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Abstract 
 
In this chapter, the use of biomass as an alternative resource for the production of 

biofuels, biobased chemicals and biobased performance materials will be discussed. This 

chapter also introduce platform chemical concept and provide an overview of 12 

potentially very attractive platform chemicals. 5-Hydroxymethylfurfural is one among 

the 12 and is considered a “sleeping giant”. Synthetic procedures to produce HMF from 

biomass sources and particularly C6 sugars will be reviewed. The potential of inulin, a 

natural biopolymer, for HMF synthesis will be discussed and finally the objective and 

scope of the thesis will be provided. 
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1.1 Biomass: drivers, composition and applications 

Fossil fuels like oil, coal and natural gas are the prime energy sources in the world 

(Figure 1). Yet, their use is under pressure due to the fast depletion and environmental 

concerns regarding the emissions of CO2 [1]. As such, there is a need for the 

development of alternative, renewable resources for primary energy generation. 

Currently, renewables like hydro-electricity, wind, solar and biofuels only supply about 

13 % of the primary global energy demand (Figure 1).   

 

Fig. 1 World energy supply [2]. 

 

One of the sustainable energy resources is biomass. Biomass is abundantly available on 

our planet and has a good application potential. Biomass resources can be categorized 

in many ways, a possible distinction involving: i) agricultural residues (e.g. agricultural 

processing and production waste, crop residues) ii) forestry products (e.g. wood and 

logging residues) and iii) energy crops (e.g. grasses, sugar, starch and oilseed crops) [3]. 

The annual global biomass production is estimated at 1.70 x 109 ton [4].  

Lignocellulosic biomass (wood, grasses) consists mainly of carbohydrates and lignin, with 

variable amounts of proteins, oils, minerals and other minor components [5].  The 

carbohydrates are generally present in the form of biopolymers like, cellulose, 

hemicellulose and starch [6]. The amount of the major biopolymers in the biomass 
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source is determined by the biomass type (species, type of plant tissue), stage of 

growth, and growth conditions. Lignocellulosic biomass typically consists of 30–60 % of 

cellulose, 20-40 % of hemicellulose and 10-30 % of lignin [5].  

Cellulose is a linear polysaccharide consisting of repeating glucose units. It is present in 

all plant matter. Wood pulp is a cheap source for cellulose [7, 8]. Hemicellulose is a 

branched, relatively low molecular weight polysaccharide containing both C5 (arabinose, 

xylose) and C6 (galactose, glucose, mannose) sugars.  

Starch is a well-known biopolymer with a wide range of applications in both the food 

and non-food industry. It is the main component in grains like corn, rice and wheat. 

Starch mainly consists of glucose molecules, which are linked together by glycosidic 

bonds. In 2004, about 60 million tons of starch were produced globally [5] and this 

amount increased to about 75 million tons in 2012 (Figure 2). 

 
Fig. 2 Global starch production [9]. 

 
Biomass may not only be used for primary energy generation but it is also a valuable 

feed for the production of biofuels and biobased products. Well known examples of 

biofuels from biomass are first generation products, like bioethanol, from sugar feeds 

like sugar beets and sugar cane and biodiesel from triglycerides like pure plant oils and 

waste cooking oils. This thesis however, is not considering the use of biomass for 

biofuels production but particularly focusses on the conversion of biomass to biobased 
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products. A biobased product is defined as a product wholly or partly biobased (derived 

from biomass) including biobased chemicals, biobased plastics and biocomposites. 

Biobased chemicals are already established products on the market. Examples include 

products from the oleochemical industry, starch and cellulose derived products 

(chemically or physically modified) and fermentation products like ethanol, high corn 

syrup and citric acid. The total global biobased chemical and polymer production level is 

estimated to be around 50 million ton per year.  

However, major developments are required to replace substantial amounts of the 

current petro-chemical products derived from fossil resources by biobased products. In 

this respect, two approaches can be considered. The first approach involves 

modification of biopolymers like starch, cellulose or proteins while keeping the 

biopolymer intact. Examples of this approach are starch modifications by e.g oxidation 

to obtain high added value starch products. An alternative approach involves break 

down of the bio-polymers to low molecular weight building blocks, also known as 

platform chemicals or biomass building blocks. These are subsequently converted to 

secondary products, intermediates and finally to end products for introduction in the 

market. The value chain from biomass via platform chemicals to end products is given in 

Figure 3.  An example of a platform chemical is lactic acid, which can be obtained from 

the fermentation of D-glucose. Lactic acid is a precursor for polymers like polylactic acid 

and solvents (lactate esters).  
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Fig. 3 From biomass to biobased chemicals using the platform chemical concept [4]. 
(Reproduced with permission).  
 
 

Researchers from NREL and PNNL have conducted an extensive study to identify sugar 

based building blocks from lignocellulosic biomass [10]. About 300 candidates were 

screened and 14 were selected by iterative processes. These processes take various 

criteria into account (Table 1 and Figure 4). The list is intended to provide guidance to 

technology development and commercialisation opportunities. 

 

Table 1 Potential building blocks from sugars. 

Compounds Compounds 

1,4-diacids (succinic, fumaric and malic) itaconic acid 

2,5-furan dicarboxylic acid levulinic acid 

3-hydroxy propionic acid 3-hydroxybutyrolactone 

aspartic acid glycerol 

glucaric acid sorbitol 

glutamic acid xylitol/arabinitol 
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Fig.4 Potential building blocks from sugars. 
 
 
1.2 A sleeping giant: 5-hydroxymethyl furfural (HMF) 

As is evident from the top 12 list above, furanics like furfural, hydroxymethylfurfural and 

2,5-furandicarboxylic acid (FDCA) are considered attractive biobased molecules from 

biomass with good application potential. All three are accessible from the carbohydrate 

fraction in ligno-cellulosic biomass. Furfural is obtained from the C5 sugars in e.g. 

hemicellulose, whereas the synthesis of HMF and FDCA requires a C6 sugar source 

(Scheme 1)[11]. 
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Scheme 1 Furanics from the carbohydrate fraction of lignocellulosic biomass. 

 

This thesis focuses on the synthesis of HMF from biomass sources. HMF was selected as 

it is among others a precursor for a wide range of interesting derivatives (Figure 5) [12].  
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Fig. 5 Relevant HMF and LA derivatives. 

 

HMF is a solid at ambient conditions and highly water soluble. Some selected properties 

of HMF are given in Table 2. Naturally, HMF is stored in a number of plants, such as 

magnolia vine (Schisandra) [13], cornelian cherries (Cornus officinalis) [14] and the 

marine red algae (Laurencia undulata) [15]. 

 

Table 2 Selected physical properties of HMF. 

Properties Values 

Molecular weight 126.11 Dalton 
Melting point 28-34 

o
C  

Boiling point 114-116 
o
C (at 1 mmHg) 

Density 1.243 g/mL (at 25 
o
C) 

Refractive index 1.563 ± 0.02 
Surface tension 50.0 ± 3.0 dyne/

cm
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In recent years, research activities on the synthesis of HMF and its derivatives have 

intensified dramatically and a number of reviews have been published [16-18]. This is 

also clearly expressed by the number of papers and patents published in the field in the 

last century (Figure 6). 

Fig. 6 HMF publications and patents versus time [18] (Reproduced with permission). 

 

HMF synthesis routes can be conveniently classified by considering the solvent and 

catalyst. Regarding solvents, the following distinction can be made: i) aqueous systems, 

ii) mixed solvent systems and particularly biphasic systems involving water, and iii) non-

aqueous systems including the application of ionic liquids. Solvent effects on HMF yields 

are pronounced, whereas solvent choice also affects product work-up and 

solvent/catalyst recycle streams [19].  Cottier and Descotes [20] divided the catalysts 

into 5 categories: organic acids, mineral acids, salts, Lewis acids and solid catalysts 

(Table 3). 

There is general consensus in the literature that D-fructose is the preferred starting C6 

sugar for HMF synthesis when considering product yield. However, for economic 

reasons, the use of the much cheaper D-glucose is preferred, though yields are in 

general considerably lower than for D-fructose [18]. Main byproducts are levulinic acid 
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(LA) and formic acid (FA), formed by a consecutive hydration reaction of HMF (Scheme 

2) and insoluble products, known as humins. 

 

Table 3 Catalysts used for HMF synthesis from C6 sugars. 

Organic acids Mineral acids Salts Lewis acids Solid catalysts 

oxalic acid 

levulinic acid 

maleic acid 

formic acid 

acetic acid 

p-toluenesulfonic acid 

trifluoracetic acid 

H3PO4 

H2SO4 

HCl, HI, 

HBr  

Ag3PW12O40 AlCl3 

ZnCl2 

BF3 

B(OH)3 

Lanthanide salts 

ion exchange resins, 

zeolites, 

Metal oxides
a
: ϒ-TiP, 

C-ZrP2O7, ZrP, ZrO2, 

TiO2, eHTiNbO5-

MgO, NbOPO4,   

 

a 
TiP = titanium phosphate, C-ZrP2O7 = cubic zirconium pyrophosphate, ZrP = Zr(HPO4)2, eHTiNbO5 = 

exfoliated HTiNbO5, obtained by treating the H-compound with Bu4NOH. 

 

 

 

Scheme 2 Simplified reaction scheme for the reaction of C6 sugars to HMF and LA/FA. 

 

Tandem glucose to fructose isomerization/dehydration processes are currently actively 

being pursued [21, 22] to obtain HMF in high yields from D-glucose. 

 

1.3 Oligo- and polysaccharides for HMF synthesis 

In general, HMF synthesis is centered around the use of monosaccharides as the feed. 

However, oligo-and polysaccharides are also interesting substrates and may have 

benefits from an economical and environmental point of view. Here, the idea is to 

hydrolyse the polysaccharides such as inulin, cellulose and hemicellulose in situ to 

monosaccharides such as glucose, fructose and xylose. Table 4 gives an overview of 

relevant publications regarding the use of oligo- and polysaccharides as substrates for 
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HMF synthesis using various (catalytic) approaches, excluding inulin. The overview will 

be discussed in detail in the next paragraph. 

1.3.1 Starch 

The use of water as the solvent and a heterogeneous catalyst in the form of TiO2 was 

reported by McNeff et al. [24].  HMF was obtained in 15% yield after a reaction time of 2 

min (180 oC). The use of an ionic liquid (1-octyl-3-methylimidazolium chloride 

([OMIm]Cl)) was reported by Chun et al. [25]. A maximum HMF yield of 30 wt % was 

reported, obtained after 1 h reaction time at 120 °C. The HMF yield was shown to be 

considerably higher (60%) when CrCl2 was added.  

Biphasic liquid-liquid systems have also been reported. Chheda et al. [23] performed the 

synthesis of HMF from starch in a biphasic liquid-liquid system consisting of water-

dimethylsulfoxide (DMSO) and dichloromethane (DCM) in the absence of a catalyst. 

HMF was obtained in 36% yield at 90% starch conversion (140 oC, 11 h). Bhaumik and 

Dhepe [26] reported the use of water-methyl isobutyl ketone (MIBK) in combination 

with a solid catalyst (a silicoaluminophosphate (SAPO)). The highest HMF yield was 68 

mol%, at 175oC and 6 h of reaction time. Recently, Shen et al. [27] reported the use of a 

biphasic water(NaCl)/tetrahydrofuran (THF) system in combination with a Lewis acid salt 

in the form of InCl3. The HMF yield was 46 mol% at 200°C and 2 h reaction time. 

1.3.2 Cellulose 

A number of studies have been reported on the use of cellulose as the feed for HMF 

synthesis. The majority of the studies involves the use of (sub-critical) water at elevated 

temperatures (> 200°C) in the absence of a catalyst [28-30]. In these cases, the highest 

HMF yield was about 12%. The use of HCl as a catalyst appeared to have a positive effect 

and Yin et al. [29] reported a higher HMF yield (21 %) than in the absence of a catalyst 

(300oC). Shi et al, [31] studied the reaction of cellulose in hot compressed steam in the 

presence of NaH2PO4. The highest HMF yield was 30.4 mol%, obtained at 280oC, 3 h and 

1.8 MPa.  

The use of a biphasic system consisting of NaCl-H2O/THF was reported by Shen et al. 

[27] using InCl3 as the catalyst and microcrystalline cellulose (MCC) as the feed. The 
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effect of temperature, reaction time and catalyst intake on the HMF yield was 

investigated. The highest HMF yield was 39.7 mol% and obtained after 2 h at 200oC.  

The use of ionic liquids, either in the presence or absence of a catalyst has also been 

reported (Table 5). A landmark is a paper of Zhang et al. [32] showing a 89% yield of 

HMF from cellulose when using (EMIM]Cl as the solvent and CrCl2 as the catalyst (120°C, 

2 h). Dutta et al. [33] stated that the use of ionic liquids for the conversion of cellulose 

to HMF is the best option considering process economics and sustainability.  

Besides pure cellulose, the use of biomass sources with a large proportion of cellulose 

like corn stalk have also been reported. Yan et al. [34] reacted corn stalk in the presence 

of an homemade catalyst (HCSS) prepared by the hydrothermal treatment of corn stalk 

followed by sulfonation. The reaction was performed in an ionic liquid (1-butyl-3-

methylimidazolium chloride ([BMIM][Cl]) at different temperatures, catalyst intake and 

corn stalk loading. The highest HMF yield was 44.1 mol%, achieved at 150oC and 30 min 

of reaction time. 

1.3.3 Polysaccharides other than cellulose, starch and inulin 

Yi et al. [35] reported HMF synthesis from the kudzu root extract in a batch reactor. The 

highest yield was 34.8 % dwt when the reaction was performed in the presence of HCl 

(50 % v/v), an ionic liquid ([OMIM]Cl (40 % w/v), ethyl acetate (10 % v/v) and CrF3 (1 % 

w/v) as the catalyst at a temperature of 130oC for 12 h. 

Wang et al. [36] used chitin as the source for HMF synthesis using ZnCl2 as the catalyst in 

water. The highest HMF yield was 21.9% when using a 67 wt % ZnCl2 solution at 120oC.  

Agarose, a linear polymer made up of the repeating unit of agarobiose, which is a 

disaccharide made up of D-galactose and 3,6-anhydro-L-galactopyranose, was also used 

as a feed for HMF synthesis. Yan et al. [37] studied the effect of metal halides catalyst 

for the conversion of agarose to HMF in a tubular reactor. A range of metal halides i.e. 

NaCl, CaCl2, MgCl2, ZnCl2, CrCl3, CuCl2 and FeCl3 was tested (180-220oC, catalyst 

concentrations between 0.5 - 5% (w/w), reaction times between 0 – 50 min, and a 

substrate concentration of 2% (w/w)). NaCl, CaCl2, MgCl2 showed better performance 
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than the other metal halides. The highest HMF yield (40.7 %) and selectivity (49.1%) was 

obtained with MgCl2 at 200oC for a reaction time of 35 min. 

Kim et al. [38] reported HMF synthesis from agar in the presence of a solid acid (Dowex 

50 wt %) and DMSO as the solvent. The reactions were performed at 110 oC for 5 h. The 

HMF yield was 10 % in the absence of a catalyst and improved to 20 % when using CrCl2 

as the catalyst.  

Bahari et al. [39] reported experimental studies using cider lees containing glucan 

polymers (10 % of 12 % of cider lees) for the synthesis of HMF in subcritical water (175–

275°C). The highest HMF yield was 12.5 % mole, obtained at 250 oC and a reaction time 

less than 2 minutes. 
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Table 4 Overview of studies on the conversion of oligo/polysaccharides to HMF excluding inulin. 

Substrate Concentration 
(wt %) 

Solvent Catalyst Conditions HMF Yield 
(%)

a
 

Ref. 

Starch 10 3:7 water:DMSO (w/w)/ 
dichloromethane 

None 140
o
C, 11 h,  36

b
 [23] 

Starch 5 water TiO2 180
o
C, 2 min, extraction solvent 

MIBK 
15

b
 [24] 

Starch 10 [OMIm]Cl/0.5 M 
HCl/EtOAc 

None 120
o
C, 1 h 30 (wt%) [25] 

Starch 10 Water-MIBK silicoaluminophosphate 
(SAPO) 

175
o
C, 6 h 68 (mol%) [26] 

Starch 10 NaCl-H2O/THF InCl3 200
o
C, 2 h 46 (mol%)  [27] 

Cellulose 
(MCC) 

10 NaCl-H2O/THF InCl3 200
o
C, 2 h 40 (mol%) [27] 

Cellulose 4 water None 280
o
C, 4 min 12

b
 [28] 

Cellulose 3 water None 300
o
C 10

b
 [29] 

Cellulose 3 water HCl 300
o
C 21

b
 [29] 

Cellulose 2 water None 350
o
C, 8.8 s 11

b
 [30] 

Cellulose 5 Steam 1.8 MPa NaH2PO4 280
o
C, 3 h 30 (mol%) [31] 

Cellulose 17 [EMIM]Cl CrCl2 120
o
C, 6 h 89

b
 [32] 

Cellulose 5 [BMIm]Cl CrCl3 150
o
C, 10 min 54

b
 [40] 

Cellulose 
(MCC) 

67 LiCl-DMAc [TMG]BF4 140
o
C, 1 h, microwave irradiation 28 (mol%) [41] 

Cellulose 
(MCC) 

5 [BMIm]Cl Cr([PSMIM]HSO4)3 120
o
C, 5 h 53

b
 [42] 

Chitin 3 water ZnCl2 120
o
C,  90 min 22 (mol%) [36] 

Agarose 10 water MgCl2 200
o
C, 35 min 41

b
 [37] 

Agarose 10 DMSO Dowex 50 wt % 110
o
C,  5 h with CrCl2 20

b
 [38] 

Cider lees 
(glucan 
polymers) 

10 water None 250
o
C, <2 min 12 (mol%) [39] 

a
 wt or mol in brackets after entries    

b
 wt% or mol% not provided 
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Table 4 Overview of studies on the conversion of oligo/polysaccharides to HMF excluding inulin (continued). 

Substrate Concentration 
(wt %) 

Solvent Catalyst Conditions HMF 
Yield (%) 

Ref. 

Corn stalk 4 [BMIM][Cl] HCSS 150
o
C, 30 min 44 

(mol%) 
[34] 

Kudzu root 
extract 

10 [OMIM]Cl CrF3 130
o
C, 12 h, ethyl acetate 1 %(w/v) 35 

(dwt%) 
[35] 

a
 wt or mol in brackets after entries    

b
 wt% or mol% not provided 
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1.3.4 Inulin as a source for biobased chemicals 

Inulin is considered an attractive oligosaccharide for biobased chemicals in general and HMF 

in particular [33]. Inulin was first isolated from elecampane (Inula helenium L.) in 1804 [43].  

Later, it was found that inulin is present in over 30000 plants worldwide, including 1200 

native grasses belonging to 10 families and serves as a reserve polysaccharide. Inulin is a 

oligosaccharide consisting of mainly β(2-1) fructosyl fructose units, in some cases capped 

with a glucopyranose unit (Figure 7) [44-46]. Branching levels by β(2-6) linkages are very low 

and typically less  than 5%. The degree of polymerisation (DP) of inulin varies between 2-70 

and is a strong function of the plant type.  

 

Fig. 7 Molecular structure of inulin. 

 

Well known sources for inulin are the Jerusalem artichoke (Helianthus tuberosus L.), dahlia 

tubers (Dahlia sp L.) [44] and chicory (Cichorium intybus L.) [47]. An overview of the inulin 

contents of selected plants is given in Table 5. 
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Table 5 Inulin content (% of fresh weight of some plants)[48]. 

Source Edible parts Dry solids content  Inulin content 

Onion Bulb 6-12 2-6 

Jerusalem artichoke Tuber 19-25 14-19 

Chicory Root 20-25 15-20 

Leek Bulb 15-20 3-10 

Garlic Bulb 40-45 9-16 

Artichoke Leaves heart 14-16 3-10 

Banana Fruit 24-26 0.3-0.7 

Rye Cereal 88-90 0.5-1 (estimated value) 

Barley Cereal not available 0.5-1.5 (estimated value) 

Dandelion Leaves 50-55 (estimated value) 12-15 

Burdock Root 21-25 3.5-4.0 

Camas Bulb 31-50 12-22 

Murnong Root 25-28 8-13 

Yacon Root 13-31 3-19 

Salsify Root 20-22 4-11 

 

Native inulin is typically used in the food industry. It serves as a dietary fiber as it is only 

hydrolysed to a limited amount in the stomach and small intestine. In addition, a range of 

inulin derivatives with a wide application range have been proposed. Examples include 

neutral, anionic and cationic polymer derivatives. Inulin may also serve as a feed for 

fermentations to produce bioethanol, lactic acid, succinic acid, etc. Finally, (enzymatic) 

hydrolysis allows the production of high fructose syrups [46].   

In 2003, the inulin production in the Netherlands was 200 kton versus 600.000 kton in 

Belgium [49]. Inulin is not only produced in Europe, and production data have also been 

reported for India [50] and China [51]. 

Inulin may also be an important feed for HMF synthesis. In this respect, it requires the initial 

effective depolymerisation to (mainly) fructose followed by conversion of D-fructose to 

HMF. A number of publications are available on the use of inulin for HMF synthesis and 

these are summarised in Table 6. The entries are separated based on the various catalysts 

and solvent combinations used.  

Water as reaction medium has been explored extensively. Wu et al. [52] used water-CO2 

mixtures (0-11 MPa CO2) for the conversion of inulin to HMF in a batch reactor at 180°C. 

Highest HMF yields of 53% were obtained after 1.5 h and a CO2 pressure of 6 MPa. Yields in 

the absence of CO2 were lower (38%), indicating that the in situ formed H2CO3 is an active 

acid catalyst for the depolymerisation of inulin and subsequent dehydration to HMF. 
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The use of solid catalysts in water has been reported by a number of research groups. 

Benvenuti et al. [53] conducted research on inulin conversion to HMF using zirconium and 

titanium catalysts in water. The reaction was performed in batch at 100oC. The highest yield 

was 65 wt% using titanium catalysts (100oC, 2 h). Further, Carlini et al. [54] synthesised HMF 

from inulin using vanadyl phosphate as the catalyst in a batch system at 80oC. The highest 

yield was 37 mol% using GaVOP (80°C, 2 h). Wu et al. [55] used niobium acid to perform 

catalytic inulin conversions to HMF in water. The highest yield was 43 mol% (155oC, 18 min).  

The use of miscible water-organic solvent mixtures has also been reported. Nie et al., [56] 

performed reactions starting with inulin to HMF in THF-water mixtures. The reactions were 

performed at a temperature of 160 oC for 100 min in the presence of graphite oxide (GO) 

based catalysts. The highest HMF yield was 61% for a 3 to 1 THF/water ratio. 

The use of water-acetone mixtures was demonstrated by Bicker et al. [57] to produce HMF 

from inulin in the presence of sulphuric acid. The highest yield was 78 % at 180oC, 20 MPa 

and a reaction time of 120 s. 

Further improvements were boosted by using biphasic liquid–liquid solvent systems. Chheda 

et al. [23] performed the conversion of inulin in the presence of hydrochloric acid in a two-

phase liquid-liquid system consisting of water–DMSO and MIBK–2-butanol. The highest 

selectivity of 77% at an inulin conversion of 98% was obtained at 170 oC and a reaction time 

of 5 min.   

Moreau et al. [58] reported a study on the dehydration of inulin in a biphasic water-MIBK 

mixture using a zeolite (a.o. H-ZSM-5) as the catalyst in batch mode at 165 oC. The maximum 

HMF yield was 54% at 90% fructose conversion after 1 h reaction time.  

Benvenuti et al. [53] used the water-MIBK system to synthesise HMF from inulin using 

zirconium and titanium catalysts. The highest yield was 70 wt% (100oC, 1 h, cubic ZrP2O7, 

SCR= 1.8). 

Yang et al. [59] performed the conversion of inulin to HMF in a biphasic system consisting of 

water and 2-butanol with solid acid catalysts such as hydrated niobium pentoxide and 

hydrated tantalum oxide. Hydrated tantalum oxide gave 87 % yield of HMF at temperature 

of 60 oC, reaction time of 2.5 h. 
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Table 6 Overview of studies on inulin conversion to HMF. 

Cload (wt %) Solvent Catalyst Condition Yield (%)
a
 Ref. 

Water/homogeneous catalyst 

5 water none 160
o
C, 4 h 38

b
 [52] 

5 water none 200
o
C, 1 h 48

b
 [52] 

5 water none 180
o
C, 2 h 41

b
 [52] 

5 water none 200
o
C, 45 min 41

 b
 [52] 

5 water CO2(6 MPa) 160
o
C, 4 min 45

 b
 [52] 

5 water CO2(9 MPa) 160
o
C, 4 min 42

 b
 [52] 

5 water CO2(4 MPa) 180
o
C, 2 min 45

 b
 [52] 

5 water CO2(6 MPa) 180
o
C, 2 min 50

 b
 [52] 

5 water CO2(11 MPa) 180
o
C, 2 min 52

 b
 [52] 

5 water CO2(6 MPa) 200
o
C, 45 min 53

 b
 [52] 

5 water CO2(9 MPa) 200
o
C, 45 min 49

 b
 [52] 

Water/solid catalyst 

6 water Cubic 
ZrP2O7(SCR=1.8) 

100
o
C, 0.5 h 26 (wt%) [53] 

6 water Cubic 
ZrP2O7(SCR=1.8) 

100
o
C, 1 h 35 (wt%) [53] 

6 water Cubic 
ZrP2O7(SCR=1.8) 

100
o
C, 2 h 36 (wt%) [53] 

6 water Ti(PO4)(H2PO4).2H2O 
(SCR=1.8) 

100
o
C, 1 h 41 (wt%) [53] 

6 water Ti(PO4)(H2PO4).2H2O 
(SCR=1.8) 

100
o
C, 2 h 65 (wt%) [53] 

6 water FeVOP (SCR=18) 80
o
C, 2 h 35 (mol%) [54] 

6 water CrVOP (SCR=18.1) 80
o
C, 2h 35 (mol%) [54] 

6 water AlVOP (SCR=19.7) 80
o
C, 2h 34 (mol%) [54] 

6 water MnVOP (SCR=22.2) 80
o
C, 2h 34 (mol%) [54] 

6 water GaVOP(SCR=21.2) 80
o
C, 2h 37 (mol%) [54] 

10 water HNb3O8 (SCR=50) 155
o
C, 18 min 43 (mol%) [55] 

One phase water-organic 

10 water-THF Graphite oxide 
SCR= 2.5 wt% 

160
o
C, 100 min 61

 b
 [56] 

n/a water-acetone 
(90/10) 

H2SO4 (10mmol/L) 180
o
C, 20MPa, 120s 78

 b
 [57] 

a
 wt or mol in brackets after entries    

b
 wt% or mol% not provided 
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Table 6 Overview of studies on inulin conversion to HMF (continued). 

Cload (wt %) Solvent Catalyst Condition Yield (%)
a
 Ref. 

Biphasic water-organic/catalyst 

10 water:DMSO 
(5/5 w/w) 
MIBK:2-BuOH 
(7/3 w/w) 

HCl 170
o
C, 5 min  75

 b
 [23] 

10 water:DMSO 
(3/7 w/w) 
DCM 
 

none 140
o
C, 2.5 h  70

 b
 [23] 

10 water-MIBK various zeolites 
(30 wt%) 

165
o
C, 1 h 39 [58] 

6 water-MIBK Cubic ZrP2O7 

(SCR=1.8) 
100

o
C, 1 h 70 (wt%) [53] 

6  water-MIBK Ti(PO4)(H2PO4).2H2O 
(SCR=1.8) 

100
o
C, 1 h 67 (wt%) [53] 

6 water-2-butanol modified hydrated 
tantalum oxide  

160
o
C, 2.5 h  87

 b
 [59] 

organic solvent/catalyst 

10 DMSO Graphite oxide 160
o
c, 100 min 58 

b
 [56] 

10 DMSO SnCl4-TBAB 140
o
C,2 h 62

 b
 [60] 

ionic liquids/no catalyst 

5 [HMIm][HSO4] none 80
o
C,3 h 59

 b
 [40] 

8  [BMIm]Cl  none 130
o
C, 20 min 53

 b
 [61] 

ionic liquid-catalyst 

5 ChoCl Oxalic Acid 80
o
C,2 h 64

 b
 [62] 

 a
 wt or mol in brackets after entries    

b
 wt% or mol% not provided 

 

The use of DMSO in combination with catalysts has also been studied for the conversion of 

inulin to HMF. Nie et al. [56] investigated the dehydration of inulin to HMF in DMSO using 

graphite oxide catalyst. The yield was 58.2 % when the reaction was performed in an 

autoclave reactor at 160oC and 100 min. Tian et al. [60] studied the conversion of inulin to 

HMF in a batch reactor set up in DMSO using quaternary ammonium salts in combination 

with SnCl4 or SnCl2 as the catalyst. Tetra-butylammonium bromide (TBAB) was found to give 

the best results. The maximum HMF yield was 62 % at 140 oC, 10 mol % catalyst of SnCl4–

TBAB (1:1).  

Finally, the use of ionic liquids has also been reported, both in the presence and absence of 

catalysts. Qi et al. [40] used an ionic liquid ([HMIm][HSO4]) to obtain HMF from inulin in the 

absence of a catalyst. The HMF yield was 59 % at a temperature of 80 oC for a 3 h reaction 

time. Cai et al. [61] performed the reaction of inulin to HMF in the presence of the ionic 

liquid [BMIm]Cl. The yield was 53 % at 130oC for 20 min reaction time. Hu et al. [62] showed 
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the potential of the use of an ionic liquid (choline chloride) in combination with oxalic acid as 

the catalyst. The HMF yield was 64% when the reaction was performed at 80oC for 2 h 

reaction time. 

 

1.4 Thesis Outline 

In this PhD thesis, synthetic (catalytic) methodology for the conversion of inulin to HMF is 

reported in water with the objective to obtain HMF in high selectivity and, preferably, also at 

high conversions. Water was selected as the reaction medium as it is environmentally 

benign, safe, non-toxic, readily available and also because it is a good solvent for both the 

desired product HMF as well as inulin feed (solubility > 35 g/L at 100°C)[49]. 

In Chapter 2, a kinetic study on the acid-catalysed conversion of D-fructose to HMF and 

levulinic acid (LA) in aqueous solutions using sulphuric acid as the catalyst is reported. A 

kinetic model was developed using the power law approach and this model was used to 

optimise the reaction conditions for the highest HMF yield and to select the optimum 

reactor configuration for both HMF and LA production 

In Chapter 3, experimental and modeling studies on the uncatalysed, thermal reaction of 

inulin to HMF in water are reported. Optimum reaction conditions were established for 

highest HMF yield and the experimental data were modeled using multi-variable non-linear 

regression. The results are compared with those obtained for inulin conversions using 

Brönsted acid and possible autocatalytic effects of LA and FA will be discussed.  

An exploratory study on the conversion of inulin to 5-hydroxymethylfurfural in aqueous 

solution using various Brönsted acids is described in Chapter 4.  This chapter involves an acid 

screening study, determination of optimum condition and the formulation of a statistical 

model. 

Finally, an exploratory study on the conversion of inulin to HMF in aqueous solution using 

simple salts like metal chlorides and sulphates (Al, Sn, Fe, and Cu) is reported in Chapter 5. 

The preferred salt was selected for a subsequent study to establish the effect of process 

conditions on the HMF yield. The experimental data were modeled using a statistical model 

to quantify the effect of process conditions on HMF yield. 
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