst for 

120 min.  This could be attributed to the role of the butanol as an in-situ extraction solvent 

and the efficiency of the solid catalyst.  The same conclusion was reported in a different 

study by (Liu et al., 2012) where, during the dehydration of fructose in a DES composed of 

ChCl and carbon dioxide, it was found that the 5HMF increased from 30 to 72% when the 

reaction temperature was increased from 20 to 120 °C.  This means the nature of the 

reaction system plays an essential role; in this case, the 5HMF yield increased in the 

reported temperature range because it had not yet reached the degradation point. 

 Zhao et al. (2011) stated that the changing of the sample colour could indicate the 

occurrence of side reactions such as polymerisation.  They found that the 5HMF selectivity 

decreased with increasing reaction temperature when they conducted 30% fructose 

solution dehydration reactions at temperatures from 100 to 145 °C in MIBK and catalysed 

by heteropolyacid.  This decrease is attributed to the activation of the side reactions caused 

by increasing the reaction temperature and the production of insoluble humins as by-

products.  Fan et al. (2011) reported fructose dehydration to 5HMF in a biphasic system 
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composed of water/MIBK at a reaction time of 60 min.  They found that the 5HMF 

selectivity increased from 76.8 to 94.6% when the reaction temperature was increased 

from 100 to 115 °C, and then decreased to 87.9%  when the reaction temperature increased 

to 130 °C, when insoluble by-products were produced.  Gomes et al. (2015) carried out a 

dehydration of a fructose solution with a concentration of 125 g/L in a biphasic system 

composed of water/acetone (1:1 v/v) and catalysed by H3PO4.  They found that the 5HMF 

selectivity increased from 9.7 to 57% as the reaction temperature increased from 120 to 

200 °C, respectively.  Again, this trend is related to the nature of the reaction medium, 

where the aqueous system normally requires a high reaction temperature. 
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4.3.4 The Effect of DES Molar Mixing Ratio 

The DES molar mixing ratio was calculated as the p-TSA moles divided by the 

moles of ChCl, as shown in Equation (A-5) (Appendix A).  The effect of the DES molar 

mixing ratio on the fructose conversion, 5HMF yield and selectivity was investigated at a 

reaction temperature of 80 °C, reaction time of 60 min, with a feed ratio of 5 and agitation 

speed of 300 rpm.  The results are presented in Figure 4.5. 

 

Figure 4.5. The effect of DES molar mixing ratio (acid-to-salt) on fructose conversion, 

5HMF yield and selectivity at reaction time of 60 min, reaction temperature of 80 °C, 

with a feed ratio of 5, and agitation speed 300 rpm at atmospheric pressure. 
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increased from 1:1 to 2:1, (This is consistent with the results reported by Tao et al. (2011) 

which mentioned in section 2.3 (Chapter Two)).  It can be observed that the DES molar 

mixing ratio had a great effect on the 5HMF yield and selectivity in the fructose 

dehydration reactions, since DES plays a dual role as solvent and catalyst.  It was found 

that as the ratio (acid-to-salt molar ratio) increased from 0.5:1 to approximately 1.5:1, the 

yield of 5HMF (78.3%) and selectivity (92.6%) increased to the optimum values and 

thereafter decreased as the ratio was further increased from 1.5:1 to 2:1.  The yield 

increased from 53% at a molar mixing ratio (acid-to-salt) of 0.5:1 to 70% at 1:1 molar 

mixing ratio, reaching a value of 78.3% at the molar mixing ratio of 1.5:1.  On the other 

hand, when the molar mixing ratio of the DES increased to 2:1, a severe decrease in the 

5HMF yield down to 29.2% was observed.  A similar effect of the DES ratio on yield was 

seen on the 5HMF selectivity.  The lowest selectivity of 33.9% was obtained at the 2:1 

molar mixing ratio, while the highest selectivity of 92.6% was obtained at the 1.5:1 molar 

mixing ratio.  The highest yield of 5HMF was achieved at the molar mixing ratio of 1.5:1; 

therefore, this is the optimum ratio for the dehydration reactions at these conditions. 

According to the findings reported by (Zhang et al., 2012b), which are listed in Table 

2.13 (entries 4, 5 and 6), these findings show that increasing the ratio of the HBD in the 

DES mixture increases the viscosity of the reaction mixture, which may lead to poor mass 

transfer within the reaction medium.  This could result in decreasing the 5HMF yield and 

selectivity.  The other possibility could be the DES used was playing a dual role as a 

catalyst and solvent, and the changing of the ratio was achieved by increasing the acid 

ratio, thus decreasing the pH of the reaction medium.  Therefore, the severe decrease in 

5HMF yield at a DES molar mixing ratio of 2:1 could be attributed to the increase of the 

acidity of the reaction mixture, leading to the activation of side reactions as a result of the 

abundance of catalyst sites resulting from the increased acid ratio.  A similar assumption 
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was reported by De Souza et al. (2012), who dehydrated fructose to 5HMF at 150 °C and 

120 min reaction time in formic acid as a catalyst in an aqueous medium.  They found that 

the 5HMF yield increased from 3 to 50 and 55% when the formic acid concentration 

increased from 0 to 10 and 20 wt%, respectively, after which the 5HMF yield decreased 

severely to 28 and 8% when the formic acid concentration was further increased to 50 and 

100 wt%, respectively.  They referred this sharp decrease in 5HMF yield to the strong 

acidity of the reaction medium, which led to the esterification of 5HMF.  A similar 

conclusion was reported by Takeuchi et al. (2008), who stated that the higher acidity leads 

to the rehydration of 5HMF to formic acid and levulinic acid.  This suggestion was 

previously mentioned by (Kuster and van der Steen, 1977), who reported that a reaction 

mixture with pH value below 2.7 will favour the rehydration reactions.  Furthermore (De 

Souza et al., 2012) investigated the effect of changing the concentration of lactic acid from 

0 to 20 and 50 wt%, and found that the 5HMF yield increased from 4 to 50 and 64%, 

respectively.  This means that the type and the nature of the catalyst is a core point for the 

dehydration reaction of fructose to 5HMF. 

 Qi et al. (2008) reported that increasing the solid catalyst resin of Amberlyst15 

dosage to 0.02, 0.04, 0.08 and 0.1 g led to an increase in fructose conversion to 25, 90, 98 

and 100%, respectively, when the fructose was dehydrated to 5HMF at 80 °C and over a 

reaction time of 5 min.; they also observed that there was no fructose conversion when the 

reaction was run for 20 min without a catalyst.  Furthermore, this study reported that 

increasing the resin dosage from 0.02 to 0.04 g led to an increase in the 5HMF yield from 

25.5 to 81.6%.  However, when the resin dosage was further increased to 0.1 g there was 

only a slight change in the 5HMF yield to 82%.  This may be attributed to the activity of 

the catalyst sites.  Qi et al. (2008) also stated that the catalyst dosage was calculated as a 

ratio of the fructose mass to the resin mass (g.g-1), and found that increasing the resin 
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dosage from 0.5:1 to 2:1 decreased the 5HMF selectivity from 89.6 to 79.3%.  However, a 

different observation was noticed for the fructose conversion in this chapter, namely that a 

further increase in the DES ratio over 1.5:1 and 2:1 led to a slight decrease in fructose 

conversion, which could be attributed to the cross-polymerisation between 5HMF and 

substrate fructose due to the increasing acid dose in the DES mixture (acid-to-salt ratio) 

used (Note that the salt amount was fixed while the acid amount was adjusted).  The 

observed colour changes to dark brown confirmed this notion. 

 Yang et al. (2015) studied the effect of increasing the amount of Fe PO4 as a 

catalyst on the dehydration of fructose to 5HMF in a biphasic system of water and THF in 

the presence of NaCl at 140 °C and 15 min of reaction time.  They observed that the 

fructose conversion increased from 58 to 99% when the Fe PO4 amount increased from 

0.02 to 0.25 g.  However, a similar conversion of 93.6% was achieved at a lower 

temperature of 80 °C in the current study. 

 Thombal and Jadhav (2014) investigated the effect of the concentrations of a 

variety of chloride and mineral acid catalysts on the dehydration of fructose to 5HMF in 

nitromethane as a solvent at a reaction time of 180 min and a reaction temperature of 100 

°C.  They found that increasing the concentration of the catalysts decreased the 5HMF 

yield and increased the yields of some by-products (although the by-products themselves 

were not specified by the authors).  The concentration of 10 wt% gave the optimum yield 

of 5HMF.  Gomes et al. (2015) investigated the effect of increasing the concentration of 

H3PO4 on 5HMF selectivity in the fructose dehydration to 5HMF reaction in a biphasic 

system of water and acetone at a reaction temperature of 180 °C.  They reported that 

increasing the acid concentration from 0.5 to 1.5% increased the 5HMF selectivity from 43 

to 57%.  A further increase in acid concentration led to a decrease in 5HMF selectivity due 

to the rehydration of 5HMF, which is consistent with the results reported in this section. 
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4.4 Conclusions 

The DES mixture of ChCl and p-TSA was found to be a highly promising catalytic 

solvent mixture for the reactions of fructose dehydration to 5HMF, giving high yields and 

selectivity.  The dehydration process using such a mixture was found to be efficient as the 

DES mixture comprised renewable, non-toxic and cheap materials.  The process did not 

require severe reaction conditions as the reactions were conducted at 80 °C, 60 min and 

atmospheric pressure.  The highest yield obtained was 78.3% with selectivity of 92.64% 

and fructose conversion of 84.5% at a feed ratio of 5, a DES molar mixing ratio of 1.5:1, 

80 °C, agitation speed of 300 rpm and 60 min of reaction time.  
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Chapter 5  Effect of Salt-Modified DES on Fructose Dehydration to 

5HMF 

5.1 Abstract 

In Chapter Four, the effects of reaction temperature, time, feed ratio (fructose-to-

DES ratio) and DES molar mixing ratio were reported.  In this chapter, the results from the 

investigation of the effect of using N,N-diethylenethanol ammonium chloride (DEAC) 

(C6H16ClNO) in place of the choline chloride (ChCl) used in Chapter Four while the acid 

component remains p-toluenesulfonic acid monohydrate (p-TSA) (C7H8O3S) are 

presented.  The results of the salt-modified DES were compared with the previous DES 

system discussed in Chapter Four.  It was found that a fructose conversion of 88.6% with a 

5HMF yield of 84.8% was achieved at a reaction temperature of 80 °C, reaction time of 60 

min, a DES molar mixing ratio of 1:1 (p-TSA-to-DEAC), agitation speed of 300 rpm and 

initial fructose ratio of 5 at atmospheric pressure.  Although a change in the process 

behaviour was observed upon changing the DES composition, a similar operating 

condition to that presented in Chapter Four was achieved.  The optimum DES molar 

mixing ratio (acid-to-salt ratio) was found to be 0.5:1, rather than the 1.5:1 obtained in 

Chapter Four 

5.2 Introduction 

One of the major challenges associated  with the dehydration of carbohydrates to 

furans is the elimination of side reactions, which cause low yields of furans (Agirrezabal-

Telleria et al., 2014).  For this reason, researchers have sought an efficient and inexpensive 

reaction media to produce 5HMF from biomass (Knochel, 1999).  The use of DES as a 

reaction media in the organic synthesis has proven to be effective for green synthesis and 

low-cost production (Handy, 2015).  The concept of the eutectic mixture involves 
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generating a homogeneous mixture in a liquid form by heating and stirring their respective 

solid forms (Smith et al., 2014).  This liquid mixture has a reduced melting point at a 

specific eutectic temperature and mixing ratio (see Chapter one, Section 1.4.5 for details).  

.  However, organic solvents have a negative environmental impact and the use of water 

also promotes side reactions, whereas mixing the two components (ChCl and p-TSA) 

together at a ratio of 1:1 generates a homogeneous DES, which has a freezing point of 2.7 

°C (Zhao et al., 2015).  Thus, the use of DESs as a reaction media has brought several 

advantages over the use of water or organic solvents, such as the ability to dissolve 

fructose and avoid the rehydration of 5HMF, and also the fact that the reaction can be 

conducted at mild reaction conditions. Furthermore, the performance of the DES as a 

reaction medium is governed by its composition and mixing ratios.  These factors highly 

influence the properties of the DES such as the melting point, density, and viscosity (as 

listed in Table 2.12 and Table 2.13).  Therefore, the effect of the DES composition on 

fructose dehydration reactions was investigated in this chapter. 

5.3 Results and Discussion 

The results obtained by substituting the ChCl with (DEAC) (C6H16ClNO) and p-

toluene sulfonic acid monohydrate (p-TSA) (C7H8O3S) to produce a salt-modified DES are 

presented in the following sections.  In turn, the effects of the feed ratio, reaction time, 

reaction temperature and DES molar mixing ratios are discussed.  While other process 

variables were held constant, the variable of study was adjusted, from which the point that 

gave the highest yield of 5HMF was chosen as the optimum operating condition. 

5.3.1 The Effect of Feed Ratio 

The effect of the feed ratio (fructose-to-DES) was studied in a ratio range of 2.5 to 

100, a reaction time of 60 min, a reaction temperature of 80 °C, a DES mixing molar ratio 
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of 1:1 (acid to salt), an agitation speed of 300 rpm and under atmospheric pressure.  The 

results are shown in Figure 5.1.  The conversion of fructose increased from 92 to 97.6%, as 

the feed ratio increased from 2.5 to 5, respectively.  Thereafter, the fructose conversion 

remained at approximately 98% for the rest of the feed ratios used.  It is therefore clear 

that the feed ratio (fructose-to-DES) has little or no effect on the conversion of fructose. 

 

 

Figure 5.1. The effect of the feed ratio on fructose conversion, 5HMF yield and 

selectivity at 60 min, 80 °C, DES mixing molar ratio of 1:1 (acid-to-salt), agitation 

speed of 300 rpm and at atmospheric pressure. 

 

Unlike the fructose conversion, the feed ratio (fructose-to-DES) greatly influenced 
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the feed ratio.  This could be attributed to the polymerisation reactions (Van Putten et al., 

2013) and/or the rehydration of the 5HMF produced caused by the presence of water 

generated from the fructose dehydration reaction.  This can be controlled by incorporating 

an efficient separation technique to remove the 5HMF produced or the water from the 

reaction medium.  The highest yield of 5HMF obtained was 70.5% at a feed ratio of 2.5, 

with a selectivity of 76.7%.  However, when the feed ratio increased from 5 to 20, the 

5HMF yield decreased from 66.4 to 45% while the selectivity decreased from 67.9 to 

48.4%, respectively. 

The lowest 5HMF yield obtained was 21.7%, with a selectivity of 22.1% at a feed 

ratio of 100.  The standard deviation in 5HMF yield obtained upon using a feed ratio 

(fructose-to-DES) of 2.5 was highest compared to that obtained at the feed ratio of 5 for 

triplicate experiments.  However, the feed ratio of 5 was chosen as the reproducibility was 

better compared to the one at feed ratio of 2.5.  Similarly, the sample colour changed to 

darker brown upon increasing the initial feed ratio, which could indicate the occurrence of 

side reactions (possibly single or cross-polymerisation) producing humins and polymers 

(Hu et al., 2015).  Despite the substituted ChCl with DEAC in the salt-modified DES, a 

similar observation to that reported in Chapter Four was noticed.  Humins are dark brown 

solid compounds that appear as a by-product in sugar dehydration reactions.  These side 

reactions could have caused the reduction in 5HMF yield and selectivity observed (Figure 

5.1).  The effect of the feed ratio on fructose conversion, 5HMF yield and selectivity is 

similar to the trend observed in the previous DES system in Chapter Four, showing that 

changing the organic salt has no significant effect on the dehydration reaction with 

increased feed ratio. 

These results are comparable with those reported by (Hu et al., 2015) when they 

studied the effect of the initial fructose concentration (feed ratio) on the dehydration 
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reaction of fructose to 5MHF, catalysed by a magnetic lignin-derived catalyst in a DMSO 

as a solvent at a reaction temperature of 130 °C and a reaction time of 40 min.  It was 

found that increasing the initial concentration of fructose had a negative effect on the 

5HMF yield.  As the initial concentration of fructose was increased from 2 to 15 wt%, the 

5HMF yield gradually decreased from 83.7 to 75.6%, respectively.  On the other hand, the 

conversion of fructose reached 100% and remained the same as the initial concentration 

increased from 2 to 10 wt%.  Further increases in the initial concentration of fructose to 12 

and 15 wt% led to a slight decrease in fructose conversion to 98.4 and 96.7%, respectively.  

The reduction in yield and conversion was linked to the activation of side reactions in the 

form of the self-polymerisation of fructose and cross-polymerisation between 5HMF and 

fructose to produce humins.  Using the salt-modified DES in this research has achieved a 

similar conversion, 5HMF yield and selectivity but at a lower temperature of 80 °C, while 

maintaining the environmental and economic advantages. 

5.3.2 The Effect of Reaction Time 

Figure 5.2 shows respectively the influence of reaction time on the 5HMF yield, 

selectivity, and fructose conversion over the time range from 5 to 120 min at 80 °C, with a 

feed ratio of 5, agitation speed of 300 rpm and a DES molar mixing ratio of 1:1 (p-TSA-to-

DEAC) at atmospheric pressure.  Except the 5HMF yield, instability can be observed in 

the fructose conversion and 5HMF selectivity as the reaction time increases.  Notably, the 

fructose conversion and 5HMF selectivity trend are approximately a mirror image, such 

that a high conversion of fructose led to low 5HMF selectivity.  Unlike in Chapter Four, 

where the fructose conversion was reasonably stable while 5HMF selectivity was fluctuate 

as the reaction time increased.  Therefore, since the experimental conditions were the same 

with the difference being the substituted ChCl with DEAC in the salt-modified DES, it 
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follows that the instability in the fructose conversion and 5HMF selectivity noticed in 

Figure 5.2 can be attributed to the properties of the salt-modified DES (see Chapter 8 for 

further details).  

 

Figure 5.2. The effect of reaction time on fructose conversion, 5HMF yield and 

selectivity at 80 °C, with a feed ratio of 5, agitation speed of 300 rpm and DES molar 

mixing ratio of 1:1 (p-TSA-to-DEAC) at atmospheric pressure.  

 

The results illustrated in Figure 5.2 revealed that the 5HMF yield varied from 58.8 to 

66.5%, while the 5HMF selectivity was slightly changing in a narrow range from 62.1 to 

78.4% with increased reaction time.  The reaction time slightly affected the fructose 

conversion, as it was varied from 78.8 to 97.3%.  This may be attributed to the poor mass 
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transfer profile resulting from changing the organic salt of the DES used.  This could have 

affected the properties of the DES and slowed the kinetics of the dehydration reactions, 

possibly leading to the activation of side reactions such as the rehydration of 5HMF.  As 

the prolonging of the reaction time could lead to the occurrence of more by-products, a 

reaction time of 60 min was chosen as the optimum reaction time.  Comparing this system 

with the previous DES system in Chapter Four, the fructose conversion, 5HMF yield and 

selectivity trends in this system (salt-modified DES) were wavering differently.  This may 

be related to the different DES composition. 

Generally, the nature of the reaction medium governs the behaviour of the 

dehydration reaction.  Hafizi et al. (2016) investigated the effect of reaction time on 

fructose dehydration to 5HMF, using DMSO as a solvent and a prepared solid catalyst of 

mesoporous silica and sulphonic acid at 165 °C.  The results obtained showed that over 

95% of the fructose was converted in the first 30 min of the reaction time.  As the reaction 

time reached 60 min, the fructose was completely converted.  On the other hand, the 

reaction time showed a different influence on 5HMF yield and selectivity.  As the reaction 

time increased to 30 min, a maximum yield and selectivity of 74.2 and 77.8% were 

achieved, respectively.  However, in this chapter, the highest 5HMF yield obtained was 

66.5% at a reaction temperature of 80 °C and 60 min relative to 74.2% achieved at 165 °C 

and 30 min by Hafizi et al. (2016).  This shows that with the salt-modified DES, a high 

5HMF yield can be achieved at milder reaction conditions than the severe conditions 

reported in the literature.  Furthermore, extending the reaction time to 300 min showed a 

gradual decrease in both 5HMF yield and selectivity (Hafizi et al., 2016), while the 

formation of some by-products such as humins and soluble polymers was observed, 

confirming that extending the reaction time generally leads to the occurrence of side 

reactions like condensation and polymerisation. 
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5.3.3 The Effect of Reaction Temperature 

The effect of reaction temperature on the fructose dehydration reactions using a salt-

modified DES mixture of DEAC and p-TSA was investigated, with the results of the 

fructose conversion, 5HMF selectivity and yield presented in Figure 5.3.  The following 

reaction conditions were used: a DES mixing molar ratio of 1:1 (acid-to-salt), reaction 

time of 60 min, with a feed ratio of 5, reaction temperature range of 50 to 110 °C and 

agitation speed of 300 rpm at atmospheric pressure.   

 

Figure 5.3. The effect of reaction temperature on fructose conversion, 5HMF yield 

and selectivity at 60 min, with a feed ratio of 5, agitation speed of 300 rpm and DES 

molar mixing ratio of 1:1 (p-TSA-to-DEAC) at atmospheric pressure. 
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While the fructose conversion increased with increasing reaction temperature, the 

5HMF yield remained almost constant at approximately 61% when the reaction 

temperature was increased from 50 to 90 °C, and decreased thereafter as the temperature 

was increased from 90 to 110°C.  It varied from 59.8% to 62.8%, while the 5HMF 

selectivity decreased from 86.2% at 50 °C to 68.9% at 80 °C.  A further decrease in 5HMF 

yield and selectivity was shown when the reaction temperature was increased to 100 and 

110 °C: the yield of 5HMF decreased to 53.9% at 100 °C with a selectivity of 57.3%, 

while the lowest yield of 5HMF obtained was 40% at 110 °C, with a selectivity of 41.4%.  

The change in the sample colour to a darker brown with increasing reaction temperature 

could be attributed to the thermal degradation of 5HMF to humins upon increasing the 

reaction temperature (Gomes et al., 2017).  This is consistent with the observation reported 

in Chapter Four.  Fructose conversion increased from 69.4% at 50 °C to 96.3% at 110 °C.  

A reaction temperature of 80 °C was chosen as the optimum reaction temperature, since 

this temperature gave a high yield of 5HMF of 62%.  Comparing the effect of the reaction 

temperature on the fructose conversion, 5HMF yield and selectivity with the previous DES 

in Chapter Four, the trends were generally similar.  

Gomes et al. (2017) studied the effect of the reaction temperature on the dehydration 

reaction of fructose to 5HMF.  The study was conducted in a DMSO as a solvent and 

phosphotungstic acid as a catalyst in a temperature range from 100 to 140 °C.  The results 

revealed that when the reaction was performed with only the DMSO (without the catalyst), 

the conversion of fructose was completed at 40 °C, and therefore further increasing the 

reaction temperature to 140 °C had no influence on fructose conversion.  On the other 

hand, 5HMF yield started to increase from 0 (10 °C) to 80% (80 °C), after which it 

remained constant (80%) as the reaction temperature further increased to 140 °C.  These 

results are attributed to the high solubility of fructose in DMSO, and the ability of the latter 
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to act as a catalyst and to stabilise the positively charged fructose intermediates while 

hindering their side reactions.  When the reaction was catalysed by 10% of 

phosphotungstic acid, the conversion of fructose was complete as the reaction temperature 

reached 10 °C, while the 5HMF increased to 92% as the reaction temperature reached 30 

°C, and remained steady as the temperature increased to 100 °C.  Further increase in the 

temperature to 140 °C decreased the 5HMF yield to 80%, due to the activation of side 

reactions (5HMF degradation).  Despite the high yield of 5HMF obtained, the use of 

DMSO and phosphotungstic are faced with an environmental footprint and cost, while the 

use of the salt-modified DES resolved these challenges, except that a lower 5HMF yield 

(62% at 80 °C) was achieved.  This suggested the need to modify the DES composition 

and experimental conditions to maximise the yield of 5HMF. 

5.3.4 The Effect of DES Molar Mixing Ratio 

The DES mixing ratio is a key variable in the production of 5HMF by this reaction 

medium.  As the acid p-TSA is the active side in the DES, the acid ratio was changed 

every time, while the salt molar ratio was fixed at 1.  In this chapter, different molar 

mixing ratios were investigated.  They are 0.5:1, 1:1, 1.5:1 and 2:1 (p-TSA-to-DEAC).  

The DES molar mixing ratio had a significant effect on 5HMF yield and selectivity.  The 

effect of the salt-modified DES mixing ratio is presented in Figure 5.4.  Fructose 

conversion increased from 88.6 to 97.8% as the salt-modified DES mixing ratio increased 

from 0.5:1 to 1:1 (acid-to-salt ratio) and decreased from 97.8 to 91.5% as the mixing ratio 

increased further from 1:1 to 1.5:1; it remained at 91.6% for the DES mixing ratios of 

1.5:1 and 2:1. 
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Figure 5.4. The effect of DES molar mixing ratio on fructose conversion, 5HMF yield 

and selectivity at 60 min, with a feed ratio of 5, and agitation speed of 300 rpm at 

atmospheric pressure. 

 

Both the 5HMF yield and selectivity sharply decreased upon increasing the p-TSA 

acid molar ratio (Figure 5.4).  At a molar mixing ratio of 0.5:1 (acid-to-salt), the highest 

5HMF yield of 84.8% was obtained with a 5HMF selectivity of 88.6%.  As the mixing 

ratio increased to 1:1, the 5HMF yield decreased down to 66.4%, with a 5HMF selectivity 

of 67.9%.  When the mixing ratio was further increased to 1.5:1, a lower 5HMF yield of 

45% was obtained with a 5HMF selectivity of 49.2%.  The lowest 5HMF yield obtained 

was 21.1%, along with the lowest 5HMF selectivity of 23% at a mixing ratio of 2:1. 
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The effect of the salt-modified DES molar mixing ratio on 5HMF yield and 

selectivity in this system was entirely different to the effect of the DES molar mixing ratio 

in the previous system in Chapter Four.  The difference in the trends can be attributed to 

the DES composition, which resulted in changes in the DES properties because of the 

different ionic interaction between the ions and cations of the DES components.  

Therefore, the dehydration reaction behaved differently, thus showing that the composition 

of the DES plays a key role in the fructose dehydration reactions to 5HMF in DES.  The 

effect of the different DES compositions described in Chapters Four, Five and Six is 

presented and discussed in Chapter Eight of this study. 

Zhang et al. (2017) reported a similar trend for the effect of catalyst loading on the 

conversion of glucose to 5HMF, catalysed by prepared solid catalyst consists of silica, 

aluminium and phosphoric acid and a mixture of water and γ-valerolactone (GVL) as a 

solvent at a reaction temperature of 170 °C.  It was found that increasing the catalyst 

loading from 10 to 30 mg increased the 5HMF yield from 65 to 93% and selectivity from 

72 to 90%, respectively.  The increase was attributed to the increased in the number of 

active sites of the catalyst used.  Further increase in catalyst loading over 30 mg led to a 

decrease in the 5HMF yield and selectivity, due to the increased activity of the catalyst, 

which could have activated the degradation reactions (the by-products were not specified).  

The conversion of glucose was increased from 88 to 100% by increasing the catalyst 

loading from 10 to 30 mg.  Further increases in catalyst loading did not influence the 

conversion of glucose.  This difference in observations on the conversion of the biomass to 

the one reported in this section (Figure 5.5) could be attributed to the difference in the 

feedstock (glucose and fructose), experimental conditions and also the reaction medium. 
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5.4 Conclusions  

The DES was modified by replacing the ChCl with DEAC, and the effect of this 

change in the DES composition was investigated.  How the salt-modified DES influences 

the operating conditions previously achieved in Chapter Four was evaluated.  Also, how 

the salt-modified DES affects the best reaction conditions reported in Chapter Four was 

investigated.  The highest yield of 5HMF obtained was 84.8% with a selectivity of 88.6% 

at the optimum reaction conditions: reaction temperature of 80 °C, reaction time of 60 min, 

DES mixing ratio of 0.5:1 (p-TSA-to-DEAC), agitation speed of 300 rpm and a feed ratio 

of 5.  It was found that with the salt-modified DES the mixing ratio was lower at 0.5:1, 

compared to the 1.5:1 obtained in Chapter Four.  The salt-modified DES at a mixing ratio 

of 0.5:1 (acid-to-salt) gave 84.8% 5HMF yield compared to the 78.3% obtained with the 

1.5:1 from the DES used in Chapter Four.  The effect of the DES molar mixing ratio on the 

5HMF yield and selectivity behaved completely differently compared to the previous DES 

system in Chapter Four, which could be attributed to the different organic salt used, 

resulting in a change in the behaviour of the ionic interaction between the HBD and the 

hydrogen acceptor.  This affected the dehydration reaction of fructose to 5HMF.  
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Chapter 6  Effect of Acid-Modified DES on Fructose Dehydration to 

5HMF 

6.1 Abstract 

In Chapter Five, the salt component of the DES was replaced to produce a salt-

modified DES.  However, in this chapter the acid component (p-TSA) of the DES used in 

Chapter Four is replaced with adipic acid, while the ChCl is still retained to form an acid-

modified DES, which is used for the dehydration of fructose to 5HMF.  The adipic acid 

component of the acid-modified DES acts as an HBD and the ChCl as an organic salt.  The 

influence of this change in the DES composition on the optimum reaction conditions of the 

process relative to those obtained in Chapters Four and Five is investigated in this chapter.  

The acid-modified DES gave a fructose conversion of 100%, while the 5HMF yield and 

selectivity were approximately 91% at the mild reaction conditions of 90 °C reaction 

temperature and atmospheric pressure, a DES molar mixing ratio of 1:1 (acid-to-salt), 

agitation speed of 300 rpm, initial fructose ratio of 2.5 and reaction time of 120 min.  It 

was found that with the acid-modified DES 100% conversion of fructose was achieved, 

resulting from a shift in the best condition to 90 °C and 120 min relative to the 80 °C and 

60 min observed in Chapters Four and Five, respectively.  Despite the high yield of 5HMF 

observed, the shift of optimum condition towards a higher temperature and reaction time 

would incur additional operating costs.  

6.2 Introduction 

The use of different acidic catalysts’ systems prepared from renewable sources in the 

5HMF synthesis through fructose dehydration was reported by (Hu et al., 2008).  They 

tested a variety of carboxylic acids such as malonic acid, citric acid and oxalic acid, from 

which they found the most efficient catalyst.  Those carboxylic acids were studied as an 



114 

 

active site of catalyst, when combined with choline chloride to form DES.  The optimum 

results obtained were 91.8% conversion of fructose and 83.8% selectivity of 5HMF, when 

a DES of ChCl and citric acid was used in an ethyl acetate/renewable IL biphasic system at 

80 °C  and 60 min (Hu et al., 2008). 

In this chapter, the results obtained after the acid component of the DES used in 

Chapter Four was replaced by adipic acid are presented and discussed.  The acid-modified 

DES (ChCl as organic salt and adipic acid as a weak dicarboxylic acid) acts as an HBD as 

well as a catalyst for the dehydration reaction of fructose to 5HMF.  This novel acid-

modified DES is considered cheap, green and renewable; the adipic acid can be produced 

from biomass sources, as shown in Figure 6.1.  The relatively high melting point of the 

acid-modified DES used in this chapter (85 °C at a mixing ratio of 1:1), compared to a 

DES composed of citric acid and ChCl, which has a melting point of 69 °C at the same 

mixing ratio (Zhang et al., 2012b), could affect its viscosity.  The 5HMF yield obtained by 

using the acid-modified DES was similar to the one obtained from citric acid and ChCl 

reported by Hu et al. (2008), even without the use of any extraction solvents.  The best 

reaction conditions leading to a high 5HMF yield and selectivity of 90.8% with 100% 

fructose conversion were found to be at a reaction time of 120 min, a feed ratio of 2.5, 

agitation speed of 300 rpm and a reaction temperature of 90 °C. 
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Figure 6.1. The production of adipic acid from different resources (Beerthuis et al., 

2015) 

 

6.3 Results and Discussion 

As in Chapters Four and Five, the effects of the different reaction parameters (the 

feed ratio, reaction time, reaction temperature and DES molar mixing ratios) on the 

dehydration reaction of fructose to 5HMF were examined in order to establish the role of 

the acid component of the DES and its influence on the reaction conditions, especially the 
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optimum reaction conditions.  The results are presented in a similar manner to Chapters 

Four and Five. 

6.3.1 The Effect of Reaction Time 

The reaction time establishes the extent of time the reaction molecules have contact 

or collide to form a product.  This shows that it is a key factor that influences the rate of 

the reaction.  Figure 6.2 shows the effect of the reaction time on the fructose conversion, 

5HMF yields and selectivity in the dehydration of fructose using acid-modified DES over 

a time range of 30 to 180 min, at a reaction temperature of 90 °C, a feed ratio of 5, 

agitation speed of 300 rpm and a DES molar mixing ratio of 1:1 (adipic acid-to-ChCl), at 

atmospheric pressure. 
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Figure 6.2. The effect of reaction time on fructose conversion, 5HMF yield and 

selectivity at a temperature of 90 °C, with a feed ratio of 5, agitation speed of 300 rpm 

and DES molar mixing ratio of 1:1 (adipic acid-to-ChCl), at atmospheric pressure.  

 

As the reaction time increased from 30 to 60 min, the fructose conversion increased 

gradually from 95 to 100%, and remained at 100% with further increase in the reaction 

time from 60 to 180 min.  Note that the longer time range used in this chapter was chosen 

based on the pre-investigation experimental plan.  The 5HMF yield and selectivity showed 

approximately identical trends to each other.  The 5HMF yield and selectivity increased 

readily from 49.3% to approximately 83%, as the reaction time increased from 30 to 90 

min, thereafter plateauing at approximately 85.6% over the reaction time range of 90 to 

150 min, and then gradually decreasing over the reaction time range of 150 to 180 min to a 
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value of 75.4%.  It can be observed that the 5HMF yield was lowest at the shortest reaction 

time of 30 min. 

The observed trends in both the 5HMF yield and selectivity while the fructose 

conversion remained at approximately 100% could be as a result of the occurrence of side 

reactions due to 5HMF decomposition to several by-products such as levulinic acid, formic 

acid and humins (Pawar and Lali, 2014).  Hence, 120 min was obtained from Figure 6.2 as 

the best reaction time for fructose dehydration reaction to 5HMF using acid-modified 

DES.  This represents twice the best reaction time obtained in Chapters Four and Five, 

which could be due to the high melting point of the final DES.  The DES melting points 

were 2.7 °C (DES, Chapter Four), 38 – 45 °C (salt-modified DES, Chapter Five) and 85 °C 

(acid-modified DES, Chapter Six), while the respective reaction temperatures were 80, 80 

and 90 °C.  The closeness between the reaction temperature for the acid-modified DES and 

its melting point could have increased the optimum reaction time.  Additionally, adipic 

acid is a weak dicarboxylic acid compared to the strong p-TSA Brønsted acid used in the 

DES in Chapters Four and Five; hence, its partly dissociate in the reaction media and 

release some of its hydrogen atoms.  Thus, it showed lower capability and activity than a 

stronger acid in terms of proton donor, this caused it requiring a longer reaction time to 

achieve a higher yield. 

Comparing these results with the two previous DES systems in Chapter Four and 

Chapter Five, the fructose conversion in this system was more stable and complete.  The 

5HMF yield and selectivity showed a sharp increase as the reaction time increased from 30 

to 90 min.  The different trend observed in this system could be attributed to the different 

composition of the DES used and the high thermal activity of the dehydration reaction 

under a higher reaction temperature and a longer reaction time.  While similar behaviours 

have been reported in the literature, the dehydration reaction reported in this chapter was 
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carried out at milder reaction conditions, in an environmentally friendly reaction medium 

and produced a higher 5HMF yield without using extraction solvents. 

Kilic and Yilmaz (2015) investigated the effect of reaction time on the fructose 

conversion and 5HMF selectivity in the fructose dehydration to 5HMF in a reaction time 

range from 0 to 180 min, using three different systems of catalysts in DMSO as a solvent 

at a reaction temperature of 110 °C.  Firstly, they studied the effect of reaction time on the 

fructose conversion in different homogeneous catalysts: HCl, H2SO4 and H3PO4.  They 

found that the conversion of fructose reached 90% in a reaction time of less than 1 min and 

reached 100% after 30 min.  The conversion continued at 100% along the time range to 

180 min.  Secondly, the effect of reaction time on the fructose conversion was investigated 

over a variety of heterogeneous sulfonated catalysts such as SO4/TiSBA-15, 

SO4/TiO2−SiO2, SO4/SiO2, SO4/AC and SO4/ZrO2.  They found that the SO4/ZrO2 was the 

most active catalyst and the conversion of fructose was completed in 50 min, whereas the 

other catalysts were found to have lower activity and the conversion was slower, only 

gradually increasing with reaction time.  Thirdly, the conversion of fructose was only 

tested in a DMSO as a solvent without using any catalyst.  It was found that the conversion 

of fructose gradually increased from 0 to 50% as the reaction time increased from 0 to 180 

min.  When H3PO4 was used as a catalyst, the 5HMF selectivity increased from 21 to 80% 

as the reaction time increased from 1 to 120 min, after which the 5HMF selectivity 

decreased to 55% due to the rehydration of 5HMF, and produced levulinic acid and formic 

acid as by-products when the reaction time was further increased to 180 min.  When 

H2SO4 was used as a catalyst the 5HMF selectivity increased from 20 to 83%, as the 

reaction time increased from 1 to 150 min, respectively, after which the selectivity 

decreased to 75% when the reaction time further increased to 180 min.  The selectivity 

gradually increased from 21 to 75% as the reaction time increased from 1 to 180 min, 
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when HCl was used as a catalyst.  The acid-modified DES can therefore achieve similar 

conversion, 5HMF yield and selectivity (Figure 6.2) to the aqueous systems reported 

above, but with the benefit of mild experimental conditions and environmental 

friendliness. 

 Liu et al. (2015) studied the effect of reaction time on 5HMF yield in the fructose 

dehydration reaction to 5HMF in a DMSO and prepared ionic liquid [4.2H][HSO4]2 as a 

reaction medium over a reaction time range from 30 to 120 min and reaction temperature 

of 90 °C.  It was found that the 5HMF yield increased from 92 to 94% as the reaction time 

increased from 30 to 60 min, respectively.  A further increase in reaction time to 120 min 

decreased the 5HMF yield to 89%.  The decrease in 5HMF yield was attributed to the 

formation of humins and the rehydration of 5HMF to levulinic acid and formic acid as a 

result of extending the reaction time, particularly at higher reaction temperatures.  It is 

clear, therefore, that the result obtained using an acid-modified DES is in line with results 

reported in the literature; DES, however, has the benefit of both solvent and catalyst at 

mild reaction conditions. 

6.3.2 The Effect of Feed Ratio 

The effect of the feed ratio (fructose-to-acid-modified DES) on the fructose 

dehydration reaction to 5HMF was studied using a feed ratio ranging from 2.5 to 20 at the 

optimum reaction time of 120 min (Figure 6.2), a reaction temperature of 90 °C, a DES 

molar mixing ratio of 1:1 (acid-to-salt), agitation of 300 rpm and at atmospheric pressure.  

Figure 6.3 shows the results obtained.  Unlike the fructose conversion reported in Chapter 

Four for the use of DES, which increased as the feed ratio increased from 2.5 to 20, it is 

clear that with the acid-modified DES, fructose conversion remained at approximately 

100% for all the feed ratios (fructose-to-acid-modified DES). 
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Figure 6.3. The effect of feed ratio on fructose conversion, 5HMF yield and selectivity 

at reaction time of 120 min, reaction temperature of 90 °C, DES molar mixing ratio 

of 1:1 (acid-to-salt), and agitation of 300 rpm at atmospheric pressure. 

 

From Figure 6.3, the high conversion of fructose observed in all the feed ratios used 

can be attributed to the higher reaction temperature used in this acid-modified DES 

system.  On the other hand, the 5HMF yield and selectivity was highly influenced by the 

feed ratio, as shown in Figure 6.3.  It can be seen that the 5HMF yield and its selectivity 

readily decreased as the feed ratio increased from 2.5 to 20.  The trends in both 5HMF 

yield and selectivity were almost identical.  The 5HMF yield decreased from 90.8% at 2.5 

feed ratio to 82.8% at a feed ratio of 5.  A further decrease in 5HMF yield was noticed 
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from 69.5 to 54.1%, when the feed ratio was increased from 10 to 20 (fructose-to-acid-

modified DES). A similar trend was observed in 5HMF selectivity, which decreased from 

90.8 to 54.9% when the feed ratio was increased from 2.5 to 20. 

The results of fructose conversion, 5HMF yield and selectivity obtained with the 

acid-modified DES (ChCl and adipic acid) in this system are similar to those observed 

with the DES (ChCl and p-TSA acid) used in Chapter Four.  It is worth mentioning here 

that this system was more stable (less fluctuating) in terms of 5HMF yield, selectivity, and 

fructose conversion at a feed ratio of 2.5 compared to the previous DES systems.  This 

could be due to the different DES composition, which led to changes in the DES properties 

in which the use of adipic acid in the acid-modified DES could have contributed to the 

stability of the dehydration reaction.  It has been reported in the literature that the decrease 

in 5HMF yield and selectivity could be related to the activation of side reactions (fructose 

polymerisation) as a result of increasing the feed ratios (Xu et al., 2015a).  The results in 

Figure 6.3 are in line with this observation, where the highest 5HMF yield and selectivity 

occurs at the low feed ratio of 2.5. 

A similar trend was reported by (Xu et al., 2015a), who observed that the 5HMF 

yield decreased from 72 to 30% and the 5HMF selectivity decreased slightly from an 

initial level of 77%, as the fructose concentration increased from 0.05 to 0.2 g/ml upon the 

dehydration of fructose to 5HMF in a DMSO as a solvent and (M-ZrPO-0.75) as a solid 

catalyst at a reaction time of 30 min and a reaction temperature of 80 °C.  Also reported 

was a change in the colour of the reaction medium to a darker brown as the initial 

concentration of fructose was increased.  They attributed this to the occurrence of side 

reactions that produced soluble polymers and humins.  However, the decrease in fructose 

conversion was attributed to the deactivation of the heterogeneous catalyst used.  The use 

of acid-modified DES eliminated the challenges of catalyst deactivation observed with the 
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heterogeneous catalyst and a higher 5HMF yield of 91% was achieved at a reaction 

temperature of 90 °C and time of 120 min.  These results are in agreement with that 

reported by (Ma et al., 2015).  However, they conducted their experiment for 30 min and at 

a reaction temperature of 110 °C, using isopropanol as a solvent and ionic liquid 

([HO2CMMIm]Cl) as a catalyst.  The decrease in 5HMF yield was also attributed to 

polymerisation and rehydration side reactions, leading to the production of humins as a by-

product. 

6.3.3 The Effect of Reaction Temperature 

The effect of reaction temperature on the fructose dehydration reaction was studied 

for the acid-modified DES in the range of 80 to 120 °C.  It is worth mentioning here that 

the choice of 80 °C as the start temperature for the acid-modified DES was based on the 

observations from the dehydration reactions carried out from 60 to 70 °C, which yielded 

little or no 5HMF.  Therefore, a higher range of reaction temperatures was needed 

compared to those used in the systems reported in Chapters Four and Five, in order to 

produce significant 5HMF yield.  This can be attributed to the high viscosity and melting 

point (85 °C) of the acid-modified DES.  The remaining experimental factors were set at 

the optimum conditions obtained from the analysis reported in sections 6.3.1 and 6.3.2.  

The results are presented in Figure 6.4. 
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Figure 6.4. The effect of reaction temperature on fructose conversion, 5HMF yield 

and selectivity at reaction time of 120 min, DES molar mixing ratio of 0.5:1 (acid-to-

salt), with a feed ratio of 2.5 and agitation of 300 rpm at atmospheric pressure.  

 

The rise in reaction temperature highly influenced the behaviour of the dehydration 

reaction of fructose to 5HMF.  As the temperature increased from 80 to 90 °C the fructose 

conversion increased from 92 to 100%, and remained at 100% throughout further increases 

in the reaction temperature from 90 to 120 °C.  This implies that the dehydration reaction 

of fructose to 5HMF reached completeness at 90 °C, at 120 min, feed ratio (fructose-to-

acid-modified DES) of 2.5 and an acid-modified DES molar mixing ratio of 0.5:1.  Despite 

achieving complete conversion at 90 °C, it was worth increasing the 5HMF yield; hence, 

higher reaction temperatures were tested, as shown in Figure 6.4.  This differs from the 
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trend reported for the DES used in Chapter Four, which has the same organic salt but with 

a different acid (p-TSA) mixture.  While 100% conversion of fructose was achieved at 90 

°C for the acid-modified DES, approximately the same conversion was achieved at 110 °C 

for the DES used in Chapter Four at the same reaction time of 60 min (see Figure 4.4, 

Figure 6.2 and Figure 6.4). 

The 5HMF yield and selectivity follow identical trends as observed in Figure 6.2 and 

Figure 6.3.  As the reaction temperature was increased from 80 to 90 °C, the 5HMF yield 

increased rapidly from 34.7 to 66.2%, while its selectivity increased from 37.6 to 66.2%.  

By contrast, when the reaction temperature was increased from 100 to 120 °C, both 5HMF 

yield and selectivity decreased gradually and equally from 66.3 to 57.3%.  Despite the 

100% conversion of fructose recorded from 90 to 120 °C, any further increase in reaction 

temperature beyond 90 °C did not produce a corresponding increase in the 5HMF yield 

and selectivity, but rather resulted in their decrease.  However, as the reaction temperature 

increased beyond 90 °C, a colour change to darker brown was observed in the reaction 

media similar to those reported in Chapters Four and Five.  Hence, the decreasing 5HMF 

yield and its selectivity noticed in Figure 6.4 could be a sign of the occurrence of side 

reactions in a form of polymerisation (Lv et al., 2017) as the reaction temperature 

increased above 90 °C.  Comparing Figure 6.4 (acid-modified DES) and Figure 4.4 (DES), 

it is clear that by increasing the reaction temperature, the 5HMF yield and its selectivity 

exhibited different trends.  The best reaction temperature, therefore, for the fructose 

dehydration to 5HMF using an acid-modified DES was considered to be 90 °C, as this 

gave the highest yield of 5HMF (66.2%).  This optimum reaction temperature for the acid-

modified DES is different to that obtained by the DES reported in Chapter Four.  These 

results, therefore, show that the composition of the DES plays a key role in determining 

the best conditions for the dehydration reaction of fructose to 5HMF. 
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  Lv et al. (2017) studied fructose dehydration to 5HMF in an aqueous system 

catalysed by silica and heteropolyacid.  They observed that increasing the reaction 

temperature from 140 to 180 °C promoted the conversion of fructose from 6 to 100%.  The 

5HMF yield showed an increase from 4.7 to 50.2% as the reaction temperature increased 

from 140 to 170 °C, and decreased to 15.3% upon an increase to 180 °C.  The selectivity 

decreased from 78.3 to 15.3% as the reaction temperature increased from 140 to 180 °C.  

These results are different from the results displayed in Figure 6.4.  This is because of the 

differences in the experimental conditions and catalyst used by Lv et al. (2017) and that 

employed in this study.  Lv et al. (2017), however, observed the production of humins as 

the reaction temperature increased, which is an indication of the occurrence of side 

reactions, resulting in the decrease of 5HMF yield and selectivity.  A similar decrease can 

be seen in Figure 6.4 as the reaction temperature increases. 

6.3.4 The Effect of DES Molar Mixing Ratio 

Figure 6.5 shows the fructose conversion, 5HMF yield and selectivity as influenced 

by the molar mixing ratio within the acid-modified DES in the dehydration reaction of 

fructose to 5HMF.  The influence of the molar mixing of ChCl and adipic acid to form the 

acid-modified DES was examined in the range 0.5:1 to 2:1 (acid-to-salt) at the optimum 

conditions obtained in sections 6.3.1 to 6.3.3.  
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Figure 6.5. The effect of DES mixing ratio (acid moles-to-salt moles) on fructose 

conversion, 5HMF yield and selectivity at reaction time of 120 min, reaction 

temperature of 90 °C, with a feed ratio of 2.5 and agitation of 300 rpm at atmospheric 

pressure.  

 

The conversion of fructose gradually increased from approximately 98% to 100% 

when the molar mixing ratio (acid-to-salt) within the acid-modified DES was increased 

from 0.5:1 to 1:1.  A further increase to 1.5:1 caused a decrease to 98.5%, and thereafter a 

sharp decrease in fructose conversion to approximately 81% was observed for a molar 

mixing ratio of 2:1.  This may be attributed to changes in the activity of the acid-modified 

DES as the adipic acid component increases from 0.5:1 to 2:1, thus increasing the acid 

sites.  When Figure 6.5 is compared with the result for the DES molar mixing ratio 
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presented in Figure 4.5 (Chapter Four), it shows that a similar trend can be observed in the 

fructose conversion for the acid-to-salt ratio from 0.5:1 to 1:1, after which the trend differs.  

This reinforced the effect of the DES composition on the optimum conditions (section 

6.3.3).  This could be due to the different acid used, which may influence the activity of 

the DES in terms of the HBD and a catalyst for the dehydration reaction of fructose to 

5HMF.  The weak dicarboxylic (adipic) acid could affect the interaction between the ions 

and cations of the acid and the salt, leading to a change in the acid-modified DES 

properties such as the high viscosity and high melting point. 

The influence of the molar mixing ratio of the acid-modified DES on the 5HMF 

yield and its selectivity is also presented in Figure 6.5.  Again, the 5HMF yield and 

selectivity follow almost identical trends.  The 5HMF yield and selectivity both increased 

rapidly from 72 to 88.8% as the molar mixing ratio was increased from 0.5:1 to 1:1, and 

thereafter decreased from 88.8 to 14.2% (5HMF yield) and 17.7% (5HMF selectivity) as 

the acid-modified DES molar mixing ratio was increased from 1:1 to 2:1.  The optimum 

molar mixing ratio of the acid-modified DES was found to be 1:1 (adipic acid-to-ChCl 

ratio), as this gave a fructose conversion of 100%, a maximum 5HMF yield and selectivity 

of approximately 89% at 90 °C, 120 min, fructose-to-DES ratio of 2.5 and agitation of 300 

rpm at atmospheric pressure.  This decrease in 5HMF yield and selectivity at higher molar 

mixing ratios could be attributed to the composition of the DES and the changes in its 

properties resulting from changing the molar mixing ratios of the acid to salt.  This could 

lead to side reactions activated by the increasing acid content of the acid-modified DES, 

which then suppresses 5HMF selectivity.  Zhao et al. (2016) observed a comparable trend, 

when they found that the conversion of fructose increased from 86.5 to 100% as the 

catalyst loading ratio increased from 5 to 40.  Conversely, the 5HMF yield showed an 

initial increase from 60.7 to 75.4% as the catalyst loading ratio was increased from 5 to 20, 
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but then decreased to 70.8% with further increase in catalyst loading under conditions of 

30 min reaction time, 140 °C temperature, a fructose mass of 500 mg, DMSO as a solvent 

and sulfonated carbon as a solid catalyst.  They attributed the decrease in 5HMF yield with 

increasing catalyst loading to the abundance in acid sites, which could have induced side 

reactions such as 5HMF rehydration.  The optimum 5HMF yield obtained was 90% at 160 

°C and 90 min, compared to 91% achieved with the acid-modified DES at 90 °C and 120 

min.  Furthermore, Li et al. (2016) reported a similar observation when they conducted a 

fructose dehydration in GVL and water as a solvent, and with a solid acid catalyst 

composed of p-TSA and paraformaldehyde (POM).  They obtained an optimum yield of 

78.1% at 130 °C and 30 min, which is less than that achieved with the acid-modified DES 

(Figure 4.5 and Figure 6.5).  The decrease in 5HMF yield and selectivity noticed in Figure 

6.5 as the molar mixing ratio of the acid-modified DES increased is because of the 

promoted side reactions such as polymerisation, condensation, and rehydration that occur 

when the catalyst loading is increased (Li et al., 2016). 

6.4 Conclusions 

An acid-modified DES from Chapter Four was tested for fructose dehydration to 

5HMF.  The composition of the acid-modified DES was adipic acid and ChCl.  The 

influence of the DES composition was examined over the following ranges: reaction 

temperature 80 – 120 °C, time 30 –180 min, feed ratio 2.5 – 20 and molar mixing ratio 

0.5:1 – 2:1, in order to re-evaluate the best reaction conditions.  The best conditions 

achieved with the acid-modified DES were a temperature of 90 °C, a reaction time of 120 

min, a feed ratio of 2.5, agitation speed of 300 rpm and a molar mixing ratio (adipic acid-

to-ChCl) of 1:1, at atmospheric pressure.  The fructose conversion, 5HMF yield and 

selectivity achieved at these conditions were 100%, 90% and 90%, respectively.  It was 
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also found that with acid-modified DES the optimum conditions of reaction temperature, 

time and molar mixing ratio shifted from the 80 °C, 60 min and 1.5:1 obtained for the DES 

used in Chapter Four.  This confirmed that the DES composition greatly influenced the 

best reaction conditions.  Compared to the previous DES system, the acid-modified DES 

fructose dehydration reaction was more stable in terms of 5HMF yield and selectivity, 

even at low feed ratios.  This system, however, required a higher reaction temperature and 

longer reaction time to achieve a higher 5HMF yield, selectivity, and fructose conversion.  

The effect of the DES molar mixing ratio on the 5HMF yield, selectivity and fructose 

conversion showed different trends compared to previous systems.  Increasing the acid 

moles has a negative effect on the dehydration reaction, possibly changing the behaviour 

of the ionic interaction between the HBD and the hydrogen acceptor, and thus affecting the 

dehydration reaction of fructose to 5HMF by activating the side reactions and so 

decreasing the 5HMF yield, selectivity, and fructose conversion.  
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Chapter 7  Kinetics of Fructose Dehydration Reactions in DES  

7.1 Overview 

In this chapter, the chemical kinetics of the fructose dehydration reactions to 5HMF 

reported in Chapters Four, Five and Six for the different DES solvents are determined.  

The DES systems in this chapter are designated as follows: DES (DES1), salt-modified 

DES (DES2) and acid-modified DES (DES3).  The effect of the reaction temperature on 

the reaction rate was fitted with the empirical Arrhenius equation.  The activation energy 

(Ea) and the pre-exponential (or frequency) factor (A) (i.e. a constant that defines the rate 

due to the frequency of collisions in the system) were determined for each DES system.  

The reaction rate here is defined as the change in concentration of the fructose with respect 

to time.  Therefore, to determine the reaction rate investigations were carried out in 

different temperature ranges and at different time intervals.  The fructose dehydration 

reaction has been reported in the literature as a first order reaction for different 

homogeneous and heterogeneous catalysts (Kuster, 1977, Caratzoulas and Vlachos, 2011, 

Lee and Wu, 2012).  However, in this study it was found that using DES1 and DES2 

resulted in first order reactions, while DES3 gave rise to a 1.8 reaction order; the activation 

energies of their reactions can be summarised as DES1≈DES2<DES3. 

7.2 Description of Experimental Work 

The chemical kinetics (reaction rates) were determined for the three DESs as 

follows: for DES1 and DES2, experiments were conducted from 1 to 15 min at 5 min 

intervals and reaction temperatures of 60, 70 and 80 °C at a molar mixing ratio of 1:1, with 

a feed ratio of 5, 300 rpm and atmospheric pressure.  For DES3, the reaction rate 

experiments were carried out from 1 to 20 min at 5 min intervals, temperatures 80, 90 and 

100 °C, with a feed ratio of 2.5 (fructose-to-DES) and the same conditions of agitation 
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speed and pressure as DES1 and DES2.  The experiments were carried out using an open 

batch system.  The required reaction temperature was maintained for the DES mixture 

before adding the substrate fructose to the reaction beaker.  Time zero was taken 

immediately after adding the substrate fructose to the DES system.  At the end of each 

reaction time, the reactor was quenched in an ice bath and thereafter the samples were 

collected and analysed.  This cycle was repeated for each experiment.  The experimental 

procedures carried out in this chapter with regard to the preparation of materials and the 

reaction and analysis routines are the same as those mentioned in Chapter Three.  

Consequently, the effect of agitation on mass transfer and kinetics was not investigated, 

since it is a homogeneous system and also the experiments were performed in an open 

system.  

7.3 Fundamental Theory to Determine the Reaction Rate 

In this study, a single step reaction of fructose to 5HMF was assumed as 

unimolecular. It was also assumed that the sum of a series of elementary steps in the 

reaction system is represented by the overall reaction rate equation. Finally, the steady-

state approximation is assumed, which implies that an intermediate in the dehydration 

reaction is consumed as quickly as it is formed, and its concentration remain the same 

during the reaction from fructose to 5HMF. The reaction rate of fructose dehydration is 

assumed as a function of fructose concentration (C) and time (t) as follows: 

 
𝐝𝐜

𝐝𝐭
=  − 𝐂𝐭

𝐧 𝐤 
(7-1) 

Starting from this hypothesis, the reaction rate for the dehydration of fructose to 

5HMF was examined by approximating the fructose concentration data with (n) order 

equation for the three DES systems.  The order of reaction with respect to fructose 
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concentration is estimated based on the best numerical approximation between the 

experimental fructose concentrations and the ones obtained from Equation (7-2) and 

Equation (7-3) by using table curve 2D, Jundel software; these equations are the 

mathematical integration of the differential Equation (7-1). 

 𝐂𝐭
(𝟏−𝐧) =  𝐂𝟎

(𝟏−𝐧)  
− (𝟏 − 𝐧)𝐤𝐭            (n≠1), k (mol(1-n) L(n-1) s-1) (7-2) 

 

  𝐂𝐭 =  𝐂𝟎 𝐞
−𝐤𝐭                  (n=1), k (s-1) (7-3) 

 

where: Ct is the fructose concentration at time (t) in (mM), C0 the initial fructose 

concentration in (mM), k the rate constant and (t) the time in (s). 

The Arrhenius equation (7-6) was used to estimate the activation energy (Ea) and the 

frequency (or pre-exponential) factor (A), by plotting the ln k (rate constant) values at 

different reaction temperatures versus the inverse of the reaction temperature (1/T) for the 

dehydration reaction of fructose to 5HMF.  Where the slope and the intercept of the plots 

represent the (Ea/R) and ln A in Equation (7-6), respectively.  The Arrhenius equation was 

obtained from (Fogler, 1999), as shown in Equation (7-4). 

𝒌 = 𝑨𝒆−𝑬𝒂/𝑹𝑻           (7-4) 

 

where: A is the frequency factor constant for a reaction system (s-1), Ea the 

activation energy (kJ mol-1), R the gas constant = 8.314 J mol-1 K-1 and T the absolute 

temperature in K. 

By taking the natural log for both sides of Equation (7-4), Equation (7-5) was 

obtained 
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     𝐥𝐧 𝒌 = 𝐥𝐧 𝑨 − (
𝑬𝒂

𝑹𝑻
)           

(7-5) 

 

By rearranging Equation (7-5), Equation (7-6) was obtained: 

    𝐥𝐧 𝒌 = (−
𝑬𝒂

𝑹
) (

𝟏

𝑻
) + 𝐥𝐧 𝑨  

(7-6) 

 

7.4 Kinetics Analysis 

The main aim of kinetic analysis is to determine the reaction order of the fructose 

dehydration reactions and to facilitate in the clarification of reaction mechanisms.  This 

section consists of studies of the fructose dehydration reaction kinetics for the three DES 

systems used.  

7.4.1 Reaction Kinetics of Fructose Dehydration in DES1 

 The experimental and model data of fructose concentration versus time using DES1 

was approximated with Equation (7-3) at the reaction temperatures of 60, 70 and 80 °C to 

obtain the reaction rate constant (k) and the reaction order (n) at each temperature, as 

shown in Figure 7.1.  The results listed in Table 7.1 and Figure 7.1 revealed that the 

reactions at the three temperatures can be described by a first order reaction. 

Table 7.1. Values of k and n at different temperatures for fructose dehydration 

reaction using DES1 

Temperature °C Reaction rate constant (k) s-1 Reaction order (n) 

60 2.83×10-3 1.0 

70 3.83×10-3 1.1 

80 5×10-3 1.1 
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The increasing rate constant (k) with reaction temperature also indicates an 

increasing rate of reaction.  Notably, the temperature dependence of the rate constant can 

be observed, as the rate constant increases as the reaction temperature increases from 60 to 

80 °C at the same initial fructose concentration, pressure, and agitation speed.  This 

explains the increased fructose conversion with increasing reaction temperature observed 

in Chapter Four for DES1.  Also, the results are consistent with the effect of the reaction 

temperature on the 5HMF yields and selectivity presented in section 4.3.3 at 60, 70 and 80 

°C. 
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Figure 7.1. Experimental and numerical approximation data for DES1 at 60 °C (a), 

70 °C (b) and 80 °C (c) fitted with (n) order rate equation 
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experimental temperatures are plotted versus the inverse of temperature (1/T) using 

Equation (7-6), as shown in Figure 7.2. 

 

Figure 7.2. Estimation of activation energy and Arrhenius coefficient (frequency 

factor) for DES1 

 

The activation energy (Ea) and frequency factor (A) are 32.37 kJ.mol-1 and 20×103 s-

1, respectively.  This implies that the minimum energy necessary for the dehydration 

reaction of fructose to occur using DES1 is 32.37 kJ.mol-1.  This is the minimum energy 

required to activate the molecules to initiate a chemical reaction using DES1, while the 

number of collisions occurring during the reaction is 2×104 per second.  

7.4.2 Reaction Kinetics of Fructose Dehydration in DES2 

The (n) values obtained from the results illustrated in Figure 7.3 show clearly the 

first order depiction of the kinetic data obtained for DES2 for 60, 70 and 80 °C, 

respectively. 
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Figure 7.3. Experimental and numerical approximation data for DES2 at 60 °C (a), 

70 °C (b) and 80 °C (c) fitted with (n) order rate equation 

 

The rate constant (k) and reaction order (n) values are presented in Table 7.2.  
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Table 7.2. The k and n values of the fructose dehydration reaction using DES2 at 

different temperatures 

Temperature °C Reaction rate constant (k) s-1 Reaction order (n) 

60 2.83×10-3 1.1 

70 5×10-3 1.0 

80 5.5×10-3 1.0 

 

Again, the rate of reaction increases as the reaction temperature increases.  Notably, 

the rate of reaction at 70 and 80 °C is approximately the same, which is consistent with the 

result reported in section 5.3.3 for DES2 on the effect of the reaction temperature.  While 

DES1 and DES2 differed in their salt component, namely ChCl in DES1 and DEAC in 

DES2, the reaction order (first order) was found to be the same under the same 

experimental conditions, showing that the salt component did not affect the order of the 

reaction.  

Figure 7.4 shows the plot of the rate constant fitted with the Arrhenius equation for 

DES2.  Using Equation (7-6), the activation energy (Ea) of the fructose dehydration 

reaction and its frequency factor (A) were obtained from the slope and the intercept of 

plotting ln k versus 1/T.  The activation energy and frequency factor are 32.63 kJ.mol-1 and 

24×103 s-1, respectively. 
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Figure 7.4. Estimation of activation energy and Arrhenius coefficient (frequency 

factor) for DES2 

 

7.4.3 Reaction Kinetics of Fructose Dehydration in DES3 

Using a similar procedure as above and Equation (7-2), the kinetics of the fructose 

dehydration reactions at 80, 90 and 100 °C using DES3 were studied.  It was found that the 

reaction order was close to 1.8 for the three studied temperatures.  The reaction rate 

constant (k) and reaction order (n) values obtained from the plots in Figure 7.5 using DES3 

at 80, 90, and 100 °C are listed in Table 7.3. 
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In contrast to DES1 and DES2, the reaction order is close to 1.8, as described by (n) 

values, and the rate constant (k) is temperature dependent, where the k values increase as 

the reaction temperature increases, which is consistent with the results presented in Figure 

7.5.  This implies that the kinetic energy of the molecules increases as well as the collision 

frequency, as the temperature increases.  Hence, the dehydration of fructose increases with 

an increase in reaction temperature.  It is also clear from Figure 7.5 that both the 

experimental and numerical approximation data did not fit well at the reaction temperature 

of 80 °C.  This could be attributed to the low temperature used (80 °C) that is less than the 

melting point of the DES3 (85 °C), which led to a highly viscous reaction medium and 

slowed the reaction rate.  The substituting of adipic acid in DES3 with the p-TSA acid in 

DES1 shifted the reaction order close to 1.8.  However, in most of the literature, the 

dehydration of fructose is described by first order reaction kinetics, which differs from the 

1.8 obtained in this study.  This can be attributed to the bifunctional role of the DES, 

unlike the aqueous systems (solvent and acid) commonly reported in the literature.  
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Figure 7.5. Experimental and numerical approximation data for DES3 at 80 °C (a), 

90 °C (b) and 100 °C (c) fitted with (n) order rate equation 
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Using the Arrhenius equation, Figure 7.6 shows the effect of the reaction 

temperature on the kinetics of the dehydration of fructose using DES3.  The activation 

energy and frequency factor (A) are 129.5 kJ.mol-1 and 2.76×1018 s-1, respectively. 

 

Figure 7.6. Estimation of activation energy and Arrhenius coefficient (frequency 

factor) for DES3  

 

The activation energy required for DES3 is higher than the 93 kJ.mol-1 used for 

DES1.  This is the reason for the higher reaction temperature necessary to initiate the 

chemical conversion upon the use of DES3, as reported in Chapter Six. 

7.5 Discussion 

The energy requirement for the dehydration of fructose to 5HMF by the DESs can be 

summarised as follows: DES1≈DES2˂DES3, as shown in Table 7.4, which is consistent 

with Chapters 4, 5 and 6, respectively. 
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Table 7.4. Summary of the activation energy and frequency factor for the three DES 

systems 

DES system Activation energy (kJ.mol-1) Frequency factor (s-1) 

DES1 32.37 20×103 

DES2 32.63 24×103 

DES3 129.5 2.75×1018 

 

The kinetics data approximated with nth order equation show clearly that the 

experimental data points for DES1 and DES2 can be approximated by a first order kinetic 

("n" close to 1, for all the data shown in Figure 7-1 and Figure 7-3), while the reaction 

order is close to 1.8 for DES3.  This means that the reaction pathway may be different 

from one DES to another, with this assumption being well correlated with the activation 

energy, which is similar for DES1 and DES2, while it is higher for DES3 (with a different 

acid component). 

The different reaction pathway with DES3 could be due to an intermediate, which 

may be produced due to a different DES composition used and the higher activation 

energy required to initiate the reaction.  This assumption is in agreement with the results 

reported by Kobayashi et al. (2015) for the reaction of fructose to 5HMF using ChCl/citric 

acid and ethyl acetate as a solvent at 70 – 120 °C and 0 – 240 min reaction time.  They 

found that the reaction went through an intermediate, and that the order for the reaction 

from fructose to the intermediate was first order with an activation energy of 110 kJ.mol-1, 

but later deviated from the first order as the reaction proceeded from intermediate to 

5HMF.  The ChCl/citric acid used in their study is of the same family as the DES3 

(ChCl/adipic acid) used in this study.  Although the acid components of the DES are 

different, the activation energies obtained are in a similar range: 110 vs 129.5 kJ.mol-1.  On 
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the other hand, the reaction orders are different: 1 vs 1.8.  This difference in the order of 

reaction can be attributed to the composition differences in the DES and the additional 

solvent used by Kobayashi and co-workers (2015).  By changing the acid component, the 

activation energy for DES1 was greatly lowered to 32.37 kJ.mol-1 compared to that 

measured for DES3.  Also, with DES1 the order of reaction was close to first order 

compared to being close to 1.8 for DES3. 

The dehydration of fructose to 5HMF by DES2 (DEAC/p-TSA) was found to be 

close to first order reaction kinetics, which is similar to DES1 and consistent with the 

orders commonly reported in the literature (Chen et al., 2014a; Kobayashi et al., 2015; Xu 

et al., 2015a; Song et al., 2016).  Despite the different salt used for DES2, the activation 

energies achieved using DES1 and DES2 were similar at 32.37 and 32.63 kJ.mol-1, 

respectively.  This may be because the same acid was used in both DES1 and DES2, which 

clearly shows that the reaction kinetics are affected by the acid component of the DES, 

which acts as a catalyst for the dehydration reaction.  The activation energies obtained by 

the three DES systems were found to be within the range reported in the literature for other 

systems, where the lowest activation energy was 27.7 kJ.mol-1 (80 – 160 °C), as reported 

by Song et al. (2016), and the highest was 165 kJ.mol-1 (80 – 120 °C), reported by (Wei et 

al., 2011).  In this study, the used DES performed the dual function of catalyst and solvent, 

while those reported in the literature used catalysts in addition to external solvents.  The 

catalyst and external solvents have the potential to modify reaction pathways, which in 

turn influences the activation energies of the dehydration reaction of fructose to 5HMF.  It 

is worth mentioning that no two studies in the literature have reported the same activation 

energies, because of the differences in catalyst and solvent used.  Comparing the results 

obtained from the three DES systems used with the results reported in the literature, it is 



146 

 

clear that these systems have a high capability to efficiently reduce the activation energy 

and increase the fructose conversion rates at milder reaction conditions. 

7.6 Conclusions 

Kinetic studies of the fructose dehydration to 5HMF were carried out using 

formulated novel DESs, which are embedded with catalytic and solvent functions.  The 

kinetics study was carried out at temperatures of 60, 70 and 80 °C for DES1 and DES2, 

and 80, 90 and 100 °C for DES3, at reaction time interval of 5 min from 0 – 20 min.  It 

was found that DES1 and DES2 were close to first order reaction kinetics, while DES3 

was close to a 1.8 order reaction pathway.  The achieved activation energies obtained can 

be summarised in the following order: DES1 (32.37 kJ.mol-1)≈DES2 (32.63 kJ.mol-

1)<DES3 (129.5 kJ.mol-1).  The energy requirement also followed the same order.  This 

explains why the optimum reaction temperature for DES3 was higher than for DES1 and 

DES2, which shows that the composition of the DES greatly influences the activation 

energy.   
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Chapter 8  Comparison of the Studied DES Systems  

8.1 Overview  

Different DES formulations were prepared and tested, as described in Chapters Four, 

Five and Six.  The compositions of the formulated DES are thus: ChCl and p-TSA (DES), 

DEAC and p-TSA (salt-modified DES) and ChCl and adipic acid (acid-modified DES).  

For the purpose of this chapter, the following nomenclatures will be used: DES1 (DES 

used in Chapter Four), DES2 (salt-modified DES used in Chapter Five) and DES3 (acid-

modified DES used in Chapter Six).  In Chapters Four, Five and Six, it was found that the 

composition of the DES influenced the optimum 5HMF yields and selectivity, as well as 

the experimental conditions.  In this chapter, a detailed comparison between the three DES 

systems is presented and discussed. 

8.2 The DES Systems Used 

The increasing concerns about the non-green nature of organic synthesis processes 

and their environmental side effects have been discussed, with the aim of identifying the 

green chemistry constituents needed to create a green production process (Khandelwal et 

al., 2016).  In general, green solvents should be low cost, easy to prepare, non-volatile, 

environmentally friendly, have thermal and chemical stability, be non-toxic and readily 

available (Liu et al., 2014).  The selection of a green reaction medium remains the main 

challenge.  The non-green reaction media such as aqueous systems (mineral acids and 

water) and organic solvents used in the dehydration of sugars to 5HMF still pose a 

problem in developing these systems. 

In relation to this, the unique advantages of DES solvents such as their 

environmental compatibility, ease of preparation, low cost and the fact that they are 

renewable resources, have led to great interest in studying these solvents in organic 
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synthesis (Smith et al., 2014).  Generally, the DES systems are characterised by their 

freezing points, which depend on the DES molar mixing ratios (Craveiro et al., 2016) and 

the nature of the two components.  Despite the widespread use of DES solvents in many 

applications, the lack of studies on their properties and their effect on their applications 

remain weak points in the literature (Siongco et al., 2013). 

In this chapter, the three different novel DES systems which are referred to as DES1, 

DES2 and DES3, which were used as reaction media for the dehydration of fructose to 

5HMF, will be evaluated in terms of the fructose conversion, 5HMF yield and selectivity, 

and operating conditions.  The properties and compositions of the formulated DES are 

summarised in Table 8.1.  The chemical and molecular formulas of the acids and salts 

used, as well as their molecular weights, are presented in Table 8.2 (the data are adopted 

from the supplier’s Material Safety Data Sheet (MSDS)). 
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Table 8.1. Properties of the studied DES systems 

System DES composition DES molar 

mixing ratio 

(acid-to-salt) 

Melting point (°C) DES 

freezing/melting 

point (°C) 

DES 

viscosity 

(Pa. s) 

DES 

density 

(g/cm3) 

Reference 

Salt Acid Salt Acid 

DES1 ChCl p-TSA (1:1) 302 103.5 2.7 0.183 1.207 (Zhao et al., 2015) 

DES2 DEAC p-TSA (1:3) 133-

136 

103.5 38-45 - - (Hayyan et al., 2013) 

DES3 ChCl Adipic 

acid 

(1:1) 302 153 85 - - (Abbott et al., 2004) 

 

Table 8.2. The molecular formulas and molecular mass of the studied DESs’ components 

Acid BP (°C) Molecular formula Molar mass 

(g/mol) 

Salt Molecular formula Molar mass 

(g/mol) 

p-toluensulfonic 

acid 

140 

 

172.2 Choline chloride 

 

139.62 

Adipic acid 337.5 

 

146.14 N,N- 

diethylethanolammonium 

chloride 
 

153.65 
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8.3 DES Formulations 

The three DES systems used for the dehydration of fructose showed different 

reaction behaviours.  In the formulation of these DESs, different characteristics were 

exhibited.  During the preparation of DES1, for example, it was observed that it readily 

and completely mixed together and converted into a liquid form at room temperature 

within 60 min and without agitation.  On the other hand, DES2 took a longer time (over 

150 min) to partially mix at room temperature, while DES3 did not mix at all at room 

temperature, even when left overnight.  This clearly shows that the nature of the DES 

materials and their mixing ratios are important factors in DES preparation, which could 

lead to different freezing points, as shown in Table 8.1. 

During the heating and mixing of the DES mixtures, it was observed that DES1 was 

completely converted to liquid when heated at 80 °C and 300 rpm for 20 min.  DES2 was 

converted to liquid after 35 min at the same heating temperature and agitation speed.  

DES3 showed a completely different behaviour in that it required a higher temperature (90 

°C) and longer time (60 min) to mix. 

The best experimental conditions achieved with the different DES formulations are 

presented in Table 8.3.  Figure 8.1 displays the fructose conversions, 5HMF yields and 

selectivity at the achieved optimum conditions presented in Table 8.3.  It is clear from 

Table 8.3 that the acid-modified DES (DES3) required a higher reaction temperature and 

longer reaction time to achieve a higher 5HMF yield and selectivity compared to DES1 

and DES2. .  The 90 °C and 120 min required for DES3 against 80 °C and 60 min needed 

by DES1 can be attributed to the high melting point of DES3.  Consequently, using DES3 

resulted in 100% fructose conversion compared to approximately 84.5% obtained with 

DES1.  This represents 15.5% higher conversion with DES3; as a consequence, the 5HMF 
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yield and selectivity upon the use of DES3 are also higher than DES2, despite the higher 

yield achieved by DES3, the selectivity of DES1 is slightly higher than DES3.  This shows 

that DES3 outperformed DES1 and DES2, however, DES3 requires 10 °C higher reaction 

temperature than DES 1 and DES2.  This temperature could have promoted some side 

reactions that suppressed the 5HMF yield, despite the 100% conversion achieved (Figure 

8.1).  The side reactions could have been activated also by longer time required by DES3 

(Table 8.3). 

Table 8.3. The highest 5HMF yields obtained from the three studied DES systems 

and their reaction conditions 

DES 

system 

Temp. 

(°C) 

Time 

(min) 

DES mix. Ratio 

(salt-to-acid) 

Feed 

mass 

ratio 

Fructose 

conversion 

mol% 

5HMF 

yield 

mol% 

5HMF 

selectivity 

mol% 

DES1 80 60 1.5:1 5 84.5 78.3 92.6 

DES2 80 60 0.5:1 5 88.6 84.8 88.6 

DES3 90 120 1:1 2.5 100 90.8 90.8 
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Figure 8.1. The highest 5HMF yields and their conversion and selectivity obtained 

from the studied DES systems 

 

Comparing DES1 and DES2, an additional 4.1% fructose conversion was achieved 

using DES2 at the same reaction temperature and time (Table 8.3 and Figure 8.1).  Despite 

the higher fructose conversion observed by using DES2, the 5HMF yield is 6.5% more 

than the 78.3% obtained for using DES1, in contrast  the selectivity of DES1 is 4% higher 

than that achieved with DES2 (Table 8.3).  This implies that for DES1, a high fructose 

conversion does not lead to a higher 5HMF yield.  This could be due to the activation of 

side reactions by DES1 compared to DES2 in spite of the reaction temperature and feed 

ratio been the same.  However, with DES2 a lower molar mixing ratio (acid-to-salt) was 

used compared to DES1.  Overall, with DES3 100% fructose conversion can be achieved 

compared to DES1 and DES2.  The higher temperature and longer time may have 

contributed to achieving this complete fructose conversion (Table 8.3).  Conversely, the 

higher conversion achieved with DES2 compared to DES1 could be attributed to the role 

played by the different salts used, which may have influenced the interaction and promoted 
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the donation of proton necessary to enhance the dehydration reaction.  The molar mixing 

ratios within the DES can also influence the extent of this interaction (Table 8.3). 

8.4 Conversion, Yield, and Selectivity 

In the following subsections, the formulated DES1, DES2 and DES3 are evaluated 

based on the effect of feed ratio, reaction time, reaction temperature and molar mixing 

ratio, respectively, on the fructose conversion, 5HMF yield and selectivity achieved. 

8.4.1 Feed Ratio 

The influence of feed ratio (fructose-to-DES) on fructose conversion (a), 5HMF 

yield (b) and 5HMF selectivity (c) upon the use of DES1, DES2 and DES3 are presented 

in Figure 8.2a – c.  In terms of conversion (Figure 8.2a), it is clear that at lower feed ratio 

in the range of 2.5 to 10, the fructose conversion follows the order DES3 > DES2 > DES1, 

with DES3 achieving a significant conversion of 100% at a feed ratio of 2.5.  At a feed 

ratio of 20 the order changes to DES3 > DES1 > DES2, and for a feed ratio range of 30 to 

100 the fructose conversion achieved by DES1 and DES2 are approximately the same.  

However, with DES1 the conversion increases with the feed ratio from 2.5 to 30, and 

thereafter remains constant, while for DES2 the fructose conversion is independent of the 

feed ratio in the range of 5 to 100.  Notably, DES1 and DES2 have the same acid 

component (p-TSA) and different organic salt components (DES1 – ChCl, DES2 – 

DEAC); however, the difference in compositions showed little or no effect on the fructose 

conversion as the feed ratio increased from 20 to 100.  
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Figure 8.2. The effect of feed ratio (fructose-to-DES) on fructose conversion (a), 

5HMF yield (b) and selectivity (c)  
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At a feed ratio of 2.5, DES1 and DES2 gave similar 5HMF yields of approximately 

71%, which is approximately 20% less than that achieved with the use of DES3 (Figure 

8.2b).  DES3 showed high 5HMF yields compared to DES1 and DES2 for the feed ratio 

range of 2.5 to 20.  This is consistent with the fructose conversion presented in Figure 8.3a 

and is attributed to the higher reaction temperature and longer time necessary to achieve 

the optimum 5HMF yield compared to DES1 and DES2.  On the other hand, DES1 and 

DES2 showed a similar trend, decreasing with increasing feed ratio.  However, the 5HMF 

yield for DES1 was slightly higher than that of DES2 as the feed ratio increased from 10 to 

90 except 2.5-10.  Convincingly, DES1 outperformed DES2 for the range of feed ratio 

studied in terms of the 5HMF yields.  Despite the similarity in the optimum conditions 

between DES1 and DES2, some slight differences can be noticed (Figure 8.2a – c), which 

could be due to the different salts used for the two DES systems. 

The effect of the DES composition on the 5HMF selectivity as a function of the feed 

ratio is shown in Figure 8.2c.  Comparing Figure 8.2b and 8.2c, it is clear that the 5HMF 

selectivity follows a similar trend to the yield.  However, at a feed ratio of 2.5 DES3 

showed a higher selectivity than DES1 and DES2 (DES2 > DES1), whereas their yields 

were similar at the same feed ratio (Figure 8.2b and 8.2c).  This difference can be 

attributed to the roles of the p-TSA and adipic acids used, since they both have the same 

organic salt (ChCl).  While p-TSA is known to be a strong Brønsted acid, adipic acid is 

considered a weak dicarboxylic acid.  This could influence the molecular level interaction 

during the dehydration reaction, and especially the protonation of the hydroxyl group in 

the fructose ring.  This clearly shows that the composition of the DES is a key factor for 

the selection of the optimum conditions of the dehydration reaction of fructose to 5HMF. 
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8.4.2 Reaction Time 

The different DES systems are evaluated here as a function of the reaction time.  

Figure 8.3a – c shows the performance of DES1, DES2 and DES3 for the range of reaction 

times investigated.  Regarding the conversion of fructose, DES1 is slightly higher than 

DES2 for the reaction time range of 10 to 90 min.  Notably, for the longer reaction time of 

100 – 110 min, DES2 slightly outperformed DES1.  It is not clear what is responsible for 

this; however, it is well known that a longer reaction time would result in a higher 

conversion.  On the other hand, at reaction times of 30, 60, 90 and 120 min, DES3 showed 

a higher fructose conversion compared to DES1 and DES2.  Since all the other factors are 

the same, the only factor that could contribute to this performance is the higher reaction 

temperature of 90 °C used for DES3, compared to 80 °C used in DES1 and DES2. 
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Figure 8.3. The effect of reaction time on fructose conversion (a), 5HMF yield (b) and 

5HMF selectivity (c) 
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It is believed that higher conversion would correspond to higher yield.  Despite 

DES1 having slightly higher conversion than DES2 for the time range 10 – 50 min, the 

corresponding 5HMF yield, however, revealed that DES2 achieved slightly higher yields 

than DES1 for the same time range (Figure 8.3a and 8.3b).  This implies that within this 

time range, more side reactions which inhibit the reaction that leads to the formation of 

5HMF have taken place with DES1 than DES2.  This can be attributed to the difference in 

the interactions resulting from a change in the salt from ChCl salt in DES1 to DEAC 

organic salt in DES2.  Beyond the 50 min reaction time, fluctuation can be noticed in the 

yield between DES1 and DES2.  Similarly, DES3 showed a higher fructose conversion at 

reaction times of 30, 60 and 90 min, but the corresponding 5HMF yields obtained were 

low except at 90 min, where higher conversion gave higher yield.  Therefore, DES3 

performs better at the longer reaction time, which is expected because of its high melting 

point.  

In terms of selectivity (Figure 8.3c), it can be observed that DES2 showed higher 

5HMF selectivity than DES1 in the reaction time range of 10 to 90 min, except for 60 min 

(DES1 > DES2).  Since both DESs have the same acid component (p-TSA), it follows that 

the presence of DEAC in DES2 compared to ChCl used in DES1 could have promoted the 

reaction route, leading to the production of 5HMF.  This reaffirmed the 5HMF yields 

observed in Figure 8.3b for DES2 against DES1, and validates the notion of side reaction 

occurrence, which has been reported in the literature.  At lower reaction times of 30 and 60 

min, DES3 showed low 5HMF selectivity compared to DES1, while at higher reaction 

times such as 90 min and above its selectivity increased significantly.  This could be 

attributed to the differences in the properties of the acids used in DES1 (p-TSA) and DES3 

(adipic), and their interaction with the ChCl salt. 
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8.4.3 Reaction Temperature 

The effect of reaction temperature and DES composition on fructose conversion, 

5HMF yield and selectivity is presented in Figure 8.4a – c.  As expected, fructose 

conversion increases with reaction temperature for the three DES systems.  The increasing 

thermal energy increases the rate of reaction.  A similar fructose conversion can be noticed 

for the three DES systems at the optimum reaction temperature achieved for DES1 and 

DES2.  Despite a fructose conversion of around 90% obtained at 80 °C for the three DES 

systems (Figure 8.4b), the 5HMF yields are in the order DES1 > DES2 > DES3 at the 

same temperature.  This difference can be attributed to the composition of the DES 

systems.  Since DES1 and DES2 have the same acid (p-TSA) but different salt (DES1 – 

ChCl, DES2 – DEAC), this means that the ChCl in DES1 could have promoted the 

pathway that leads to the production of 5HMF while suppressing other side reactions, 

compared to DES2 at reaction temperature 80 °C.  This can be confirmed from the results 

for other reaction temperatures except 100 °C, where DES1 and DES2 showed 

approximately the same 5HMF yield of 51%. 
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Figure 8.4. The effect of reaction temperature on fructose conversion (a), 5HMF yield 

(b) and 5HMF selectivity (c) 
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At the same time, when comparing DES1 and DES3 at 80 °C, while both DES 

systems gave the same conversion, the 5HMF yield was higher for DES1 due to the 

presence of p-TSA acid compared to DES3, which contains adipic acid.  The reason for the 

lower 5HMF yield for DES2 and DES3 is because of the side reactions occurring.  These 

observations were reinforced in the 5HMF selectivity for the three DES systems presented 

in Figure 8.4c.  At this point it should be noted that no fructose conversion, 5HMF yield or 

selectivity was recorded for DES3 for reaction temperatures below 80 °C.  The high 

melting point of DES3 and its weak dicarboxylic acid content require a high temperature 

to enhance the kinetic energy of the molecules to initiate reaction.  Hence, DES3 showed a 

higher performance at reaction temperatures greater than 80 °C compared to DES1 and 

DES2.  Moreover, the three DES systems showed decreasing 5HMF yield and selectivity 

from a reaction temperature of 90 °C and above (Figures 8.4b and 8.4c).  This is because 

of the increasing effect of side reactions with increasing reaction temperature.  

8.4.4 DES Mixing Ratio 

Figure 8.5a – c shows the fructose conversion, 5HMF yield and selection, 

respectively, as a function of the DES composition and DES molar mixing ratio.  It is clear 

that DES2 gave a fructose conversion of approximately 1.5% higher than that obtained for 

DES1 for the molar mixing ratio of 0.5:1 to 2:1 (Figure 8.5a).  Despite the difference in the 

composition of DES1 and DES2, it can be observed that the molar mixing ratio (acid-to-

salt), in contrast to the reaction time, temperature, and feed ratio, does not have a great 

influence on the fructose conversion.  With DES3, a slightly higher conversion can be 

noticed from mixing ratio 0.5:1 to 1.5:1, but at mixing ratio 2:1 the conversion level drops.  

This observation has been previously explained in Chapters Four and Five, and section 

8.4.3.  
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In the mixing ratio studied, the 5HMF yield for DES2 decreases while that for DES1 

increases from 0.5:1 to 1.5:1, before decreasing at 2:1.  For the DES1 system, the 5HMF 

yield increased by 25.3% from 53 to 78.3% as the acid ratio increased from 0.5:1 to 1.5:1, 

after which the yield decreased by approximately 49% when the acid ratio increased to 2:1.  

For DES2 a near 61% decrease in 5HMF yield was observed from a molar mixing ratio of 

0.5:1 to 2:1.  This implies that for DES2, the decreasing amount of salt component 

(DEAC) significantly decreases the activity and performance, while for DES1 the opposite 

can be observed for ChCl, except at 2:1 (molar mixing ratio).  A similar trend can be seen 

for the 5HMF selectivity presented in Figure 8.5c.  In a similar way, the selectivity 

increased by 32% as the acid ratio increased from 0.5:1 to 1.5:1 and decreased by 

approximately 59% when the molar mixing ratio was further increased to 2:1 for DES1.  

On the other hand, DES2 experienced a progressive decrease in 5HMF selectivity from 85 

to 21% for the same mixing ratio.  This could be attributed to the different ionic interaction 

between the salt and the acid used in DES1 and DES2 over different mixing ratios.  

Conversely, when the DES3 was used as a reaction medium, the dehydration reaction 

behaved differently in terms of the 5HMF yield and selectivity.  These observations clearly 

show that the composition of the DES and the molar mixing ratios are important 

parameters in the dehydration reaction of fructose to 5HMF. 
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Figure 8.5. The effect of DES molar mixing ratio on fructose conversion (a), 5HMF 

yield (b) and 5HMF selectivity (c) 
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8.5 Conclusions 

The three DES systems reported in Chapters Four, Five and Six were compared with 

the aim of understanding the effect of the different salt and acid components of each DES.  

The effect of DES composition was significant for the fructose conversion in the feed ratio 

of 2.5 – 10, but beyond this feed ratio the conversion was almost the same irrespective of 

the composition.  However, the 5HMF yield and selectivity both decrease as the feed ratio 

(fructose-to-DES) increases from 2.5 to 100 for the three DES systems. 

At 80 °C, the 5HMF yield for the three DES systems can be summarised as DES1 > 

DES2 > DES3.  It was therefore found that the ChCl in DES1 promoted the yield of 5HMF 

compared to the DEAC salt used in the DES2 formulation.  The p-TSA acid in DES1 

contributed more in the 5HMF yield than the adipic acid used in the DES3 formulation at 

80 °C.  It was also found that the use of adipic acid in the formulation of DES3 required a 

higher reaction temperature, with the minimum being 80 °C to initiate the dehydration 

reaction of fructose to 5HMF, compared to DES1 and DES2.  This is because of the higher 

melting point and weak adipic acid of DES3.   
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Chapter 9  Conclusions and Future Work 

9.1 Overview 

In this study, three novel Deep Eutectic Solvents (DESs) were formulated with a 

dual functionality as catalyst and solvent using p-TSA acid, ChCl salt, adipic acid, and 

DEAC salt.  These DESs, namely DES1 (p-TSA and ChCl), DES2 or salt-modified DES 

(p-TSA and DEAC) and DES3 or acid-modified DES (adipic acid and ChCl), which have 

environmental and economic benefits as raw materials since their preparations are readily 

available and cheap, were tested in terms of the fructose dehydration reaction to 5HMF.  

The effect of the following ranges of experimental conditions were evaluated: temperature 

50– 120 °C, time 5 – 180 min, feed mass ratio 2.5 – 100 (fructose-to-DES) and DES molar 

mixing ratio 0.5:1 – 2:1 (acid-to-salt) at an agitation speed of 300 rpm and atmospheric 

pressure.  The performance of each DES was evaluated in terms of the 5HMF yields, 

selectivity, and fructose conversion as a function of the above-mentioned ranges of 

conditions.  The reactions were carried out in an open batch reactor system using a 

magnetic stirrer and an oil bath as a heat transfer system.  The effect of the DES 

composition on the optimum yield of 5HMF, selectivity and fructose conversion was 

examined.  The chemical reaction kinetics of the fructose dehydration reaction to 5HMF 

using DESs as reaction media and catalyst were also studied and reported.   

The DESs were produced from materials which are readily available and cheap, thus 

providing environmental and economic benefits.  They were easy to prepare and had no 

contamination effect because they are not reactive.  They performed a dual function by 

eliminating the need for a co-solvent, unlike expensive ionic liquids.  No external catalyst 

was needed as the acid in the DESs served as both hydrogen bond donors (HBDs) and 

catalyst for the dehydration reaction of fructose.  There was no need to add water, as the 
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DESs could dissolve fructose and led to high conversions.  It was found that the use of 

DESs eliminated the rehydration effect experienced with aqueous systems, which greatly 

impeded 5HMF yields.  The process achieved high 5HMF yields at mild conditions of 

temperature (80 and 90 °C) and pressure (1 atm) when compared to heterogeneous systems 

where severe conditions are required to achieve a similar yield. 

9.2 DES1 Composed of ChCl and p-TSA 

The effects of the feed ratio, reaction time, reaction temperature and DES mixing 

ratio were studied using DES1.  It was found that the best conditions were temperature 80 

°C, reaction time 60 min, feed ratio (fructose-to-DES) 5 and molar mixing ratio 1.5:1.  The 

optimum 5HMF yield achieved at the best conditions was approximately 78.3%, with 

selectivity of 92.6% and fructose conversion 84.5%.  Note that the optimum conditions are 

those that led to the highest 5HMF yield within the range of experimental conditions 

investigated, as increasing the productivity of 5HMF will benefit the economics of the 

process.  Notably, the 5HMF yield and selectivity decreased when the initial fructose ratio 

was increased.  However, it was observed that the dehydration reaction was much more 

reproducible in terms of the 5HMF yield and selectivity at a feed ratio of 5.  The 5HMF 

yield and selectivity fluctuated within the reaction time studied, while the fructose 

conversion was almost constant (~90%) for the reaction time ranging from 10 to 120 min 

at 80 °C, feed ratio 5, and molar mixing ratio 1:1. 

The effect of the reaction temperature showed that fructose conversion increases as 

temperature increases.  The effect of the DES molar mixing ratio showed that the 5HMF 

yield and selectivity increased as the molar mixing ratio of the acid increased from 0.5 to 

1.5, after which both the yield and selectivity sharply decreased.  The fructose conversion, 
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however, was not greatly affected by increasing the DES molar mixing ratio as it remained 

constant at an average of 90%. 

9.3 DES2 Composed of DEAC and p-TSA 

DES2 (salt-modified DES) was prepared with DEAC and p-TSA.  Similar to DES1, 

the effect of the four factors on the dehydration reaction was studied.  It was found that the 

best conditions were temperature 80 °C, reaction time 60 min, feed ratio (fructose-to-DES) 

5 and molar mixing ratio 0.5:1.  The corresponding optimum 5HMF yield achieved at the 

best conditions was 84.8%, with selectivity of 88.6% and fructose conversion 88.6%.  The 

effect of the feed ratio on the 5HMF yield and selectivity showed a similar trend to the one 

observed with DES1.  However, the optimum feed ratio and molar mixing ratio for DES1 

were different to DES2.  The conversion of fructose was steady, as high as 98%, and was 

not influenced by increasing the feed ratio.  The effect of the reaction temperature showed 

that fructose conversion increased as the temperature increased.  Conversely, the 5HMF 

yield and selectivity decreased with increasing temperature. 

In this system, the influence of changing the organic salt on the dehydration reaction 

was investigated.  It was found that an increase in the yield of 5HMF of approximately 

6.5% was observed with DES2 compared to DES1, while, the selectivity of DES1 was 

slightly higher than that of DES2, the fructose conversion with DES2 was approximately 

4% more than DES1.  This is as expected that the high conversion achieved with DES2 

would give a higher yield of 5HMF compared with that achieved with DES1 at a lower 

conversion.  This shows that the substituted salt (DEAC) in DES2 would have greatly 

influenced the reaction path, leading to the formation of 5HMF.  The 5HMF yield and 

selectivity fluctuated less with increasing reaction time compared with the previous 

system.  Both the 5HMF yield and selectivity decreased with the increasing molar mixing 



168 

 

ratio of DES2.  The conversion of fructose was not influenced by changing the molar 

mixing ratio. 

9.4 DES3 Composed of ChCl and Adipic Acid 

DES3 (acid-modified DES) was formulated with ChCl and adipic acid.  In this 

system, the influence of changing the HBD on the dehydration of fructose to 5HMF was 

investigated.  It was found that with DES3, the dehydration of fructose to 5HMF required a 

higher reaction temperature and a longer reaction time compared to DES1.  The best 

reaction conditions were found to be: temperature 90 °C, reaction time 120 min, feed ratio 

2.5 (fructose-to-DES) and molar mixing ratio 1:1.  The optimum 5HMF yield achieved at 

the best conditions was approximately 91%, with selectivity of 91% and fructose 

conversion of 100%.  Despite, the use of similar salt (ChCl) in DES3 and DES1 the 

optimum molar mixing ratios were different (1:1) and (1.5:1) respectively, and the 

optimum 5HMF yields of DES3 was 6% higher than obtained when DES1 was used.  The 

fructose conversion being 15.5% higher with DES3 relative to DES1.  This major 

difference in fructose conversion can be attributed to the long reaction time and higher 

reaction temperature needed by the DES3 system due to the higher melting point of the 

formulated DES3, which results from the use of the weak adipic acid. 

With DES3, an increase in reaction time beyond 150 min resulted in a decrease in 

5HMF yield and selectivity, while the fructose conversion remained constant (100%) for 

reaction times above 150 min.  It was also found that the dehydration of fructose to 5HMF 

using DES3 could only be initiated at temperature equal to or greater than 80 °C, 

compared to 50 °C for DES1.  Hence, with DES3 there will be higher operating costs 

compared to DES1 to achieve the same 5HMF yield.  The effect of the reaction time on the 

dehydration reaction using DES3 showed that both the 5HMF yield and selectivity 
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increased as the reaction time was increased from 30 to 120 min, after which time both 

decreased. 

9.5 Kinetics of Fructose Dehydration Reactions in DES Systems 

The kinetics of the fructose conversion to 5HMF using the formulated novel DESs 

with dual function capabilities (catalyst and solvent roles) were explored.  It was found 

that the reaction order was highly influenced by the composition of the DESs.  The 

dehydration reaction with DES1 was close to the first order.  The values of the activation 

energy and the exponential factor for DES1 were 32.37 kJ mol-1 and 20×103 s-1, 

respectively.  The rate constant values at the examined temperatures were 2.83×10-3 s-1 (60 

°C), 3.83×10-3 s-1 (70 °C) and 5×10-3 s-1 (80 °C), respectively.  Similarly, for DES2 the 

experimental data were close to the first order, while the activation energy and exponential 

factor values of the reaction were 32.63 kJ mol-1 and 24×104 s-1, respectively.  It was 

observed that the reaction rate constant slightly increased as the temperatures increased, 

thus 2.83×10-3 s-1 (60 °C), 5×10-3 s-1 (70 °C) and 5.5×10-3 s-1 (80 °C).  A similar 

observation was recorded with DES3, where the rate constant increased from 2.83×10-3 to 

13.3×10-3 and 30×10-3 mol-0.8 L0.8 s-1, as the reaction temperature was increased from 80 to 

90 and 100 °C, respectively.  However, a reaction order close to 1.8 was found to describe 

the kinetics data obtained.  The activation energy and exponential factor values using 

DES3 for the dehydration reaction were 129.5 kJ mol-1 and 2.76 × 1018 s-1.  These results 

revealed that the three DES systems promoted dehydration of fructose to 5HMF in an 

efficient and cost-effective manner, with a lower environmental footprint compared to 

systems using catalyst and solvent. 
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9.6 Future Work 

Throughout this research, different areas regarding the use of DESs in the 

dehydration of fructose to 5HMF were found to be domains for further investigation or 

future work: 

• The purification or the separation of 5HMF as a final product from the reaction 

mixture still needs further investigation in order to make the process more efficient. 

• The study of the reusability of the DESs, as the high water solubility of both 5HMF 

and DESs poses a challenge in recovering the DESs.  DES recovery would require 

a solvent extraction using an organic solvent to remove the 5HMF from the 

aqueous phase into the organic phase, a process which could not be done in this 

work due to the limitations of the analytical system used. 

• The need to establish a continuous extraction of 5HMF during the process to 

eliminate the rehydration of 5HMF caused by the water produced from the reaction 

as a by-product. 

• The need to establish a robust analytical technique to identify and quantify the 

possible by-products produced from the dehydration reactions, in order to better 

understand the fructose dehydration reaction behaviours with changing process 

parameters.  



171 

 

List of Author’s Publications 

Journal Publications 

[1] Assanosi, A.A., Farah, M. M., Wood, J. and Al-Duri, B. (2014) 'A facile acidic 

choline chloride–p-TSA DES-catalysed dehydration of fructose to 5-

Hydroxymethylfurfural'. RSC Advances, 4(74), pp. 39359-39364. 

DOI:10.1039/C4RA07065H. 

[2] Assanosi, A., Farah, M. M., Wood, J. and Al-Duri, B. (2016) 'Fructose 

dehydration to 5HMF in a green self-catalysed DES composed of N, N-

diethylethanolammonium chloride and p-toluenesulfonic acid monohydrate (p-

TSA)'. Comptes Rendus Chimie, 19(4), pp. 450-456. 

DOI:10.1016/j.crci.2015.11.004. 

[3] Assanosi, A., Wood, J. and Al-Duri, B. (2017) 'Dehydration of Fructose to 5- 

Hydroxymethylfurfural Applying a Novel Green Self-Catalysed Deep Eutectic 

Solvent'. (intended for publication). 

 

Conference Paper 

[1] Assanosi, A., Farah, M. M., Wood, J. and Al-Duri, B. (2015) 'Fructose 

dehydration to 5HMF in a green self-catalysed DES composed of N, N-

diethylethanolammonium chloride and p-toluenesulfonic acid monohydrate (p-

TSA)'. Proceeding of the 6th International Renewable Energy Congress, March 24 

– 26th 2015, Sousse, Tunisia. Awarded the "Best Paper Award".  



172 

 

References  

Abbott, A. P., Ahmed, E. I., Harris, R. C. and Ryder, K. S. (2014) 'Evaluating water 

miscible deep eutectic solvents (DESs) and ionic liquids as potential lubricants', 

Green Chemistry, 16(9), pp. 4156-4161. 

Abbott, A. P., Boothby, D., Capper, G., Davies, D. L. and Rasheed, R. K. (2004) 'Deep 

eutectic solvents formed between choline chloride and carboxylic acids:  versatile 

alternatives to ionic liquids', Journal of the American Chemical Society, 126(29), 

pp. 9142-9147. 

Abbott, A. P., Capper, G., Davies, D. L., Rasheed, R. K. and Tambyrajah, V. (2003) 

'Novel solvent properties of choline chloride/urea mixtures', Chemical 

Communications, (1), pp. 70-71. 

Abbott, A. P., Harris, R. C. and Ryder, K. S. (2007) 'Application of hole theory to define 

ionic liquids by their transport properties', Journal of Physical Chemistry B, 

111(18), pp. 4910-4913. 

Abbott, A. P., Harris, R. C., Ryder, K. S., D'Agostino, C., Gladden, L. F. and Mantle, M. 

D. (2011) 'Glycerol eutectics as sustainable solvent systems', Green Chemistry, 

13(1), pp. 82-90. 

Abbott, A. R., Capper, G. and Gray, S. (2006) 'Design of improved deep eutectic solvents 

using hole theory', Chemphyschem, 7(4), pp. 803-806. 

Abdulmalik, O., Safo, M. K., Chen, Q. K., Yang, J. S., Brugnara, C., Ohene-Frempong, K., 

Abraham, D. J. and Asakura, T. (2005) '5-hydroxymethyl-2-furfural modifies 

intracellular sickle haemoglobin and inhibits sickling of red blood cells', British 

Journal of Haematology, 128(4), pp. 552-561. 

Abo-Hamad, A., Hayyan, M., AlSaadi, M. A. and Hashim, M. A. (2015) 'Potential 

applications of deep eutectic solvents in nanotechnology', Chemical Engineering 

Journal, 273, pp. 551-567. 

Agirrezabal-Telleria, I., Gandarias, I. and Arias, P. (2014) 'Heterogeneous acid-catalysts 

for the production of furan-derived compounds (furfural and 

hydroxymethylfurfural) from renewable carbohydrates: a review', Catalysis Today, 

234, pp. 42-58. 

Aida, T. M., Tajima, K., Watanabe, M., Saito, Y., Kuroda, K., Nonaka, T., Hattori, H., 

Smith, R. L., Jr. and Arai, K. (2007) 'Reactions of D-fructose in water at 

temperatures up to 400 degrees C and pressures up to 100 MPa', Journal of 

Supercritical Fluids, 42(1), pp. 110-119. 

Amarasekara, A. S., Williams, L. D. and Ebede, C. C. (2008) 'Mechanism of the 

dehydration of D-fructose to 5-hydroxymethylfurfural in dimethyl sulfoxide at 150 

degrees C: an NMR study', Carbohydrate Research, 343(18), pp. 3021-3024. 

Amiri, H., Karimi, K. and Roodpeyma, S. (2010) 'Production of furans from rice straw by 

single-phase and biphasic systems', Carbohydrate research, 345(15), pp. 2133-

2138. 

Antal, M. J., Mok, W. S. L. and Richards, G. N. (1990) 'Mechanism of formation of 5-

(hydroxymethyl)-2-furaldehyde from d-fructose and sucrose', Carbohydrate 

Research, 199(1), pp. 91-109. 

Asghari, F. S. and Yoshida, H. (2007) 'Kinetics of the decomposition of fructose catalyzed 

by hydrochloric acid in subcritical water: Formation of 5-hydroxymethylfurfural, 

levulinic, and formic acids', Industrial & Engineering Chemistry Research, 46(23), 

pp. 7703-7710. 



173 

 

Assanosi, A., Farah, M. M., Wood, J. and Al-Duri, B. (2016) 'Fructose dehydration to 

5HMF in a green self-catalysed DES composed of N, N-diethylethanolammonium 

chloride and p-toluenesulfonic acid monohydrate (p-TSA)', Comptes Rendus 

Chimie, 19(4), pp. 450-456. 

Assanosi, A. A., Farah, M. M., Wood, J. and Al-Duri, B. (2014) 'A facile acidic choline 

chloride-p-TSA DES-catalysed dehydration of fructose to 5-

hydroxymethylfurfural', RSC Advances, 4(74), pp. 39359-39364. 

Azizi, N., Khajeh, M. and Alipour, M. (2014) 'Rapid and Selective Oxidation of Alcohols 

in Deep Eutectic Solvent', Industrial & Engineering Chemistry Research, 53(40), 

pp. 15561-15565. 

Banowetz, G. M., Boateng, A., Steiner, J. J., Griffith, S. M., Sethi, V. and El-Nashaar, H. 

(2008) 'Assessment of straw biomass feedstock resources in the Pacific Northwest', 

Biomass & Bioenergy, 32(7), pp. 629-634. 

Beerthuis, R., Rothenberg, G. and Shiju, N. R. (2015) 'Catalytic routes towards acrylic 

acid, adipic acid and epsilon-caprolactam starting from biorenewables', Green 

Chemistry, 17(3), pp. 1341-1361. 

Benvenuti, F., Carlini, C., Patrono, P., Galletti, A. M. R., Sbrana, G., Massucci, M. A. and 

Galli, P. (2000) 'Heterogeneous zirconium and titanium catalysts for the selective 

synthesis of 5-hydroxymethyl-2-furaldehyde from carbohydrates', Applied 

Catalysis a-General, 193(1-2), pp. 147-153. 

Bicker, M., Hirth, J. and Vogel, H. (2003) 'Dehydration of fructose to 5-

hydroxymethylfurfural in sub-and supercritical acetone', Green Chemistry, 5(2), 

pp. 280-284. 

Bilgili, F. and Ozturk, I. (2015) 'Biomass energy and economic growth nexus in G7 

countries: Evidence from dynamic panel data', Renewable and Sustainable Energy 

Reviews, 49, pp. 132-138. 

Binder, J. B. and Raines, R. T. (2009) 'Simple Chemical Transformation of Lignocellulosic 

Biomass into Furans for Fuels and Chemicals', Journal of the American Chemical 

Society, 131(5), pp. 1979-1985. 

Biochem, A. 2014. First Industrial Production For Renewable 5-HMF. 

Muttenz, Switzerland: AVA Biochem. 

Bond, J. Q., Alonso, D. M., Wang, D., West, R. M. and Dumesic, J. A. (2010) 'Integrated 

catalytic conversion of γ-valerolactone to liquid alkenes for transportation fuels', 

Science, 327(5969), pp. 1110-1114. 

Bozell, J. J. and Petersen, G. R. (2010) 'Technology development for the production of 

biobased products from biorefinery carbohydrates-the US Department of Energy's 

"Top 10" revisited', Green Chemistry, 12(4), pp. 539-554. 

Brasholz, M., Von Kaenel, K., Hornung, C. H., Saubern, S. and Tsanaktsidis, J. (2011) 

'Highly efficient dehydration of carbohydrates to 5-(chloromethyl) furfural (CMF), 

5-(hydroxymethyl) furfural (HMF) and levulinic acid by biphasic continuous flow 

processing', Green Chemistry, 13(5), pp. 1114-1117. 

Brown, D. W., Floyd, A. J., Kinsman, R. G. and Ali, Y. (1982) 'Dehydration reactions of 

fructose in non‐aqueous media', Journal of chemical technology and 

biotechnology, 32(7‐12), pp. 920-924. 

Cao, Q., Guo, X., Yao, S., Guan, J., Wang, X., Mu, X. and Zhang, D. (2011) 'Conversion 

of hexose into 5-hydroxymethylfurfural in imidazolium ionic liquids with and 

without a catalyst', Carbohydrate Research, 346(7), pp. 956-959. 



174 

 

Caratzoulas, S. and Vlachos, D. G. (2011) 'Converting fructose to 5-

hydroxymethylfurfural: a quantum mechanics/molecular mechanics study of the 

mechanism and energetics', Carbohydrate Research, 346(5), pp. 664-672. 

Cardellini, F., Tiecco, M., Germani, R., Cardinali, G., Corte, L., Roscini, L. and Spreti, N. 

(2014) 'Novel zwitterionic deep eutectic solvents from trimethylglycine and 

carboxylic acids: characterization of their properties and their toxicity', Rsc 

Advances, 4(99), pp. 55990-56002. 

Chan, J. Y. G. and Zhang, Y. (2009) 'Selective Conversion of Fructose to 5-

Hydroxymethylfurfural Catalyzed by Tungsten Salts at Low Temperatures', 

Chemsuschem, 2(8), pp. 731-734. 

Chareonlimkun, A., Champreda, V., Shotipruk, A. and Laosiripojana, N. (2010) 'Catalytic 

conversion of sugarcane bagasse, rice husk and corncob in the presence of TiO2, 

ZrO2 and mixed-oxide TiO2-ZrO2 under hot compressed water (HCW) condition', 

Bioresource Technology, 101(11), pp. 4179-4186. 

Chen, D., Liang, F., Feng, D., Xian, M., Zhang, H., Liu, H. and Du, F. (2016) 'An efficient 

route from reproducible glucose to 5-hydroxymethylfurfural catalyzed by porous 

coordination polymer heterogeneous catalysts', Chemical Engineering Journal, 

300, pp. 177-184. 

Chen, J. Z., Li, K. G., Chen, L. M., Liu, R. L., Huang, X. and Ye, D. Q. (2014) 

'Conversion of fructose into 5-hydroxymethylfurfural catalyzed by recyclable 

sulfonic acid-functionalized metal-organic frameworks', Green Chemistry, 16(5), 

pp. 2490-2499. 

Chheda, J. N. and Dumesic, J. A. (2007) 'An overview of dehydration, aldol-condensation 

and hydrogenation processes for production of liquid alkanes from biomass-derived 

carbohydrates', Catalysis Today, 123(1-4), pp. 59-70. 

Chinnappan, A., Jadhav, A. H., Chung, W.-J. and Kim, H. (2015) 'Conversion of sugars 

(sucrose and glucose) into 5-hydroxymethylfurfural in pyridinium based dicationic 

ionic liquid ([C 10 (EPy) 2] 2Br−) with chromium chloride as a catalyst', Industrial 

Crops and Products, 76, pp. 12-17. 

Chinnappan, A., Jadhav, A. H., Kim, H. and Chung, W.-J. (2014) 'Ionic liquid with metal 

complexes: An efficient catalyst for selective dehydration of fructose to 5-

hydroxymethylfurfural', Chemical Engineering Journal, 237, pp. 95-100. 

Cox, D. R. and Reid, N. (2000) The theory of the design of experiments. CRC Press. 

Craveiro, R., Aroso, I., Flammia, V., Carvalho, T., Viciosa, M. T., Dionísio, M., Barreiros, 

S., Reis, R. L., Duarte, A. R. C. and Paiva, A. (2016) 'Properties and thermal 

behavior of natural deep eutectic solvents', Journal of Molecular Liquids, 215, pp. 

534-540. 

Cukalovic, A. and Stevens, C. V. (2010) 'Production of biobased HMF derivatives by 

reductive amination', Green Chemistry, 12(7), pp. 1201-1206. 

Da Silva Lacerda, V., López-Sotelo, J. B., Correa-Guimarães, A., Hernández-Navarro, S., 

Sánchez-Bascones, M., Navas-Gracia, L. M., Martín-Ramos, P., Pérez-Lebeña, E. 

and Martín-Gil, J. (2015) 'A kinetic study on microwave-assisted conversion of 

cellulose and lignocellulosic waste into hydroxymethylfurfural/furfural', 

Bioresource Technology, 180(0), pp. 88-96. 

Daorattanachai, P., Khemthong, P., Viriya-empikul, N., Laosiripojana, N. and 

Faungnawakij, K. (2012) 'Conversion of fructose, glucose, and cellulose to 5-

hydroxymethylfurfural by alkaline earth phosphate catalysts in hot compressed 

water', Carbohydrate research, 363, pp. 58-61. 



175 

 

Davis, S. E., Houk, L. R., Tamargo, E. C., Datye, A. K. and Davis, R. J. (2011) 'Oxidation 

of 5-hydroxymethylfurfural over supported Pt, Pd and Au catalysts', Catalysis 

Today, 160(1), pp. 55-60. 

De Souza, R. L., Yu, H., Rataboul, F. and Essayem, N. (2012) '5-Hydroxymethylfurfural 

(5-HMF) Production from Hexoses: Limits of Heterogeneous Catalysis in 

Hydrothermal Conditions and Potential of Concentrated Aqueous Organic Acids as 

Reactive Solvent System', Challenges, 3(2), pp. 212. 

Deng, W., Zhang, Q. and Wang, Y. (2015) 'Catalytic transformations of cellulose and its 

derived carbohydrates into 5-hydroxymethylfurfural, levulinic acid, and lactic acid', 

Science China Chemistry, 58(1), pp. 29-46. 

Despax, S., Estrine, B., Hoffmann, N., Le Bras, J., Marinkovic, S. and Muzart, J. (2013) 

'Isomerization of d-glucose into d-fructose with a heterogeneous catalyst in organic 

solvents', Catalysis Communications, 39, pp. 35-38. 

Despax, S., Maurer, C., Estrine, B., Le Bras, J., Hoffmann, N., Marinkovic, S. and Muzart, 

J. (2014) 'Fast and efficient DMSO-mediated dehydration of carbohydrates into 5-

hydroxymethylfurfural', Catalysis Communications, 51, pp. 5-9. 

Earle, M. J. and Seddon, K. R. (2000) 'Ionic liquids. Green solvents for the future', Pure 

and applied chemistry, 72(7), pp. 1391-1398. 

Fan, C., Guan, H., Zhang, H., Wang, J., Wang, S. and Wang, X. (2011) 'Conversion of 

fructose and glucose into 5-hydroxymethylfurfural catalyzed by a solid 

heteropolyacid salt', Biomass and Bioenergy, 35(7), pp. 2659-2665. 

Fashu, S., Gu, C. D., Zhang, J. L., Zheng, H., Wang, X. L. and Tu, J. P. (2015) 

'Electrodeposition, Morphology, Composition, and Corrosion Performance of Zn-

Mn Coatings from a Deep Eutectic Solvent', Journal of Materials Engineering and 

Performance, 24(1), pp. 434-444. 

Fogler, H. S. 1999. Elements of chemical reaction engineering 3rd ed.: Prentice Hall PTR 

 

Gallo, J. M. R., Alonso, D. M., Mellmer, M. A. and Dumesic, J. A. (2013) 'Production and 

upgrading of 5-hydroxymethylfurfural using heterogeneous catalysts and biomass-

derived solvents', Green Chemistry, 15(1), pp. 85-90. 

Gericke, M., Fardim, P. and Heinze, T. (2012) 'Ionic Liquids - Promising but Challenging 

Solvents for Homogeneous Derivatization of Cellulose', Molecules, 17(6), pp. 

7458-7502. 

Gomes, F., Pereira, L., Ribeiro, N. and Souza, M. (2015) 'Production of 5-

hydroxymethylfurfural (HMF) via fructose dehydration: Effect of solvent and 

salting-out', Brazilian Journal of Chemical Engineering, 32(1), pp. 119-126. 

Gomes, F. N., Mendes, F. M. and Souza, M. M. (2017) 'Synthesis of 5-

hydroxymethylfurfural from fructose catalyzed by phosphotungstic acid', Catalysis 

Today, 279, pp. 296-304. 

Gu, L., Huang, W., Tang, S. K., Tian, S. J. and Zhang, X. W. (2015) 'A novel deep eutectic 

solvent for biodiesel preparation using a homogeneous base catalyst', Chemical 

Engineering Journal, 259, pp. 647-652. 

Gunny, A. A. N., Arbain, D., Daud, M. Z. M. and Jamal, P. (2014) 'Synergistic action of 

deep eutectic solvents and cellulases for lignocellulosic biomass hydrolysis', 

Materials Research Innovations, 18, pp. 65-67. 

Guo, F., Fang, Z. and Zhou, T.-J. (2012) 'Conversion of fructose and glucose into 5-

hydroxymethylfurfural with lignin-derived carbonaceous catalyst under microwave 

irradiation in dimethyl sulfoxide–ionic liquid mixtures', Bioresource technology, 

112, pp. 313-318. 



176 

 

Hafizi, H., Chermahini, A. N., Saraji, M. and Mohammadnezhad, G. (2016) 'The catalytic 

conversion of fructose into 5-hydroxymethylfurfural over acid-functionalized KIT-

6, an ordered mesoporous silica', Chemical Engineering Journal, 294, pp. 380-388. 

Hansen, T. S., Woodley, J. M. and Riisager, A. (2009) 'Efficient microwave-assisted 

synthesis of 5-hydroxymethylfurfural from concentrated aqueous fructose', 

Carbohydrate Research, 344(18), pp. 2568-2572. 

Haworth, W. N. and Jones, W. G. M. (1944) '183. The conversion of sucrose into furan 

compounds. Part I. 5-Hydroxymethylfurfuraldehyde and some derivatives', Journal 

of the Chemical Society (Resumed), (0), pp. 667-670. 

Hayyan, A., Hashim, M. A., Hayyan, M., Mjalli, F. S. and AlNashef, I. M. (2013) 'A novel 

ammonium based eutectic solvent for the treatment of free fatty acid and synthesis 

of biodiesel fuel', Industrial Crops and Products, 46, pp. 392-398. 

Hayyan, A., Hashim, M. A., Hayyan, M., Mjalli, F. S. and AlNashef, I. M. (2014) 'A new 

processing route for cleaner production of biodiesel fuel using a choline chloride 

based deep eutectic solvent', Journal of Cleaner Production, 65, pp. 246-251. 

Hou, Y. C., Li, J., Ren, S. H., Niu, M. G. and Wu, W. Z. (2014) 'Separation of the Isomers 

of Benzene Poly(carboxylic acid)s by Quaternary Ammonium Salt via Formation 

of Deep Eutectic Solvents', Journal of Physical Chemistry B, 118(47), pp. 13646-

13650. 

Hu, L., Sun, Y., Lin, L. and Liu, S. (2012) 'Catalytic conversion of glucose into 5-

hydroxymethylfurfural using double catalysts in ionic liquid', Journal of the 

Taiwan Institute of Chemical Engineers, 43(5), pp. 718-723. 

Hu, L., Tang, X., Wu, Z., Lin, L., Xu, J., Xu, N. and Dai, B. (2015) 'Magnetic lignin-

derived carbonaceous catalyst for the dehydration of fructose into 5-

hydroxymethylfurfural in dimethylsulfoxide', Chemical Engineering Journal, 263, 

pp. 299-308. 

Hu, L., Wu, Z., Xu, J., Sun, Y., Lin, L. and Liu, S. (2014) 'Zeolite-promoted 

transformation of glucose into 5-hydroxymethylfurfural in ionic liquid', Chemical 

Engineering Journal, 244, pp. 137-144. 

Hu, L., Zhao, G., Tang, X., Wu, Z., Xu, J., Lin, L. and Liu, S. (2013) 'Catalytic conversion 

of carbohydrates into 5-hydroxymethylfurfural over cellulose-derived 

carbonaceous catalyst in ionic liquid', Bioresource technology, 148, pp. 501-507. 

Hu, S., Zhang, Z., Zhou, Y., Song, J., Fan, H. and Han, B. (2009) 'Direct conversion of 

inulin to 5-hydroxymethylfurfural in biorenewable ionic liquids', Green Chemistry, 

11(6), pp. 873-877. 

Hu, S. Q., Zhang, Z. F., Zhou, Y. X., Han, B. X., Fan, H. L., Li, W. J., Song, J. L. and Xie, 

Y. (2008) 'Conversion of fructose to 5-hydroxymethylfurfural using ionic liquids 

prepared from renewable materials', Green Chemistry, 10(12), pp. 1280-1283. 

Huang, W., Tang, S. K., Zhao, H. and Tian, S. J. (2013) 'Activation of Commercial CaO 

for Biodiesel Production from Rapeseed Oil Using a Novel Deep Eutectic Solvent', 

Industrial & Engineering Chemistry Research, 52(34), pp. 11943-11947. 

Huang, Z. L., Wu, B. P., Wen, Q., Yang, T. X. and Yang, Z. (2014) 'Deep eutectic solvents 

can be viable enzyme activators and stabilizers', Journal of Chemical Technology 

and Biotechnology, 89(12), pp. 1975-1981. 

Ilgen, F., Ott, D., Kralisch, D., Reil, C., Palmberger, A. and Konig, B. (2009) 'Conversion 

of carbohydrates into 5-hydroxymethylfurfural in highly concentrated low melting 

mixtures', Green Chemistry, 11(12), pp. 1948-1954. 

Jadhav, A. H., Chinnappan, A., Patil, R. H., Kostjuk, S. V. and Kim, H. (2014) 'Green 

chemical conversion of fructose into 5-hydroxymethylfurfural (HMF) using 



177 

 

unsymmetrical dicationic ionic liquids under mild reaction condition', Chemical 

Engineering Journal, 243, pp. 92-98. 

Jadhav, A. H., Kim, H. and Hwang, I. T. (2012) 'Efficient selective dehydration of fructose 

and sucrose into 5-hydroxymethylfurfural (HMF) using dicationic room 

temperature ionic liquids as a catalyst', Catalysis Communications, 21, pp. 96-103. 

Jadhav, A. H., Kim, H. and Hwang, I. T. (2013) 'An efficient and heterogeneous recyclable 

silicotungstic acid with modified acid sites as a catalyst for conversion of fructose 

and sucrose into 5-hydroxymethylfurfural in superheated water', Bioresource 

Technology, 132, pp. 342-350. 

Jimenez-Morales, I., Moreno-Recio, M., Santamaria-Gonzalez, J., Maireles-Torres, P. and 

Jimenez-Lopez, A. (2015) 'Production of 5-hydroxymethylfurfural from glucose 

using aluminium doped MCM-41 silica as acid catalyst', Applied Catalysis B-

Environmental, 164, pp. 70-76. 

Jiménez-Morales, I., Moreno-Recio, M., Santamaría-González, J., Maireles-Torres, P. and 

Jiménez-López, A. (2014) 'Mesoporous tantalum oxide as catalyst for dehydration 

of glucose to 5-hydroxymethylfurfural', Applied Catalysis B: Environmental, 154, 

pp. 190-196. 

Juneja, A., Kumar, D. and Murthy, G. S. (2013) 'Economic feasibility and environmental 

life cycle assessment of ethanol production from lignocellulosic feedstock in 

Pacific Northwest US', Journal of Renewable and Sustainable Energy, 5(2). 

Kareem, M. A., Mjalli, F. S., Hashim, M. A. and AlNashef, I. M. (2010) 'Phosphonium-

Based Ionic Liquids Analogues and Their Physical Properties', Journal of 

Chemical and Engineering Data, 55(11), pp. 4632-4637. 

Khandelwal, S., Tailor, Y. K. and Kumar, M. (2016) 'Deep eutectic solvents (DESs) as 

eco-friendly and sustainable solvent/catalyst systems in organic transformations', 

Journal of Molecular Liquids, 215, pp. 345-386. 

Kilic, E. and Yilmaz, S. (2015) 'Fructose dehydration to 5-hydroxymethylfurfural over 

sulfated TiO2-SiO2, Ti-SBA-15, ZrO2, SiO2, and activated carbon catalysts', 

Industrial & Engineering Chemistry Research, 54(19), pp. 5220-5225. 

Knochel, P. (1999) Modern solvents in organic synthesis. Springer Science & Business 

Media. 

Kobayashi, H., Ohta, H. and Fukuoka, A. (2012) 'Conversion of lignocellulose into 

renewable chemicals by heterogeneous catalysis', Catalysis Science & Technology, 

2(5), pp. 869-883. 

Kobayashi, T., Yoshino, M., Miyagawa, Y. and Adachi, S. (2015) 'Production of 5-

hydroxymethylfurfural in a eutectic mixture of citric acid and choline chloride and 

its extractive recovery', Separation and Purification Technology, 155, pp. 26-31. 

Kumar, A., Kumar, N., Baredar, P. and Shukla, A. (2015) 'A review on biomass energy 

resources, potential, conversion and policy in India', Renewable and Sustainable 

Energy Reviews, 45, pp. 530-539. 

Kuster, B. (1977) 'Dehydration of D-fructose (formation of 5-hydroxymethyl-2-

furaldehyde and levulinic acid). 2. Influence of initial and catalyst concentrations 

on dehydration of D-fructose', Carbohydrate Research, 54(2), pp. 165-176. 

Kuster, B. (1990) '5‐Hydroxymethylfurfural (HMF). A review focussing on its 

manufacture', Starch‐Stärke, 42(8), pp. 314-321. 

Kuster, B. and van der Steen, H. (1977) 'Preparation of 5-hydroxymethylfurfural, 1: 

Dehydration of fructose in a continuous stirred tank reactor [starches]', Staerke 

(Germany, FR). 



178 

 

Lansalot-Matras, C. and Moreau, C. (2003) 'Dehydration of fructose into 5-

hydroxymethylfurfural in the presence of ionic liquids', Catalysis Communications, 

4(10), pp. 517-520. 

Lee, Y. Y. and Wu, K. C. W. (2012) 'Conversion and kinetics study of fructose-to-5-

hydroxymethylfurfural (HMF) using sulfonic and ionic liquid groups bi-

functionalized mesoporous silica nanoparticles as recyclable solid catalysts in 

DMSO systems', Physical Chemistry Chemical Physics, 14(40), pp. 13914-13917. 

Leroy, E., Decaen, P., Jacquet, P., Coativy, G., Pontoire, B., Reguerre, A. L. and Lourdin, 

D. (2012) 'Deep eutectic solvents as functional additives for starch based plastics', 

Green Chemistry, 14(11), pp. 3063-3066. 

Li, C. P., Li, D., Zou, S. S., Li, Z., Yin, J. M., Wang, A. L., Cui, Y. N., Yao, Z. L. and 

Zhao, Q. (2013) 'Extraction desulfurization process of fuels with ammonium-based 

deep eutectic solvents', Green Chemistry, 15(10), pp. 2793-2799. 

Li, C. Z., Zhao, Z. K., Wang, A. Q., Zheng, M. Y. and Zhang, T. (2010) 'Production of 5-

hydroxymethylfurfural in ionic liquids under high fructose concentration 

conditions', Carbohydrate Research, 345(13), pp. 1846-1850. 

Li, W., Xu, Z., Zhang, T., Li, G., Jameel, H., Chang, H.-m. and Ma, L. (2016) 'Catalytic 

Conversion of Biomass-derived Carbohydrates into 5-Hydroxymethylfurfural using 

a Strong Solid Acid Catalyst in Aqueous γ-Valerolactone', BioResources, 11(3), pp. 

5839-5853. 

Li, Y., Lu, X., Yuan, L. and Liu, X. (2009) 'Fructose decomposition kinetics in organic 

acids-enriched high temperature liquid water', Biomass & Bioenergy, 33(9), pp. 

1182-1187. 

Lian, H., Hong, S., Carranza, A., Mota-Morales, J. D. and Pojman, J. A. (2015) 

'Processing of lignin in urea-zinc chloride deep-eutectic solvent and its use as a 

filler in a phenol-formaldehyde resin', Rsc Advances, 5(36), pp. 28778-28785. 

Lima, S., Antunes, M. M., Pillinger, M. and Valente, A. A. (2011) 'Ionic liquids as tools 

for the acid-catalyzed hydrolysis/dehydration of saccharides to furanic aldehydes', 

Chemcatchem, 3(11), pp. 1686-1706. 

Lin, Y.-C. and Huber, G. W. (2009) 'The critical role of heterogeneous catalysis in 

lignocellulosic biomass conversion', Energy & Environmental Science, 2(1), pp. 

68-80. 

Liu, F., Audemar, M., Vigier, K. D., Cartigny, D., Clacens, J. M., Gomes, M. F. C., Padua, 

A. A. H., De Campo, F. and Jerome, F. (2013) 'Selectivity enhancement in the 

aqueous acid-catalyzed conversion of glucose to 5-hydroxymethylfurfural induced 

by choline chloride', Green Chemistry, 15(11), pp. 3205-3213. 

Liu, F., Boissou, F., Vignault, A., Lemee, L., Marinkovic, S., Estrine, B., Vigier, K. D. O. 

and Jerome, F. (2014) 'Conversion of wheat straw to furfural and levulinic acid in a 

concentrated aqueous solution of betaine hydrochloride', Rsc Advances, 4(55), pp. 

28836-28841. 

Liu, H., Hua, C., Song, C., Dai, S., Wang, H., Zhu, W. and Li, H. (2015) 'Commercially 

available ammonium salt-catalyzed efficient dehydration of fructose to 5-

hydroxymethylfurfural in ionic liquid', Inorganica Chimica Acta, 428, pp. 32-36. 

Liu, J., Tang, Y., Wu, K., Bi, C. and Cui, Q. (2012) 'Conversion of fructose into 5-

hydroxymethylfurfural (HMF) and its derivatives promoted by inorganic salt in 

alcohol', Carbohydrate research, 350, pp. 20-24. 

Lopez-Salas, N., Jardim, E. O., Silvestre-Albero, A., Gutierrez, M. C., Ferrer, M. L., 

Rodriguez-Reinoso, F., Silvestre-Albero, J. and del Monte, F. (2014) 'Use of 



179 

 

eutectic mixtures for preparation of monolithic carbons with CO2-adsorption and 

gas-separation capabilities', Langmuir, 30(41), pp. 12220-12228. 

Lv, G., Deng, L., Lu, B., Li, J., Hou, X. and Yang, Y. (2017) 'Efficient dehydration of 

fructose into 5-hydroxymethylfurfural in aqueous medium over silica-included 

heteropolyacids', Journal of Cleaner Production, 142, Part 4, pp. 2244-2251. 

Ma, H., Zhou, B., Li, Y. and Argyropoulos, D. S. (2011) 'Conversion of fructose to 5-

hydroxymethylfurfural with a functionalized ionic liquid', BioResources, 7(1), pp. 

0533-0544. 

Ma, Y., Qing, S., Wang, L., Islam, N., Guan, S., Gao, Z., Mamat, X., Li, H., Eli, W. and 

Wang, T. (2015) 'Production of 5-hydroxymethylfurfural from fructose by a 

thermo-regulated and recyclable Bronsted acidic ionic liquid catalyst', RSC 

Advances, 5(59), pp. 47377-47383. 

Martins, M., Aroso, I. M., Reis, R. L., Duarte, A. R. C., Craveiro, R. and Paiva, A. (2014) 

'Enhanced performance of supercritical fluid foaming of natural-based polymers by 

deep eutectic solvents', Aiche Journal, 60(11), pp. 3701-3706. 

Martins, S. and Van Boekel, M. (2005) 'Kinetics of the glucose/glycine Maillard reaction 

pathways: influences of pH and reactant initial concentrations', Food Chemistry, 

92(3), pp. 437-448. 

Matsumiya, H. and Hara, T. (2015) 'Conversion of glucose into 5-hydroxymethylfurfural 

with boric acid in molten mixtures of choline salts and carboxylic acids', Biomass 

and Bioenergy, 72(0), pp. 227-232. 

Maugeri, Z., Leitner, W. and de Maria, P. D. (2012) 'Practical separation of alcohol-ester 

mixtures using deep-eutectic-solvents', Tetrahedron Letters, 53(51), pp. 6968-

6971. 

Mednick, M. (1962) 'The acid-base-catalyzed conversion of aldohexose into 5-

(hydroxymethyl)-2-furfural', The Journal of Organic Chemistry, 27(2), pp. 398-

403. 

Melo, F. C. d., Souza, R. F. d., Coutinho, P. L. A. and Souza, M. O. d. (2014) 'Synthesis of 

5-hydroxymethylfurfural from dehydration of fructose and glucose using ionic 

liquids', Journal of the Brazilian Chemical Society, 25, pp. 2378-2384. 

Mittal, N., Nisola, G. M. and Chung, W.-J. (2012) 'Facile catalytic dehydration of fructose 

to 5-hydroxymethylfurfural by Niobium pentachloride', Tetrahedron Letters, 

53(25), pp. 3149-3155. 

Mjalli, F. S. and Naser, J. (2015) 'Viscosity model for choline chloride-based deep eutectic 

solvents', Asia-Pacific Journal of Chemical Engineering, 10(2), pp. 273-281. 

Moller, M., Harnisch, F. and Schroder, U. (2012) 'Microwave-assisted hydrothermal 

degradation of fructose and glucose in subcritical water', Biomass & Bioenergy, 39, 

pp. 389-398. 

Morales, G., Melero, J. A., Paniagua, M., Iglesias, J., Hernández, B. and Sanz, M. (2014) 

'Sulfonic acid heterogeneous catalysts for dehydration of C 6-monosaccharides to 

5-hydroxymethylfurfural in dimethyl sulfoxide', Chinese Journal of Catalysis, 

35(5), pp. 644-655. 

Moreau, C., Finiels, A. and Vanoye, L. (2006) 'Dehydration of fructose and sucrose into 5-

hydroxymethylfurfural in the presence of 1-H-3-methyl imidazolium chloride 

acting both as solvent and catalyst', Journal of Molecular Catalysis a-Chemical, 

253(1-2), pp. 165-169. 

Moye, C. J. (1964) '5-Hydroxymethylfurfural', Reviews of Pure and Applied Chemistry, 

14(DEC), pp. 161-&. 



180 

 

Musau, R. M. and Munavu, R. M. (1987) 'The preparation of 5-hydroxymethyl-2-

furaldehyde (HMF) from d-fructose in the presence of DMSO', Biomass, 13(1), pp. 

67-74. 

Nakamura, Y. and Morikawa, S. (1980) 'The dehydration of D-fructose to 5-

hydroxymethyl-2-furaldehyde', Bulletin of the Chemical Society of Japan, 53(12), 

pp. 3705-3706. 

Nam, M. W., Zhao, J., Lee, M. S., Jeong, J. H. and Lee, J. (2015) 'Enhanced extraction of 

bioactive natural products using tailor-made deep eutectic solvents: application to 

flavonoid extraction from Flos sophorae', Green Chemistry, 17(3), pp. 1718-1727. 

Newth, F. (1951) 'The formation of furan compounds from hexoses', Advances in 

carbohydrate chemistry, 6, pp. 83-106. 

Ni, Y. and Sun, Z. H. (2009) 'Recent progress on industrial fermentative production of 

acetone-butanol-ethanol by Clostridium acetobutylicum in China', Applied 

Microbiology and Biotechnology, 83(3), pp. 415-423. 

Nimlos, M. R., Qian, X., Davis, M., Himmel, M. E. and Johnson, D. K. (2006) 'Energetics 

of xylose decomposition as determined using quantum mechanics modeling', 

Journal of Physical Chemistry A, 110(42), pp. 11824-11838. 

Ohara, M., Takagaki, A., Nishimura, S. and Ebitani, K. (2010) 'Syntheses of 5-

hydroxymethylfurfural and levoglucosan by selective dehydration of glucose using 

solid acid and base catalysts', Applied Catalysis a-General, 383(1-2), pp. 149-155. 

Omer, A. M. (2009) 'Energy use and environmental impacts: A general review', Journal of 

Renewable and Sustainable Energy, 1(5). 

Ordomsky, V., Van der Schaaf, J., Schouten, J. and Nijhuis, T. (2012) 'The effect of 

solvent addition on fructose dehydration to 5-hydroxymethylfurfural in biphasic 

system over zeolites', Journal of catalysis, 287, pp. 68-75. 

Pagan-Torres, Y. J., Wang, T., Gallo, J. M. R., Shanks, B. H. and Dumesic, J. A. (2012) 

'Production of 5-hydroxymethylfurfural from glucose using a combination of 

Lewis and Brønsted acid catalysts in water in a biphasic reactor with an 

alkylphenol solvent', Acs Catalysis, 2(6), pp. 930-934. 

Pawar, H. and Lali, A. (2014) 'Microwave assisted organocatalytic synthesis of 5-

hydroxymethyl furfural in a monophasic green solvent system', RSC Advances, 

4(51), pp. 26714-26720. 

Perkins, S. L., Painter, P. and Colina, C. M. (2014) 'Experimental and computational 

studies of choline chloride-based deep eutectic solvents', Journal of Chemical and 

Engineering Data, 59(11), pp. 3652-3662. 

Pillai, I. R. and Banerjee, R. (2009) 'Renewable energy in India: Status and potential', 

Energy, 34(8), pp. 970-980. 

Qi, X., Watanabe, M., Aida, T. M. and Smith, R. L. (2012) 'Synergistic conversion of 

glucose into 5-hydroxymethylfurfural in ionic liquid–water mixtures', Bioresource 

Technology, 109, pp. 224-228. 

Qi, X., Watanabe, M., Aida, T. M. and Smith, R. L., Jr. (2008) 'Selective conversion of D-

fructose to 5-hydroxymethylfurfural by ion-exchange resin in acetone/dimethyl 

sulfoxide solvent mixtures', Industrial & Engineering Chemistry Research, 47(23), 

pp. 9234-9239. 

Qi, X., Watanabe, M., Aida, T. M. and Smith, R. L., Jr. (2009a) 'Sulfated zirconia as a 

solid acid catalyst for the dehydration of fructose to 5-hydroxymethylfurfural', 

Catalysis Communications, 10(13), pp. 1771-1775. 



181 

 

Qi, X. H., Watanabe, M., Aida, T. M. and Smith, R. L. (2009b) 'Efficient process for 

conversion of fructose to 5-hydroxymethylfurfural with ionic liquids', Green 

Chemistry, 11(9), pp. 1327-1331. 

Qu, X. and Wu, C. J. (2005) 'One-factor-at-a-time designs of resolution V', Journal of 

statistical planning and inference, 131(2), pp. 407-416. 

Qu, Y., Huang, C., Song, Y., Zhang, J. and Chen, B. (2012) 'Efficient dehydration of 

glucose to 5-hydroxymethylfurfural catalyzed by the ionic liquid,1-hydroxyethyl-3-

methylimidazolium tetrafluoroborate', Bioresource Technology, 121(0), pp. 462-

466. 

Ren, Q., Huang, Y., Ma, H., Gao, J. and Xu, J. (2014) 'Catalytic conversion of 

carbohydrates to 5-hydroxymethylfurfural promoted by metal halides', Chinese 

Journal of Catalysis, 35(4), pp. 496-500. 

Ren, Q., Huang, Y., Ma, H., Wang, F., Gao, J. and Xu, J. (2013) 'Conversion of glucose to 

5-hydroxymethylfurfural catalyzed by metal halide in N, N-dimethylacetamide', 

BioResources, 8(2), pp. 1563-1572. 

Renjith, A. and Lakshminarayanan, V. (2015) 'One step preparation of 'ready to use' 

Au@Pd nanoparticle modified surface using deep eutectic solvents and a study of 

its electrocatalytic properties in methanol oxidation reaction', Journal of Materials 

Chemistry A, 3(6), pp. 3019-3028. 

Roman-Leshkov, Y., Chheda, J. N. and Dumesic, J. A. (2006) 'Phase modifiers promote 

efficient production of hydroxymethylfurfural from fructose', Science, 312(5782), 

pp. 1933-1937. 

Roman-Leshkov, Y. and Dumesic, J. A. (2009) 'Solvent Effects on Fructose Dehydration 

to 5-Hydroxymethylfurfural in Biphasic Systems Saturated with Inorganic Salts', 

Topics in Catalysis, 52(3), pp. 297-303. 

Romero, A., Santos, A., Tojo, J. and Rodríguez, A. (2008) 'Toxicity and biodegradability 

of imidazolium ionic liquids', Journal of Hazardous Materials, 151(1), pp. 268-

273. 

Rosatella, A. A., Simeonov, S. P., Frade, R. F. and Afonso, C. A. (2011) '5-

Hydroxymethylfurfural (HMF) as a building block platform: biological properties, 

synthesis and synthetic applications', Green Chemistry, 13(4), pp. 754-793. 

Russ, C. and Konig, B. (2012) 'Low melting mixtures in organic synthesis - an alternative 

to ionic liquids?', Green Chemistry, 14(11), pp. 2969-2982. 

Saha, B. and Abu-Omar, M. M. (2014) 'Advances in 5-hydroxymethylfurfural production 

from biomass in biphasic solvents', Green Chemistry, 16(1), pp. 24-38. 

Sampath, G. and Kannan, S. (2013) 'Fructose dehydration to 5-hydroxymethylfurfural: 

Remarkable solvent influence on recyclability of Amberlyst-15 catalyst and 

regeneration studies', Catalysis Communications, 37, pp. 41-44. 

Sanap, A. K. and Shankarling, G. S. (2014) 'Eco-friendly and recyclable media for rapid 

synthesis of tricyanovinylated aromatics using biocatalyst and deep eutectic 

solvent', Catalysis Communications, 49, pp. 58-62. 

Schaub, G. and Vetter, A. (2008) 'Biofuels for automobiles - An overview', Chemical 

Engineering & Technology, 31(5), pp. 721-729. 

Schmitz, C., Fritsch, L., Fischer, R., Schillberg, S. and Rasche, S. (2016) 'Statistical 

experimental designs for the production of secondary metabolites in plant cell 

suspension cultures', Biotechnology letters, 38(12), pp. 2007-2014. 

Seri, K., Inoue, Y. and Ishida, H. (2000) 'Highly efficient catalytic activity of 

lanthanide(III) ions for conversion of saccharides to 5-hydroxymethyl-2-furfural in 

organic solvents', Chemistry Letters, (1), pp. 22-23. 



182 

 

Shahbaz, K., Baroutian, S., Mjalli, F. S., Hashim, M. A. and AlNashef, I. M. (2012) 

'Densities of ammonium and phosphonium based deep eutectic solvents: Prediction 

using artificial intelligence and group contribution techniques', Thermochimica 

Acta, 527, pp. 59-66. 

Shahbaz, K., Mjalli, F. S., Hashim, M. A. and Ainashef, I. M. (2011) 'Prediction of deep 

eutectic solvents densities at different temperatures', Thermochimica Acta, 515(1-

2), pp. 67-72. 

Shimizu, K.-i., Uozumi, R. and Satsuma, A. (2009) 'Enhanced production of 

hydroxymethylfurfural from fructose with solid acid catalysts by simple water 

removal methods', Catalysis Communications, 10(14), pp. 1849-1853. 

Sievers, C., Musin, I., Marzialetti, T., Valenzuela Olarte, M. B., Agrawal, P. K. and Jones, 

C. W. (2009) 'Acid‐catalyzed conversion of sugars and furfurals in an ionic‐liquid 

phase', ChemSusChem, 2(7), pp. 665-671. 

Singh, A. S., Shendage, S. S. and Nagarkar, J. M. (2014) 'Choline chloride based deep 

eutectic solvent as an efficient solvent for the benzylation of phenols', Tetrahedron 

Letters, 55(52), pp. 7243-7246. 

Siongco, K. R., Leron, R. B. and Li, M.-H. (2013) 'Densities, refractive indices, and 

viscosities of N,N-diethylethanol ammonium chloride–glycerol or –ethylene glycol 

deep eutectic solvents and their aqueous solutions', The Journal of Chemical 

Thermodynamics, 65, pp. 65-72. 

Smith, E. L., Abbott, A. P. and Ryder, K. S. (2014) 'Deep eutectic solvents (DESs) and 

their applications', Chemical Reviews, 114(21), pp. 11060-11082. 

Song, Y., Wang, X., Qu, Y., Huang, C., Li, Y. and Chen, B. (2016) 'Efficient dehydration 

of fructose to 5-hydroxy-methylfurfural catalyzed by heteropolyacid salts', 

Catalysts, 6(4), pp. 49. 

Stöcker, M. (2008) 'Biofuels and biomass‐to‐liquid fuels in the biorefinery: Catalytic 

conversion of lignocellulosic biomass using porous materials', Angewandte Chemie 

International Edition, 47(48), pp. 9200-9211. 

Su, K., Liu, X., Ding, M., Yuan, Q., Li, Z. and Cheng, B. (2013) 'Effective conversion 

sucrose into 5-hydroxymethylfurfural by tyrosine in [Emim]Br', Journal of 

Molecular Catalysis A: Chemical, 379(0), pp. 350-354. 

Sun, N., Rodriguez, H., Rahman, M. and Rogers, R. D. (2011) 'Where are ionic liquid 

strategies most suited in the pursuit of chemicals and energy from lignocellulosic 

biomass?', Chemical Communications, 47(5), pp. 1405-1421. 

Takeuchi, Y., Jin, F., Tohji, K. and Enomoto, H. (2008) 'Acid catalytic hydrothermal 

conversion of carbohydrate biomass into useful substances', Journal of Materials 

Science, 43(7), pp. 2472-2475. 

Tao, F.-R., Zhuang, C., Cui, Y.-Z. and Xu, J. (2014) 'Dehydration of glucose into 5-

hydroxymethylfurfural in SO 3 H-functionalized ionic liquids', Chinese Chemical 

Letters, 25(5), pp. 757-761. 

Tao, F. R., Song, H. L. and Chou, L. J. (2011) 'Dehydration of fructose into 5-

hydroxymethylfurfural in acidic ionic liquids', Rsc Advances, 1(4), pp. 672-676. 

Teong, S. P., Yi, G. and Zhang, Y. (2014) 'Hydroxymethylfurfural production from 

bioresources: past, present and future', Green Chemistry, 16(4), pp. 2015-2026. 

Thombal, R. and Jadhav, V. (2014) 'Efficient conversion of carbohydrates to 5-

hydroxymethylfurfural (HMF) using ZrCl4 catalyst in nitromethane', Biofuel 

Research Journal, 1(3), pp. 81-84. 



183 

 

Tian, G., Tong, X., Cheng, Y. and Xue, S. (2013) 'Tin-catalyzed efficient conversion of 

carbohydrates for the production of 5-hydroxymethylfurfural in the presence of 

quaternary ammonium salts', Carbohydrate Research, 370, pp. 33-37. 

Van Putten, R. J., van der Waal, J. C., de Jong, E., Rasrendra, C. B., Heeres, H. J. and de 

Vries, J. G. (2013) 'Hydroxymethylfurfural, a versatile platform chemical made 

from renewable resources', Chemical Reviews, 113(3), pp. 1499-1597. 

Vigier, K. D., Benguerba, A., Barrault, J. and Jerome, F. (2012) 'Conversion of fructose 

and inulin to 5-hydroxymethylfurfural in sustainable betaine hydrochloride-based 

media', Green Chemistry, 14(2), pp. 285-289. 

Vigier, K. D., Chatel, G. and Jerome, F. (2015) 'Contribution of deep eutectic solvents for 

biomass brocessing: Opportunities, Challenges, and Limitations', Chemcatchem, 

7(8), pp. 1250-1260. 

Wagle, D. V., Zhao, H. and Baker, G. A. (2014) 'Deep eutectic solvents: Sustainable 

media for nanoscale and functional materials', Accounts of Chemical Research, 

47(8), pp. 2299-2308. 

Walden, P. (1914) 'Molecular weights and electrical conductivity of several fused salts', 

Bull. Acad. Imper. Sci.(St. Petersburg), 8, pp. 405-422. 

Wang, F., Shi, A.-W., Qin, X.-X., Liu, C.-L. and Dong, W.-S. (2011) 'Dehydration of 

fructose to 5-hydroxymethylfurfural by rare earth metal trifluoromethanesulfonates 

in organic solvents', Carbohydrate research, 346(7), pp. 982-985. 

Wang, T., Nolte, M. W. and Shanks, B. H. (2014) 'Catalytic dehydration of C6 

carbohydrates for the production of hydroxymethylfurfural (HMF) as a versatile 

platform chemical', Green Chemistry, 16(2), pp. 548-572. 

Watanabe, M., Aizawa, Y., Iida, T., Aida, T. M., Levy, C., Sue, K. and Inomata, H. (2005) 

'Glucose reactions with acid and base catalysts in hot compressed water at 473 K', 

Carbohydrate Research, 340(12), pp. 1925-1930. 

Weaver, K. D., Kim, H. J., Sun, J., MacFarlane, D. R. and Elliott, G. D. (2010) 'Cyto-

toxicity and biocompatibility of a family of choline phosphate ionic liquids 

designed for pharmaceutical applications', Green Chemistry, 12(3), pp. 507-513. 

Wei, Z., Li, Y., Thushara, D., Liu, Y. and Ren, Q. (2011) 'Novel dehydration of 

carbohydrates to 5-hydroxymethylfurfural catalyzed by Ir and Au chlorides in ionic 

liquids', Journal of the Taiwan Institute of Chemical Engineers, 42(2), pp. 363-370. 

Wu, C. J. and Hamada, M. S. (2011) Experiments: planning, analysis, and optimization. 

John Wiley & Sons. 

Wu, S., Fan, H., Xie, Y., Cheng, Y., Wang, Q., Zhang, Z. and Han, B. (2010) 'Effect of 

CO2 on conversion of inulin to 5-hydroxymethylfurfural and propylene oxide to 

1,2-propanediol in water', Green Chemistry, 12(7), pp. 1215-1219. 

Xia, S. Q., Baker, G. A., Li, H., Ravula, S. and Zhao, H. (2014) 'Aqueous ionic liquids and 

deep eutectic solvents for cellulosic biomass pretreatment and saccharification', Rsc 

Advances, 4(21), pp. 10586-10596. 

Xiao, Y. and Song, Y.-F. (2014) 'Efficient catalytic conversion of the fructose into 5-

hydroxymethylfurfural by heteropolyacids in the ionic liquid of 1-butyl-3-methyl 

imidazolium chloride', Applied Catalysis A: General, 484, pp. 74-78. 

Xiong, Q. Q., Tu, J. P., Ge, X., Wang, X. L. and Cu, C. D. (2015) 'One-step synthesis of 

hematite nanospindles from choline chloride/urea deep eutectic solvent with highly 

powerful storage versus lithium', Journal of Power Sources, 274, pp. 1-7. 

Xu, H., Miao, Z., Zhao, H., Yang, J., Zhao, J., Song, H., Liang, N. and Chou, L. (2015a) 

'Dehydration of fructose into 5-hydroxymethylfurfural by high stable ordered 

mesoporous zirconium phosphate', Fuel, 145, pp. 234-240. 



184 

 

Xu, Q., Zhao, T. S., Wei, L., Zhang, C. and Zhou, X. L. (2015b) 'Electrochemical 

characteristics and transport properties of Fe(II)/Fe(III) redox couple in a non-

aqueous reline deep eutectic solvent', Electrochimica Acta, 154, pp. 462-467. 

Yang, L., Yan, X. P., Xu, S. Q., Chen, H., Xia, H. A. and Zuo, S. L. (2015) 'One-pot 

synthesis of 5-hydroxymethylfurfural from carbohydrates using an inexpensive 

FePO4 catalyst', Rsc Advances, 5(26), pp. 19900-19906. 

Yang, Y., Hu, C. and Abu-Omar, M. M. (2013) 'The effect of hydrochloric acid on the 

conversion of glucose to 5-hydroxymethylfurfural in AlCl 3–H 2 O/THF biphasic 

medium', Journal of Molecular Catalysis A: Chemical, 376, pp. 98-102. 

Yang, Y., Xiang, X., Tong, D., Hu, C. and Abu-Omar, M. M. (2012) 'One-pot synthesis of 

5-hydroxymethylfurfural directly from starch over/ZrO 2–Al 2 O 3 solid catalyst', 

Bioresource technology, 116, pp. 302-306. 

Yemiş, O. and Mazza, G. (2012) 'Optimization of furfural and 5-hydroxymethylfurfural 

production from wheat straw by a microwave-assisted process', Bioresource 

technology, 109, pp. 215-223. 

Yi, Y.-B., Lee, J.-W., Choi, Y.-H., Park, S.-M. and Chung, C.-H. (2012) 'Simple process 

for production of hydroxymethylfurfural from raw biomasses of girasol and potato 

tubers', Biomass and Bioenergy, 39, pp. 484-488. 

Zakrzewska, M. E., Bogel-Lukasik, E. and Bogel-Lukasik, R. (2011) 'Ionic Liquid-

Mediated Formation of 5-Hydroxymethylfurfural-A Promising Biomass-Derived 

Building Block', Chemical Reviews, 111(2), pp. 397-417. 

Zhang, J. J., Chen, J. and Li, Q. (2015a) 'Microwave heating synthesis and formation 

mechanism of chalcopyrite structured CuInS2 nanorods in deep eutectic solvent', 

Materials Research Bulletin, 63, pp. 88-92. 

Zhang, J. L., Gu, C. D., Fashu, S., Tong, Y. Y., Huang, M. L., Wang, X. L. and Tu, J. P. 

(2015b) 'Enhanced corrosion resistance of Co-Sn alloy coating with a self-

organized layered structure electrodeposited from deep eutectic solvent', Journal of 

the Electrochemical Society, 162(1), pp. D1-D8. 

Zhang, L.-X., Yu, H., Yu, H.-B., Chen, Z. and Yang, L. (2014) 'Conversion of xylose and 

xylan into furfural in biorenewable choline chloride–oxalic acid deep eutectic 

solvent with the addition of metal chloride', Chinese Chemical Letters, 25(8), pp. 

1132-1136. 

Zhang, L., Xi, G., Chen, Z., Qi, Z. and Wang, X. (2017) 'Enhanced formation of 5-HMF 

from glucose using a highly selective and stable SAPO-34 catalyst', Chemical 

Engineering Journal, 307, pp. 877-883. 

Zhang, Q., Benoit, M., Vigier, K. D. O., Barrault, J. and Jerome, F. (2012a) 'Green and 

inexpensive choline-derived solvents for cellulose decrystallization', Chemistry-a 

European Journal, 18(4), pp. 1043-1046. 

Zhang, Q. H., Vigier, K. D., Royer, S. and Jerome, F. (2012b) 'Deep eutectic solvents: 

syntheses, properties and applications', Chemical Society Reviews, 41(21), pp. 

7108-7146. 

Zhang, W., Xiong, R. and Wei, G. (2009) 'Biological flocculation treatment on distillery 

wastewater and recirculation of wastewater', Journal of Hazardous Materials, 

172(2–3), pp. 1252-1257. 

Zhang, Y., Degirmenci, V., Li, C. and Hensen, E. J. (2011a) 'Phosphotungstic acid 

encapsulated in metal–organic framework as catalysts for carbohydrate dehydration 

to 5‐hydroxymethylfurfural', ChemSusChem, 4(1), pp. 59-64. 



185 

 

Zhang, Y., Pidko, E. A. and Hensen, E. J. (2011b) 'Molecular aspects of glucose 

dehydration by chromium chlorides in ionic liquids', Chemistry–A European 

Journal, 17(19), pp. 5281-5288. 

Zhao, B.-Y., Xu, P., Yang, F.-X., Wu, H., Zong, M.-H. and Lou, W.-Y. (2015) 

'Biocompatible deep eutectic solvents based on choline chloride: Characterization 

and application to the extraction of rutin from sophora japonica', ACS Sustainable 

Chemistry & Engineering, 3(11), pp. 2746-2755. 

Zhao, H., Holladay, J. E., Brown, H. and Zhang, Z. C. (2007) 'Metal chlorides in ionic 

liquid solvents convert sugars to 5-hydroxymethylfurfural', Science, 316(5831), pp. 

1597-1600. 

Zhao, J., Zhou, C., He, C., Dai, Y., Jia, X. and Yang, Y. (2016) 'Efficient dehydration of 

fructose to 5-hydroxymethylfurfural over sulfonated carbon sphere solid acid 

catalysts', Catalysis Today, 264, pp. 123-130. 

Zhao, Q., Sun, Z., Wang, S., Huang, G., Wang, X. and Jiang, Z. (2014) 'Conversion of 

highly concentrated fructose into 5-hydroxymethylfurfural by acid–base 

bifunctional HPA nanocatalysts induced by choline chloride', RSC Advances, 

4(108), pp. 63055-63061. 

Zhao, Q., Wang, L., Zhao, S., Wang, X. and Wang, S. (2011) 'High selective production of 

5-hydroymethylfurfural from fructose by a solid heteropolyacid catalyst', Fuel, 

90(6), pp. 2289-2293. 

Zhou, L., He, Y., Ma, Z., Liang, R., Wu, T. and Wu, Y. (2015) 'One-step degradation of 

cellulose to 5-hydroxymethylfurfural in ionic liquid under mild conditions', 

Carbohydrate Polymers, 117, pp. 694-700. 

Zhou, L., Wu, L., Li, H., Yang, X., Su, Y., Lu, T. and Xu, J. (2014a) 'A facile and efficient 

method to improve the selectivity of methyl lactate in the chemocatalytic 

conversion of glucose catalyzed by homogeneous Lewis acid', Journal of 

Molecular Catalysis a-Chemical, 388, pp. 74-80. 

Zhou, X., Zhang, Z., Liu, B., Zhou, Q., Wang, S. and Deng, K. (2014b) 'Catalytic 

conversion of fructose into furans using FeCl 3 as catalyst', Journal of Industrial 

and Engineering Chemistry, 20(2), pp. 644-649. 

Zuo, Y., Zhang, Y. and Fu, Y. (2014) 'Catalytic conversion of cellulose into levulinic acid 

by a sulfonated chloromethyl polystyrene solid acid catalyst', ChemCatChem, 6(3), 

pp. 753-757. 

  



186 

 

Appendices 

Appendix A: Experimental Sample Calculation Equations: 

The 5HMF yield and selectivity, fructose conversion, feed mass ratio and DES molar 

mixing ratio were calculated using the following equations: 

5𝐻𝑀𝐹 𝑌𝑖𝑒𝑙𝑑% = (
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 5𝐻𝑀𝐹 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒
 ) × 100 

(A-1) 

 

5𝐻𝑀𝐹 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦% =  (
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 5𝐻𝑀𝐹 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒
) × 100 

(A-2) 

 

𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛% =  (
 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒
) × 100 

(A-3) 

 

𝐹𝑒𝑒𝑑 𝑀𝑎𝑠𝑠 𝑅𝑎𝑡𝑖𝑜 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝐸𝑆
 

(A-4) 

 

𝐷𝐸𝑆 𝑀𝑖𝑥𝑖𝑛𝑔 𝑀𝑜𝑙𝑎𝑟 𝑅𝑎𝑡𝑖𝑜 =  ( 
𝑎𝑐𝑖𝑑 𝑚𝑜𝑙𝑒𝑠

𝑠𝑎𝑙𝑡 𝑚𝑜𝑙𝑒𝑠
 ) 

(A-5) 
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Appendix B: DES Mixing Molar Ratio Calculations 

In this work, the DES was prepared in different molar mixing ratios.  Here, the preparation 

of a 1:1 molar mixing ratio of DES composed of ChCl and p-TSA is given as an example, 

as illustrated in Table B-1. 

Table B-1. DES preparation in 1:1 molar mixing ratio and different fructose mass 

ratios work sheet 

DES preparations 1:1 molar ratio (salt-to-acid) 
 

ChCl molar mass 

(g/mole) 
139.62 ChCl Mass (g) p-TSA Mass (g) 

 

PTSA molar 

mass (g/mole) 
190.22 139.62 190.22 

 

ChCl Moles 1 1.0 1.362412262 
 

PTSA Moles 1 
   

     

 

Total DES 

mass (g) 
1.0000 1.3624 2.3624 

     

  

Feed (Fructose) Mass 

ratio (w/w)  

Total DES mass (g) × 

ratio (w/w)   

  
2.5 0.0591 

 

  
5 0.1181 

 

  
10 0.2362 

 

  
20 0.4725 

 

  
30 0.7087 

 

  
40 0.9450 

 

  
50 1.1812 

 

  
60 1.4174 

 

  
70 1.6537 

 

  
80 1.8899 

 

  
90 2.1262 

 

  
100 2.3624 

 
 

The molar mass ratio was calculated as moles of acid divided by moles of salt, as shown in 

Equation (A-5).  

Firstly, as illustrated in Table B-1, a mass equivalent to one mole of ChCl and p-TSA was 

calculated as follows: Choline chloride molar mass = 139.62 g/ mole. 

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 =  
𝑚𝑎𝑠𝑠 (𝑔)

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠
 

 (B-1) 
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Mass of ChCl equivalent to one mole = (139.62 
𝑔

𝑚𝑜𝑙𝑒⁄ )(1 𝑚𝑜𝑙𝑒) = 139.62 g of ChCl. 

To scale down the used mass of ChCl to 1 g, it was divided by 139.62.  The final mass of 

ChCl weighed on the balance was 
139.62

139.62
 = 1 g of ChCl. A similar procedure was carried 

out for the acid. 

p-TSA molar mass = 190.22 g/mole. 

Mass of p-TSA equivalent to one mole = (190.22 
𝑔

𝑚𝑜𝑙𝑒⁄ )(1 𝑚𝑜𝑙𝑒) = 190.22 g of p-

TSA.  For a molar mass ratio of 1:1 using 1 g ChCl, the amount in grams of p-TSA 

required is = 
190.22 

139.62
 = 1.3624 g of p-TSA. 
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Appendix C: Initial Mass Ratio of Substrate Fructose Calculations 

As shown in Table B-1 above, the substrate fructose was added to the reaction in different 

feed ratios in order to study the effect of the initial fructose concentrations on the 

dehydration reactions.  In this section, the equivalent mass ratio of 5 is given as an 

example of the calculation as follows: 

The total mass of DES =  (𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑙𝑡)  + (𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑖𝑑)  (C-1) 

 

The total mass of DES = (1𝑔 𝑜𝑓 𝐶ℎ𝐶𝑙) + (1.3624 𝑔 𝑜𝑓 𝑝𝑇𝑆𝐴) = 2.3624 g of DES. 

For the ratio of 5 of initial fructose mass, Equation (A-4) is used. 

Fructose mass = (𝑓𝑒𝑒𝑑 𝑚𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜)(𝑡𝑜𝑡𝑎𝑙 𝐷𝐸𝑆 𝑚𝑎𝑠𝑠) = (0.05)(2.3624) = 0.1181 g of 

fructose is required for the dehydration reaction.  
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Appendix D: Experimental Sample Calculations after HPLC Analysis 

Following analysis of the sample by HPLC, an area under the curve was obtained for both 

substrate fructose and the final product 5HMF.  The calculation procedure is detailed for a 

random real experimental sample as an example shown in Table D-1. 

From the HPLC analysis, the area under the curve for fructose sample = 105627 

Actual fructose mass weighed on the balance prior to the start of the reaction = 0.1182 g 

Sample total volume = 100 ml 

Fructose molar mass = 180.16 g/mole 

Initial fructose moles = 
0.1182 𝑔

180.16 (𝑔/𝑚𝑜𝑙𝑒)
= 0.000656 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 

From the fructose calibration curve equation in Figure E-1, Y = 73382 X – 4606.7: 

The non-reacted fructose concentration is equal to: 

X = 
(105626.5+4606.7)

(73382)
= 1.50 𝑚𝑀 

𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 (𝑚𝑜𝑙𝑒)

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑙𝑖𝑡𝑟𝑒)
 

(D-1) 

 

Number of non-reacted moles of fructose = (𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦)(𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒) = 

(1.5 mM /1000×100 ml/1000) = 0.00015 moles of non-reacted fructose. 

Reacted moles fructose = (𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝑚𝑜𝑙𝑒𝑠) − ( 𝑛𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝑚𝑜𝑙𝑒𝑠) 

= (0.000656)  − (0.00015) = 0.000506 𝑚𝑜𝑙𝑒𝑠 reacted 

From Equation (A-3) above:  

Fructose conversion (mol%) = 
0.000506

0.000656
 × 100 = 77.1  

From the HPLC analysis, the area under the curve for the 5HMF sample = 291315 

From the 5HMF calibration curve equation in Figure E-3, Y = 68197 X + 628.68: 

The concentration of produced 5HMF is equal to: 

X = 
291314.5−628.68

68197
= 4.26 𝑚𝑀 
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From Equation (D-1) above: 

Produced 5HMF moles = (4.26 𝑚𝑀/1000)(100 𝑚𝑙/1000) =

0.0004262 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 5𝐻𝑀𝐹 

From Equation (A-1) in Appendix A: 

5HMF yield (mol%) = 
0.0004262

0.000656
 × 100 = 64.9  

From Equation (A-2): 

5HMF selectivity (mol%) = 
0.0004262

0.000506
 × 100 = 84.2 

Table D-1: Analysed sample data sheet 
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Appendix E: Calibration Curves Calculations 

Initially, calibration curves for the fructose and 5HMF were generated in a concentration 

range from 15 to 1.5 mM. The calculations were performed as follows: 

Appendix E-1: Fructose Calibration Curve Calculations 

Firstly, 15 mM stock solution of fructose was prepared using HPLC grade water in a total 

volume of 10 ml. 

Fructose molar mass = 180.16 g / mole 

Total volume = (10 ml) / (1000) = 0.01 litre 

15 mM= (15 mM)/1000 = 0.015 M 

From Equation (D-1) above: 

Number of moles = (0.015 M) × (0.01litre) = 0.00015 moles 

Mass of fructose required to form 15 mM stock solution is equal to  

(180.16 g⁄mole) (0.00015 moles) = 0.027 g. 

Therefore, 0.027 g of fructose was weighed on the balance and dissolved in 10 ml of 

HPLC grade water, then 1 ml of this stock solution was poured in a 2 ml HPLC vial.  

For the lower concentration sample calculation (12 mM), Equation (E-1) was used: 

𝐶1. 𝑉1 =  𝐶2. 𝑉2 (E-1) 

Where:  

C1: the stock solution concentration, which is 15 mM; 

V1: the volume required to be taken from the stock solution to form a new concentration 

sample of 12 mM; 

C2: the target concentration, which is 12 mM; 

V2: target volume of the new sample, which is 1 ml. 
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Therefore, and according to Equation (E-1), the required volume to be taken from the 

stock solution is V1 (ml) = 
(𝐶1)(𝑉2)

𝐶1
 = 

(12𝑚𝑀)(1𝑚𝑙)

(15𝑚𝑀)
 = 0.8 ml. 

So, to form a 1 ml sample of 12 mM concentration, 0.8 ml of stock solution was taken by 

pipette and poured in a 2 ml clean HPLC vial, then 0.2 ml of the HPLC grade water was 

added to the vial and shaken well.  The same procedure was carried out for the preparation 

of the rest of the samples.  The calibration curve is plotted as shown in Figure E-1. 

 

Figure E-1: Fructose calibration curve 

 

Later, the ranges of calibration curve of fructose were extended from 0.0375 to 15 mM, as 

illustrated in Figure E-2. 
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Figure E-2: Extended calibration curve of fructose 

 

Appendix E-2: 5HMF 

10 ml (0.01 litre) of 15 mM (0.015 M) 5HMF stock solution was prepared.  5HMF molar 

mass = 126.11g / mole. 

Similarly to the procedure carried out above, the number of 5HMF moles are equal to 

(𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦)(𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒) = (0.015 𝑚𝑜𝑙𝑒
𝑙𝑖𝑡𝑟𝑒⁄ )(0.01 𝑙𝑖𝑡𝑟𝑒) = 0.00015 mole, while 

the required mass of 5HMF to form 15 mM stock solution is equal to 

(5𝐻𝑀𝐹 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠)(5𝐻𝑀𝐹 𝑚𝑜𝑙𝑒𝑠) = (126.11 
𝑔

𝑙𝑚𝑜𝑙𝑒⁄ )(0.00015 𝑚𝑜𝑙𝑒) = 0.0190 g 

of 5HMF.  The lower concentrations are calculated in a similar procedure mentioned 

above.  The calibration curve of 5HMF is plotted as shown in Figure E-3. 
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Figure E-3: 5HMF calibration curve 

The calibration curve range was extended from 0.002 to 30 mM, as shown in Figure E-4. 

 

Figure E-4: Extended calibration curve of 5HMF 
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