
Chapter 2 

Review of literature 

 

 

 

 

 

 



Chapter 2 

Page | 2.1  

 

2.1. Structure of lignocellulosic biomass (LCB) and its components 

LCB primarily consist of three polymers: cellulose (C6H10O5)n, hemicellulose (C5H8O4)m, 

and lignin [C9H10O3(OCH3)0.9-1.7]x in an intricate structure where the components are 

rigidly associated through non-covalent bonds and covalent cross-linkages as shown in 

Fig. 2.1 [1]. In general, the cellulose, hemicellulose, and lignin contents in a typical LCB 

fall within the range of 30-60%, 20-40% and 15-25% respectively [2]. However, the 

composition of these major components varies depending on the source. Cellulose is the 

main structural integral of LCB which is a linear polysaccharide that consists of D-glucose 

subunits linked by β-(1,4)-glycosidic bonds [3]. This polymer is insoluble in water unless 

at extremely low or high pH levels. However, it is soluble in solvents like ionic liquids 

(ILs) and N-methylmorpholine-N-oxide (NMMO) [4]. Cellulose possesses advantageous 

properties such as biocompatibility, stereoregularity, hydrophilicity, and reactive hydroxyl 

groups and serves as a versatile resource for derivatized materials such as fibers, films, 

composites as well as fuels and chemicals [5]. Hemicellulose is the second major 

component of LCB that consists of short chains of different polysaccharide molecules such 

as xylan, glucuronoxylan, galactomannan, glucomannan, arabinoxylan, and xyloglucan 

that are connected by β-(1,4)- and sometimes β-(1,3)-glycosidic bonds [6]. In contrast to 

cellulose polymers, hemicellulose is readily degradable into monosaccharides due to its 

low degree of polymerization and non-crystalline nature and thereby widely used in 

industrial applications such as drug carriers, hydrogels, and cosmetics [7]. Lignin forms a 

protecting boundary by covalently linking to the cellulose and hemicellulose which 

enhances the recalcitrance of the lignocellulose. It is a complex, three-dimensional cross-

linked polymer that consists of phenyl propane structural units which vary depending on 

the substitute of the methoxyl groups present in the aromatic rings and are linked to each 

other by aryl ether linkages e.g., β-O-4, α-O-4 and carbon-carbon bonds e.g., 5-5, β-β. 

Three basic units that constitute the lignin polymer are p-hydroxyphenyl (H), guaiacyl (G), 

and syringyl (S) [8]. 
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Fig. 2.1. Schematic structure of lignocellulose [9]. 

2.2. Pretreatment of LCB: necessity 

LCBs are resistant to chemical and biological breakdown, known as biomass recalcitrance. 

Several factors such as the crystalline structure of cellulose, the degree of lignification and 

the structural heterogeneity and complexity of cell-wall constituents are responsible for 

the biomass recalcitrance that must be overcome for valuable utilization of lignocellulosic 

feedstocks [10]. In this context, pretreatment is a significant step in the biorefinery process. 

Throughout the pretreatment process, the recalcitrant structure of lignocellulose is 

disrupted resulting in breakage of lignin sheath, degradation of hemicellulose and 

reduction in crystallinity and degree of polymerization of cellulose [11]. A multitude of 

pretreatment techniques have been developed in the last few decades to improve the 

deconstruction of LCBs and can be categorized as shown in Fig. 2.2. Among the several 

pretreatments processes the preference of the convenient one depends on the type of LCBs 

used as the composition of cellulose, hemicellulose and lignin vary [2]. In the following 

sections, the major pretreatment techniques and their effects on the separation of the 

complex components of various lignocellulosic sources are discussed. 
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Fig. 2.2. Flow chart diagram of pretreatment processes [9]. 

2.2.1. Physical pretreatments 

Physical pretreatments of LCB are a prerequisite before following any other pretreatment 

methods. It is primarily carried out to reduce the particle size, which results in an increased 

surface area, and a decrease in the degree of polymerization and crystallinity [12]. 

Consequently, the subsequent processes become more effective and easier [11]. These 

methods are eco-friendly and seldom produce any toxic material [13]. However, one major 

disadvantage of physical pretreatment is its high energy consumption. Generally, energy 

consumption depends on the type of LCB used. It was reported that size reduction of 

softwoods such as corn stover and switchgrass requires 11.0 and 27.6 kWh/metric ton 

respectively, while hardwoods such as pine and poplar chips require 85.4 and 118.5 

kWh/metric ton respectively [12]. The commonly prevalent physical pretreatment 

methods include milling, extrusion, microwave treatment and ultrasonication. These 

approaches are described in greater detail in the following sections.  

2.2.1.1. Milling 

Milling is employed to reduce the crystallinity and particle size of LCB. Milling can reduce 

the particle size upto 0.2 mm. However, Chang et al. [14] unveiled that biomass particle 

of size less than 0.4 mm has no remarkable effect on the rate and yield of hydrolysis. 

Depending upon the type of motorized equipment operated the different milling methods 

are two-roll milling, ball milling, rod milling, hammer milling, vibratory milling, colloid 

milling, and wet disk milling. The reduction in particle size and crystallinity is determined 
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by the type of milling method adopted, processing time and also the type of biomass used 

[15]. Bai et al. [16] studied the efficiency of pyrolysis using rod-milling and hammer-

milling pretreatment in wheat straw wherein they have found significant size reduction 

and a decrease in crystallinity using rod-milling at an optimum duration of 60 min. The 

effective size reduction and the decrease in crystallinity lead to high surface contact and 

pore volume of wheat straw. Also, the kinetic analysis showed that wheat straw pretreated 

through rod milling has a lower thermal degradation temperature compared to the hammer-

milled wheat straw which enhances the pyrolysis efficiency. However, one of the biggest 

shortcomings of milling pretreatment is its high-energy requirement and the capital cost 

of mechanical equipment.  

Wet disk milling has been a well-known physical pretreatment owing to its low 

energy consumption. A study of combined pretreatment using hydrothermal and wet disk 

milling on oil palm mesocarp fiber (OPMF) demonstrated that hydrothermal pretreatment 

of OPMF followed by wet disk milling reduces the power consumption upto 9.6 MJ/kg 

with a more than 98% glucose yield [17]. Another combined pretreatment of hot 

compressed water (HCW) and wet disk milling on oil palm biomass produced 85.5% and 

100% of total sugar yields from oil palm empty fruit branch and oil palm frond fiber, 

respectively [18]. Kim et al. [19] compared three different methods of milling; ball milling, 

attrition milling and planetary milling. It was found that attrition and planetary milling 

effectively reduced biomass particle size as compared to ball milling and the highest yield 

of glucose and galactose was obtained by planetary milling. Since milling pretreatment 

does not result in any toxic or inhibitory compounds it is a preferred preliminary 

pretreatment method for a wide variety of lignocellulosic feedstocks.  

2.2.1.2. Microwave-assisted size reduction 

Microwave irradiation is a non-conventional heating method that has long been used for 

the pretreatment of LCB under an applied electromagnetic field. The first study of 

microwave irradiation pretreatment was carried out by Ooshima et al. [20] and since then 

this method has been retained as a convenient strategy owing to its several advantages 

including easy operation, energy efficiency, minimum inhibitors formation, and high 

heating capacity within short time period [21]. In this method, the dielectric polarization 

causes molecular collisions and generates thermal energy that results in the disruption of 

the complex lignocellulosic structure [22]. Microwave irradiation was categorized into 

atmospheric and high-pressure treatment. High-pressure microwave pretreatments are 
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operated in closed reactors within the temperature range from 150°C to 250°C [23]. A 

study on the microwave pretreatment of Panicum spp. and Miscanthus spp. showed 7-10% 

higher solubility of the materials in subcritical water as compared to the untreated 

materials. The samples were pretreated at different temperatures and the optimum 

conditions obtained are 60°C and 120°C for Miscanthus spp. and Panicum spp., 

respectively at 1600 W treatment power [24]. In another study, the microwave 

pretreatment of Hyacinthus spp. was examined to enhance the methane production from 

anaerobic digestion and obtained the highest methane yield of 221 mL·g-sub-1 which was 

38.3% higher than the substrate pretreated with water-heating [25]. In recent research, 

microwave pretreatment is often conjugated with other treatment methods as an upgraded 

attempt. Liu et al. [26] studied the effect of microwave irradiation during alkaline treatment 

for the separation of cellulose and hemicellulose from a delignified hardwood kraft pulp. 

They have found that under microwave treatment the complex fibre structure fractured 

effectively and the alkaline solution penetrated the inner fibre structure, resulting in the 

significant removal of hemicelluloses and a high cellulose yield of 93.05%. Microwave-

assisted ionic liquid treatment of Crotalaria juncea fibres produced 78.7% glucose at 

160°C in only 46 min processing time [27]. The studies of the microwave-assisted acid 

pretreatment of lignin and Moso bamboo sawdust have reported that microwave 

temperature is the most significant factor in determining the structure of the pretreated 

samples. The microwave temperature facilitated decarboxylation and dehydration during 

the process. Different analyses showed that the pretreated samples have lower O, H and 

ash contents and higher C contents, while in raw bamboo sawdust the C, H, and O are 

predominant [28]. The results established the microwave system as an assuring technique 

for fermentable sugar production from lignocellulosic materials.  

2.2.1.3. Extrusion 

Extrusion is one of the most commonly used physical pretreatment methods applied to 

LCBs. The action of one or two screws that spin into a tight barrel, which is furnished with 

temperature control forms the basis of this method [29]. The raw materials are passed 

through the barrel under high temperature (>300°C) where the recalcitrant structure of the 

lignocellulose disrupts due to the combined effects of high temperature and the shear 

forces caused by the rotating screw blades in the barrel [30]. Extrusion machines are 

mainly classified into single-screw extruders (made of one single solid piece) and twin-

screw extruders (made of small pieces called screw elements arranged cylindrically). The 
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screw configuration is an important factor affecting the decomposition of LCB. Wahid et 

al. [31] carried out a study on the effect of different screw configurations during extrusion 

pretreatment on wheat straw and deep litter to enhance biogas production. They analyzed 

pretreatment using five screw configurations namely, mild kneading, long kneading, 

reverse, kneading and reverse and kneading with reverse. The results showed effective 

sugar yield with each configuration that consequently led to significant methane 

production. However, high energy consumption (226-324 kWh t-1) is the main bottleneck 

in this study that requires further investigation to make the pretreatment economical.  

2.2.1.4. Ultrasonication 

Ultrasonication pretreatment is based on the principle of cavitation by the employment of 

ultrasonic radiation. The cavitation generates shear forces that cleave the complex network 

structure of LCB and promotes the extraction of desired compounds such as cellulose, 

hemicellulose and/or lignin [32]. A study on the effects of ultrasound pretreatment on the 

structural changes of eucalyptus wood revealed that the crystallinity of the pretreated wood 

increased from 34.7% to 35.3% in the aqueous soda solution, 32.6% to 35.5% in distilled 

water and 33.4% to 35.5% in an aqueous acetic acid solvent. The increased crystallinity is 

due to the effective removal of the amorphous hemicellulose and lignin fractions that was 

established by the FTIR analysis [33]. It has been seen that the choice of solvents (dilute 

aqueous solutions of inorganic acids or alkalis, organic solvents, or ionic liquids) is critical 

in determining the optimum conditions for ultrasonication pretreatments [34]. Several 

factors influencing the sonication treatment include ultrasound frequency, sonication 

duration, sonication power and temperature Liyakathali et al. [35] have found that the 

enzymatic digestibility of energy cane bagasse increases with an increase in the sonication 

time and temperature while ultrasonic frequencies did not affect enzymatic digestibility. 

Cherpozat et al. [36] studied the use of ultrasonic pretreatment on wood chips for bio-oil 

production. The experiments were carried out at different conditions regarding frequency 

(40, 68 and 170 kHz), treatment time (0.5, 1 and 1.5 h) and applied power (125, 250, 500 

and 1000 W). They found the combination of 170 kHz for 0.5 h and 40 kHz for 1.5 h and 

a power of 1000 W as adequate, resulting 12% increased yield of bio-oil as compared to 

untreated wood. However, ultrasonication for a prolonged period might cause adverse 

effects due to collision and aggregation between the particles [37]. The above studies 

clearly demonstrate that ultrasonication is a viable pretreatment technique owing to its 

potential to facilitate the disruption of various lignocellulosic materials. In fact, the use of 
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ultrasound can scale down the hydrolysis time of biomass up to 80% aiding benefit for 

bio-fuel production [38]. However, the process is energy intensive and detailed 

investigations are necessary to optimize the process parameters for high-scale applications. 

2.2.2. Chemical Pretreatments 

2.2.2.1. Alkali pretreatment 

Alkali pretreatment is a widely studied chemical pretreatment method which is based on 

the solubilization of lignin in the alkali solution. Various alkaline reagents used commonly 

for alkali pretreatment are the hydroxides of sodium, potassium, calcium, and ammonium. 

Among these sodium hydroxide was found to be the most effective [39]. A saponification 

reaction takes place throughout the alkali pretreatment process which causes cleavage of 

the intermolecular ester linkages between hemicelluloses and lignin. This results in the 

solubilisation of lignin and hemicellulose fragments in the alkali solution and brings the 

cellulose into the interaction of enzymes [40]. Also, alkali pretreatment changes the 

lignocellulosic structure via cellulose swelling that leads to a reduction in crystallinity and 

degree of polymerization thereby increasing internal surface area [41].  

Various studies reflect many advantages of the alkali pretreatment technique. A 

study on the alkaline pretreatment of rice straw for biomethane production reported that 

1% NaOH at room temperature for 3 h significantly reduces the hemicellulose and lignin 

contents while the cellulose content remains unaltered. This led to an increase in methane 

yield by more than 34% compared to untreated rice straw [42]. Likewise, Talha et al. [43] 

optimized the conditions of alkaline pretreatment of sugarcane bagasse and filter mud to 

enhance biomethanation. The results showed 86.27% lignin removal using 1% NaOH at 

100°C for 3 h and an increase of 82.20% methane yield. Shen et al. [44] proved sodium 

hydroxide pretreatment as an effective method to enhance the process of anaerobic 

digestion. They optimized the pretreatment conditions on vinegar residue (VR) and found 

an increased methane yield of 205.86 mL g-1 VR at 3% NaOH concentration which was 

53.99% higher than the untreated VR. Alkaline pretreatment using calcium hydroxide 

(also called lime) has also been studied and found simple and effective since Ca(OH)2 is 

very inexpensive and safe to handle. A study on the lime pretreatment of corn cob residue 

to enhance biogas production revealed that the pretreatment accelerates the digestion 

process by removing lignin and obtained biogas 2 times higher than untreated corn cob 

[45]. Rabelo et al. [46] compared the effect of alkali pretreatment on sugarcane bagasse 

with lime and alkaline peroxide and found a maximum glucose yield of 200 mg g-1 on lime 
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loading of 0.04 g g-1 at 70°C for 37 h. However, lime pretreatment takes a long residence 

time and high temperature compared to peroxide pretreatment. Ghorbani et al. [47] 

investigated the lime pretreatment effects on date palm leaves under aerated and non-

aerated conditions and found oxidative treatment at 40°C with 0.2 g g-1 Ca(OH)2 loading 

more suitable for delignification than the non-oxidative treatment. Extensive research 

works have also been conducted on ammonia-based alkali pretreatment because of its non-

corrosivity, non-toxicity and easy recovery of ammonia. Sakuragi et al. [48] studied the 

effects of ammonia pretreatment on six different hardwood species and reported that 

species with high xylan and low lignin contents promotes enzymatic hydrolysis more 

effectively.  

From the above studies, we can summarize that the alkali pretreatment is an 

effective technique in removing lignin and makes carbohydrates more exposed to use for 

the downstream processes. However, a major disadvantage of the technique is the recovery 

of the added alkalis which requires further investigations. Furthermore, alkali pretreatment 

is more favourable for low lignin content biomass such as herbaceous crops and 

agricultural residues and less productive for hardwoods. 

2.2.2.2. Acid pretreatment 

Acid pretreatment of LCBs is based on the susceptibility of the glycosidic bonds between 

hemicellulose and cellulose to acid. Hydronium ions which originate from the acid catalyst 

cause breakdown of the long cellulose and hemicellulose chains into sugar monomers [49]. 

Both, inorganic acids such as sulfuric acid [50], phosphoric acid [51], nitric acid [52] and 

hydrochloric acid [53] and organic acids such as formic acid [54], maleic acid [55] and 

oxalic acid [56] are used. Acid pretreatment can be used either as concentrated acids (30-

70%) at low temperature (<100°C) or as dilute acids (0.1-10%) at high temperatures (100-

250°C). Although, concentrated acid pretreatment can highly accelerate the sugar 

conversion rate (higher than 90%), most of the concentrated acids are very toxic and 

corrosive and hence require high operational and maintenance costs. Moreover, they cause 

undesired cellulose degradation leading to the generation of inhibitory compounds viz. 

furfurals, 5-hydroxymethyl furfural, phenolic acids, and aldehydes. Studies reveal that 

among the acids, dilute sulphuric acid (H2SO4) is the most extensively used to pretreat 

LCBs. Sahoo et al. [57] compared the effect of dilute acid and alkali pretreatment on wild 

rice grass (Zizania latifolia) for enzymatic hydrolysis. Results showed that 0.4% H2SO4 

with 10% biomass loading releases 163 mg sugar g-1 biomass, while only 92 mg sugar g-1 
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biomass was obtained when treated with 1 % NaOH. This proves that dilute acid 

pretreatment to be a more feasible method for this grass compared to alkali pretreatment. 

Sindhu et al. [58] studied dilute acid pretreatment of Indian bamboo (Bambusa spp.) 

varieties for bioethanol production. The pretreatment process with various mineral and 

organic acids revealed H2SO4 as the best pretreatment agent. Experiments were carried out 

with different biomass loadings, acid concentrations and pretreatment time. An optimized 

condition of 15% (w/w) biomass loading, 5% acid concentration and 30 min pretreatment 

time yielded 0.319 g/g of reducing sugar which produced 1.76% (v/v) ethanol on 

subsequent enzymatic saccharification and fermentation.  

Amnuaycheewa et al. [59] investigated rice straw pretreatment with organic acids 

for the improvement of enzymatic hydrolysis and biogas production. Using a response 

surface method, they optimized the pretreatment conditions with acetic acid (C2H4O2), 

citric acid (C6H8O7), oxalic acid (C2H2O4) and hydrochloric acid (HCl) and compared their 

effects. Results showed that oxalic acid pretreatment under optimal conditions of 5%, 

135.91°C and 30.86 min led to the highest sugar production of 213.4 mg/ 500 mg of 

pretreated sample on enzymatic saccharification. Organic acids such as maleic acid and 

formic acid are also more efficient than dilute mineral acid for LCB pretreatment [60]. In 

addition, organic acids catalyze negligible sugar degradation. However, a study on the 

comparative effect of citric acid (C6H8O7) pretreated rice husk and inorganic acids (HCl, 

H2SO4 and HNO3) pretreated rice husk on the adsorption of phenol from wastewater 

showed less adsorption by the citric acid treated rice husk [61]. Therefore, further research 

into the benefits of organic acids over mineral acids for the processing of LCBs is required. 

2.2.2.3. Ionic Liquids  

Swatloski et al. [62] put forward the use of ionic liquids (ILs) as cellulose solvent and ever 

since pretreatment of LCB by ILs has become a promising prospect. ILs are relatively new 

class of solvents with a melting point of <100°C which are comprised of cations and 

anions. The cations, in general, are organic viz. imidazolium, pyridinium, aliphatic 

ammonium, alkylated phosphonium and sulfonium ions, while the anions include both 

organic and inorganic ions [63]. During the pretreatment process both the cations and 

anions play a significant role in solubilizing the cellulose and lignin. Fig. 2.3. represents 

the interruption of the intra- and intermolecular hydrogen bonding in cellulose by IL ions. 

Also, the cellulose dissolution increases in presence of electron-withdrawing groups in the 

alkyl chains of IL cations [63]. Most of the ILs are recoverable and reusable. They possess 



Chapter 2 

Page | 2.10  

 

the striking advantages of negligible vapour pressure, non-volatility, non-toxicity, large 

thermal and chemical stability and most importantly the adjustable nature of their cations 

and anions on which the properties of the ILs depend [64].  These are the reasons why ILs 

have often been described as green solvents. Several types of ILs include imidazolium-

based ([(C3N2)Xn]
+), pyridinium based ([(C5N)Xn]

+), pyrrolidinium-based ([C4N)Xn]
+ , 

ammonium-based [NX4]
+, phosphonium-based [PX4]

+, sulfonium-based [SO3]
+ and others 

such as cholin. Among these, imidazolium salts are the most commonly used ILs [65]. 

 

 

Fig. 2.3. Interruption of intra- and intermolecular H-bonding in cellulose by ILs [9]. 

 

Raj et al. [66] investigated the effect of various imidazolium-based ILs 

pretreatment on enzymatic hydrolysis of mustard stalk. It was found that ILs containing 

acetate ion enhanced specific surface area and porosity accessible for enzymes and 

improved the yield of reducing sugar significantly. The effect of pretreatment temperature 

on acetate ion based ILs was also studied. Differential scanning calorimetry analysis 

showed an increased porosity (108.9 mg/g) at 130°C/2h compared to 100°C/5h (107.8 

mg/g) and produced 97.7% and 78.7% glucose, respectively, on subsequent hydrolysis. 

Stanton et al. [67] also studied the effect of different imidazolium-based ILs on the 

structure and properties of microcrystalline cellulose and silk blended biocomposite films. 

The results revealed that the intermolecular interactions in the films are directly correlated 

to the anion structure of the ILs.  

Regardless of their distinctive chemical properties, ILs present the major 

shortcomings of being expensive and toxic to microorganisms and enzymes. Brandt-

Talbot et al. [68] investigated for the first time the application of the low-cost IL 

triethylammonium hydrogen sulfate for the pretreatment of Miscanthus x giganteus grass. 

They found up to 75% lignin and 100% hemicellulose solubilization in the IL solution and 

a yield of 77% glucose by enzymatic saccharification. Also, the IL was reused four times 
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with 99% recovery at each time. Nevertheless, further studies on these aspects with low-

cost recovery technology and its toxicity to enzymes are still needed for economically-

viable large-scale applications.  

2.2.2.4. Organosolv process 

In this process, LCBs are pretreated with organic solvents or their aqueous solutions that 

causes break down of the internal bonds between lignin and hemicellulose thereby leaving 

a relatively pure cellulose residue. During the process delignification and solubilization of 

hemicellulose lead to an increase of pore volume and surface area of cellulose and 

enhances the accessibility of enzymatic hydrolysis and saccharification [69]. A wide range 

of organic solvents such as, ethanol, methanol, acetone, organic acid, organic peracid and 

ethylene glycol or their mixture with water have been employed to pretreat various LCBs. 

The process is often accompanied by the addition of a catalyst to either lower the 

pretreatment temperature or improve the delignification rate. Usually mineral acids 

(hydrochloric acid, sulfuric acid, phosphoric acid), bases (lime, sodium hydroxide, 

ammonia) and some salts are used as catalysts [70].  

Organosolv presents itself as an emerging pretreatment process owing to its 

inherent advantages such as, easy recovery of the solvents by distillation, recycles the 

solvents back to pretreatment and utilization of high-quality lignin isolated from this 

process as value-added byproducts for industrial applications. However, there also lies a 

few major disadvantages of organosolv pretreatment. Most of the organic solvents are too 

expensive and need to be recovered as much as possible which is an energy-intensive 

process. In addition, the high flammability and volatility of the organic solvents make the 

pretreatment to be carried out under especially controlled conditions [70].  

2.2.2.5. Deep eutectic solvents  

Pretreatment of LCB using deep eutectic solvents (DES) has attracted much interest in 

recent years. DESs are a new generation of ionic fluids comprising two or three 

components, often interlinked through hydrogen bonding and form a eutectic mixture with 

a lower melting point than each individual component. They are usually liquids at a 

temperature <100°C. DESs and ILs are much alike in terms of their physicochemical 

properties but their low-cost synthetic technology and biodegradability make them 

versatile alternatives to ILs [71]. DESs are mostly derived by mixing a quaternary 

ammonium salt with a metal salt or hydrogen bond donor (HBD) which is capable of 
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forming a complex with the halide ion of the quaternary ammonium salt [72]. The decrease 

in melting point of the eutectic mixture is ascribed to the charge delocalization occurring 

between the halide ion and the hydrogen-donor moiety [73].  

DESs can be represented by the general formula 

𝐶𝑎𝑡+𝑋−𝑧𝑌 

where Cat+ is basically any ammonium, phosphonium or sulfonium cation, X- is a Lewis 

base, commonly a halide anion, Y is Lewis or Brønsted acid, and z is the number of Y 

molecules that interact with the anion. The complexation between X- and Y forms different 

anionic species [72]. Being a biodegradable, non-toxic and cheap organic salt, cholin 

chloride (ChCl) is used in most of the DESs in combination with the low-risk HBDs like, 

urea, glycerol, carboxylic acids, and polyols [71]. A study on the corn stover pretreatment 

by different DESs having the same halide salt i.e., ChCl found ChCl: Formic acid to be 

the ideal mixture for butanol fermentation. The findings implied that DES with acidic 

hydrogen donors could enhance the removal of lignin and hemicellulose more efficiently 

and are superior to ILs [74]. The results are further proved by Zhang and co-workers who 

investigated the pretreatment of corn cob by using three DESs; monocarboxylic acid: 

ChCl, dicarboxylic acid: ChCl and polyalcohol: ChCl. They found that delignification and 

cellulose accessibility greatly depends on the strength and amount of acid and the nature 

of hydrogen bond acceptors. The free hydroxyl groups of polyalcohol interact with the free 

and etherified hydroxyl groups of lignin thereby making the polyalcohol: ChCl to be an 

adequate mixture for pretreatment [75].  

2.2.3. Physicochemical pretreatments 

2.2.3.1. Steam explosion 

Steam explosion is the most commonly employed and effective pretreatment method, 

which is typically a combination of both mechanical forces and chemical effects applied 

to LCBs. In this technique, the biomass is subjected to high-pressure saturated steam (0.69 

– 4.83 MPa) at a temperature of 160-260°C to let water molecules penetrate the substrate 

structure. The pressure is then suddenly reduced to let the water molecules escape 

explosively. This rapid release of pressure causes an explosion of the bulk LCB into 

splitted fibers. Besides, high temperature and pressure enhances the breakdown of the 

glycosidic bonds in cellulose and hemicellulose and the cleavage of hemicellulose-lignin 

bonds [76]. During this treatment, the hydrolysis of hemicellulose into glucose and xylose 
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monomers liberates acetic acid which catalyzes the further hydrolysis of hemicelluloses, 

and; hence the process is also termed autohydrolysis [77].  

The steam explosion has several advantages such as low environmental effect, 

limited chemicals use, high energy efficiency, no recycling costs and total sugar recovery 

compared with other pretreatment methods [78]. Steam explosion can be employed 

directly to milled LCB without employing any chemicals. Vivekanand et al. [79] pretreated 

birch samples with steam at 170-230°C to investigate their enzymatic hydrolysis 

performance. Results showed that steam explosion at 220°C for 10 min generates the 

maximum enzymatic hydrolysis yield. However, under harsh steam explosion conditions, 

the production of inhibitors such as aromatic compounds and dehydration byproducts 

(weak acids and furan derivatives) influenced the subsequent hydrolysis process [79]. 

Similar results were also observed when corn stover was pretreated with steam explosion 

at 140-220°C for biogas production. Pretreatment at 160°C for 2 min increased the 

methane yield by 22% while harsh pretreatment conditions led to the formation of 

inhibitors [80]. Besides, many phenolic compounds are produced when lignin is broken 

down. Therefore, some detoxification methods are required to reduce the hindrances 

caused by these compounds for the benefit of the downstream processes.  

2.2.3.2. Ammonia fiber explosion (AFEX) 

In AFEX process, the LCB is heated with liquid ammonia (in 1:1 ratio) in a closed vessel 

at temperature around 60-100°C under high pressure for 5-30 min, and then the pressure 

is suddenly released [13]. The high pressure and given temperature causes swelling of 

lignocellulose and the rapid release of pressure disrupts the fibrous structure of biomass, 

reduces the crystallinity of cellulose and thereby improves the accessibility of enzyme. 

Optimization of AFEX pretreatment can be done by varying the four parameters including 

temperature, blowdown pressure, water loading and ammonia loading [81]. Silvergrass 

(Miscanthus spp.) when presoaked in water prior to AFEX pretreatment showed up to 10% 

increase in glucan conversion indicating that moisture content plays a major role in AFEX 

[82]. AFEX pretreatment partly removes the lignin and hemicellulose from lignocellulosic 

materials, but shows better enzymatic hydrolysis results at low enzyme loadings compared 

to other pretreatment processes. When oil palm empty fruit bunch fibre was pretreated 

with AFEX at 135°C for 45 min, the lignin-carbohydrate linkages changed along with 

some relocalization of lignin and resulted in 90% glucan conversion at a lower enzyme 

loading of 13.8 FPUg-1 glucans as compared to 25.5% conversion for untreated biomass 



Chapter 2 

Page | 2.14  

 

[83]. Therefore, AFEX pretreatment is more suitable for low lignin-content lignocellulosic 

biomass such as agricultural wastes and herbaceous plants like switch grass, rice straw, 

corn stover etc. Several investigations have been carried out to determine the optimal 

AFEX conditions for different LCBs. Zhao et al. [84] reported ammonia to biomass 

loading of 5:1, 70% moisture content and 170°C as optimal for enhanced enzymatic 

digestibility of corn stover. They further demonstrated that pre-soaking of corn stover prior 

to AFEX pretreatment enhances the delignification of corn stover from 15.74-24.07% and 

thereby increases glucan digestibility from 82.13-87.78%. Mathew et al. [85] when 

compared the effect of AFEX and dilute acid pretreatment on corn stover, found that 

AFEX treated hydrolysate of corn stover was superior to dilute acid treated hydrolysate 

for ethanol production. 

The main advantage of AFEX lies in the negligible formation of inhibitors as 

compared to other pretreatment methods. Nonetheless, ammonia should be recovered and 

recycled due to its high cost and volatility to reduce the overall operating cost and 

minimize environmental damage. 

2.2.3.3. CO2 Explosion pretreatment 

A key drawback in the application of steam explosion pretreatment lies in its use of high 

thermal energy which is essential for the decomposition of LCB. The AFEX pretreatments 

on the other hand use ammonia, which is highly corrosive with detrimental environmental 

effects, thereby limiting its scope. In this context, supercritical CO2 explosion appears to 

be a viable alternative owing to its lower energy requirements and use of the greener 

alternative compared to ammonia [86]. Because of its characteristics of mass transfer of a 

“gaslike” with a “liquidlike” solvating power, supercritical CO2 can diffuse through 

interspaces like gas and dissolve materials like liquid [87]. Under high pressure the CO2 

molecules penetrate into the biomass and shattered the higher level of structures 

comprising hemicellulose and lignin. Once dissolved in water, CO2 will form carbonic 

acid, which catalyzes the hydrolysis of hemicellulose. This is the reason why this 

pretreatment process is not satisfactory to biomass with no moisture content. On the other 

hand, when the pressurized gas is released, it breaks the compact matrix structure of 

biomass thereby improving the accessibility of cellulose fibers [88]. Benazzi et al. [89] 

reported a single-step process for the hydrolysis of sugarcane bagasse using supercritical 

CO2 and obtained a 60% yield of fermentable sugars. Soybean hull pretreated with 

supercritical CO2 showed a high glucose yield of 97% after enzymatic hydrolysis. This 
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high glucose yield was obtained under optimal conditions of 8 MPa pretreatment pressure 

and 130°C temperature for 30 min. Thus, the pretreatment pressure and temperature also 

plays a significant role in supercritical-CO2 treatment [90]. Likewise, Narayanaswamy et 

al. [91] found that supercritical-CO2 pretreatment of corn stover (75% moisture content) 

under optimal conditions of 24 MPa and 150°C for 60 min, increased the glucose yield by 

2.5-fold compared with a native corn stove. A combined pretreatment of corn cob and corn 

stalk by supercritical CO2 and ultrasonic pretreatment improved the enzymatic hydrolysis 

by 75% and 13.4%, respectively under optimal conditions of 20 MPa and 170°C [92].  

Low cost of CO2, low environmental impact, non-flammability, no toxins 

formation, and easy recovery make the employment of supercritical-CO2 in the 

pretreatment of LCB an attractive approach. However, the economic input for the 

experimental set-up that can withstand high-pressure conditions of CO2 pretreatment is 

significantly high and is a great obstacle in its application on industrial scale.  

2.2.3.4. Liquid hot water (LHW) 

LHW pretreatment is very much like the steam explosion but as the name suggests, LHW 

uses water at elevated temperature (170-230°C) and pressure (up to 5 MPa) in place of 

steam. Unlike steam explosion rapid release of pressure is not required in LHW and the 

application of pressure is only to prevent evaporation of water. LHW hydrolyzes 

hemicellulose by liberating its acetyl groups and removing lignin thereby making the 

cellulose fibres more exposable [93]. The detached hemicellulose remains in the liquid 

fraction of the pretreated slurry and the formation of monomeric sugars during the process 

is minimal. However, to avoid the sugar degradation and inhibitors formation, the LHW 

pretreatment is carried out at controlled pH between 4-7 [94]. It was reported that 

Miscanthus X giganteus pretreated with LHW under controlled pH at 200°C for 15 min 

showed high ethanol yield of 71.8% of theoretical fermentation [95]. Hongdan et al. [96] 

optimized the process variables (temperature and residence time) in LHW pretreatment of 

sugarcane bagasse and achieved 90% glucose recovery on enzymatic hydrolysis at 180°C 

for 30 min. LHW pretreatment of corn cobs at 160°C for 10 min provided maximum 

hemicellulose-derived sugar recovery of 58.8% and enzymatic hydrolysis yield of 73.1% 

with more than 60% lignin removal [97]. Furthermore, Imman et al. [98] investigated the 

effect of the alkaline catalyst on LHW pretreatment of rice straw and demonstrated that 

rice straw pretreated with LHW in presence of NaOH showed remarkably higher glucose 

yield compared with LHW pretreatment in the absence of NaOH. Likewise, another study 
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on the effects of acid and alkali promoters during LHW pretreatment of rice straw revealed 

that the presence of such promoters changes the physical structure of the pretreated 

biomass and thus lowered the required LHW temperature and improving the enzymatic 

digestibility [99].  

LHW pretreatment possesses several advantages as it does not require any catalyst 

or chemicals, the formation of toxic materials is almost absent and has a low-cost solvent 

for large-scale applications. Furthermore, biomass size does not influence since the 

particles are broken down during the treatment which makes the process more striking on 

large scale [100]. However, the process is very energy intensive due to the large amount 

of water involved. 

2.2.4. Biological pretreatment 

Biological pretreatment is a low cost and eco-friendly technique to treat LCB prior to 

enzymatic saccharification. This technique is promising as there is no inhibitor formation 

during the process, requires lesser energy consumption and is eco-friendly [101, 102]. 

Through this method, lignin-degrading bacteria or fungi, as whole cell or enzymes, are 

used to pretreat LCB. The enzymes used in the degradation of lignin are laccases, lignin 

peroxidase, manganese peroxidase and versatile peroxidase. Fungi are the best suited for 

such applications as they are capable of degrading cellulose, hemicelluloses, and lignin.  

Biological pretreatment is not only used for lignin removal, but also for the removal of 

specific components such as antimicrobial substances [103]. White-rot, brown-rot and 

soft-rot fungi are used for the degradation of lignin and hemicelluloses present in LCB 

[18]. However, mostly white-rot fungi are involved in biological pretreatment due to the 

high sugar yield associated with enzymatic saccharification [104]. Some white-rot fungi 

can simultaneously degrade lignin and polysaccharides, resulting in the loss of 

carbohydrates, while other white-rot fungi can selectively degrade lignin. There are two 

extracellular enzymatic systems involved in microorganisms, one hydrolytic and another 

ligninolytic system [105]. Hydrolytic system is responsible for the degradation of cellulose 

and hemicelluloses, while ligninolytic system depolymerizes the lignin. Lignin can be 

degraded by enzymes produced by various organisms, among which white-rot fungus has 

been found the most effective.  Fungi are usually isolated from the soil, living plants or 

agricultural waste materials [106].  
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2.3. Glucose production from LCB 

The first platform chemicals in a biorefinery could be the sugar molecules obtained from 

LCB. Since the production of further degradation products depends on the efficient release 

of C5 and C6 sugars with lower energy consumption, this step has critical importance 

[107]. The first step in utilising cellulose is depolymerizing it into soluble oligosaccharides 

and glucose. However, the natural polymer forms a robust crystal structure with high 

chemical stability consisting of numerous glucose units that are linked together by β-1,4-

glycosidic linkages thus making the depolymerization processes more difficult. The 

hydrolysis of cellulose polymers occurs when acids break the β-1,4-glycosidic linkages, 

resulting in the sugar molecule glucose. Usually, hydrolysis of cellulose has been reported 

using mineral acids such as HCl and H2SO4. However, product separation, reactor 

corrosion, limited catalyst recyclability, and the necessity for waste effluent treatment are 

the major problems associated with acid hydrolysis. Enzymatic hydrolysis, on the other 

hand, is the most promising alternative to acid hydrolysis on account of the relatively mild 

reaction conditions, since it avoids the use of hazardous and corrosive chemicals.  

2.4. HMF synthesis: An overview 

HMF has been evaluated to be one of the “Top 10 + 4” bio-based chemicals from 

carbohydrate biomass as additions to the original list from U.S. Department of Energy 

(DOE) [108]. The first publication on the synthesis of HMF was reported by Dull [109] 

and Kiermayer [110] in 1895. Since then, there has been a growing interest in furan 

derivatives, possessing great potential in the production of bulk chemicals and fuels. In the 

last three decades, there has been a rapidly increasing interest in HMF chemistry. Since, it 

can be used to make a wide range of value-added furan-type compounds, polymers, and 

alkane molecules, HMF is now regarded as a resourceful intermediate linking biomass-

based carbohydrate chemistry with the petroleum-based chemical industry [111]. It can be 

converted into a variety of versatile compounds currently derived from petroleum through 

a variety of reactions such as oxidations to form 2,5-diformylfuran [112] and 2,5-

furandicarboxylic acid [113], selective hydrogenations to form 2,5-dimethylfuran [114] 

and 2,5-bishydroxymethylfuran [115], hydrolysis to form levulinic acid [116] and aldol 

condensation followed by hydrogenation to obtain C7–C15 liquid alkanes [117].  

To date, significant progress has been made in the development of effective chemo-

catalytic systems for converting glucose to HMF. For the conversion of glucose to HMF, 

two reaction mechanism has been proposed (Fig. 2.4) viz., (i) fructose mechanism (glucose 
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isomerization to fructose and fructose dehydration to HMF) and (ii) 3-deoxyglucosone (3-

DG) mechanism (direct dehydration of glucose to HMF through 3-DG intermediate) [118].  

Extensive catalytic and kinetic studies have unravelled that the glucose-to-fructose 

isomerization is favoured by a Brønsted base or Lewis acid catalyst, whereas the 

succeeding fructose-to-HMF dehydration is favoured by both Lewis and Brønsted acid 

catalysts. As a result, for the glucose-to-HMF transformation, a Lewis acid or a 

combination of a base/Lewis acid and a Brønsted acid has demonstrated excellent catalytic 

performance [119]. For a long time, there has been significant interest in homogeneous 

acidic catalysts for glucose dehydration to produce HMF due to their high catalytic 

efficiency. However, poor separation, recyclability, waste treatment, and/or reactor 

corrosion have limited their practical applications [120]. Therefore, to overcome these 

limitations increasing attention has been focused on the dehydration of glucose to HMF 

using various types of heterogeneous acidic catalysts in a variety of solvent systems, and 

significant progress has been made on this exciting topic in recent years [121]. However, 

several side reactions such as rehydration of HMF to formic acid and levulinic acid [122], 

degradation of glucose [123], and formation of humin or oligomers through self-

polymerization of HMF or cross-polymerization between glucose and HMF [124] are 

likely to occur during the conversion reaction under acidic catalysts [125]. Therefore, 

concerted efforts are now directed towards the development of efficient catalytic systems 

for the conversion of glucose to HMF to reduce the occurrence of side reactions. 

Although some evaluations on the transformation of carbohydrates to HMF have 

been published [126], the area of HMF synthesis from glucose is growing rapidly, with 

numerous new findings being produced all the time. As a result, a real-time and 

comprehensive study of heterogeneous glucose and cellulose conversion to HMF is still 

required. In this chapter, we attempt to provide both the general mechanistic aspects of the 

conversion reaction from the earlier literature and the recent progress in HMF synthesis. 

Special emphasis is placed on the use of various solvent systems (water, organic solvents, 

ionic liquids, biphasic solvents, mixed solvents), and on the different heterogenous acidic 

catalysts (metal oxides, zeolites, heteropolyacids, carbonaceous materials, silica-based, 

ionic resins/polymer-based, and other catalysts systems) reported in the past decade. 

Additionally, an outlook to highlight the challenges and opportunities associated with this 

intriguing and important route for HMF production has also been provided. 
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Fig. 2.4. Two pathways postulated for the glucose-to-HMF conversion [118]. 

2.5. Solvent effects towards glucose to HMF production 

The solvent appears to have a strong influence on the course of a reaction. The primary 

function of solvent is to induce fluidity and allow reactant and catalyst to come into 

contact. If working in concentrated mixtures is preferred, good solvation properties for the 

solutes are required, and solute interactions leading to side reactions must be avoided. 

Therefore, a suitable solvent that not only prevents the formation of byproducts but also 

allows for easy extraction of HMF has piqued the interest of researchers in recent years. 

Many options were considered, but some of them stood out as particularly interesting 

because they promote the reaction while also being highly selective. Water, organic 

solvents, ionic liquids, biphasic solvents, and mixed solvents are among the most common 

ones covered in this section. 

2.5.1. Water 

Water is an ideal solvent in the context of green chemistry since it is inexpensive, non-

toxic, and non-flammable. Although water can be used to efficiently conduct many types 

of reactions [127], the yields of HMF from heterogeneous dehydration of glucose are 

generally not satisfactory due to the unstable nature of HMF in water in the presence of 

acidic catalysts. There have been numerous effective examples of dehydration of glucose 

over heterogeneous acidic catalysts in water, but the yields are generally low because HMF 
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is easily rehydrated in an aqueous solvent into levulinic and formic acids over acidic sites 

[122]. However, valuable insight has been obtained from HMF production in aqueous 

media, as well as some promising high-yielding HMF processes.  

Theoretically, the hydrolysis and dehydration of carbohydrates in an aqueous 

solution do not require a catalyst because water can dissociate to produce H+ and OH- on 

its own. Ranoux et al. performed a dehydration reaction of 30 wt% concentrated fructose 

in water for 40 min at 190°C without a catalyst and obtained 43% yield of HMF. They 

assumed that the formic acid generated by HMF hydration aided in the autocatalytic 

dehydration of fructose [128]. Recently, Ke et al. investigated the effect of pressure during 

HMF production from glucose in an aqueous phase catalytic system. In this study, the 

reaction was carried out in a cylindrical stainless steel batch reactor at 190°C for 60 min 

while reducing the pressure by slightly opening the vent valve every 10 min while the 

reaction was running. This results in the increase of HMF yield from 9.3 to 35.2%. They 

attributed that the main reason for using pressure reduction is to promote the boiling of 

water. Boiling creates bubbles that disrupt the reaction system, allowing HMF to quickly 

desorb from the acid sites of the solid catalyst and glucose to adsorb to more acid sites, 

improving glucose conversion and HMF yield [129]. 

2.5.2. Organic solvents 

Even though water has many advantages as a solvent, such as low toxicity, low cost, and 

environmental friendliness in the conversion of glucose to HMF, the yield is low due to 

the formation of side products (Fig. 2.5). Therefore, much research continues to focus on 

the use of organic solvents, which can greatly aid in the conversion process by inhibiting 

the side reactions to some extent [130]. For HMF production from glucose using 

heterogeneous catalysts, the effective organic solvents are generally the polar aprotic 

solvents such as Dimethyl sulfoxide (DMSO), Dimethylacetamide (DMA), 

Dimethylformamide (DMF), N-methyl pyrrolidone (NMP), Tetrahydrofuran (THF), γ-

Velerolactone (GVL) and acetonitrile, etc. 

 



Chapter 2 

Page | 2.21  

 

 

Fig. 2.5. Routes to major side products after producing HMF from sugar dehydration 

[143]. 

DMSO is one of the most effective organic solvents for furan production, and it 

has been extensively investigated in recent years. Aylak et al. compared the glucose 

conversion to 5-hydroxymethylfurfural with chromium exchanged bentonite and 

montmorillonite catalysts in 1-butyl-3-methylimidazolium chloride, DMA, NMP, DMF, 

and DMSO solvent systems, and DMSO was proven to offer the best catalytic efficiency 

as high as 94% [131]. Recently, Tudino et al. studied the influence of DMSO solvent in 

the fructose conversion to HMF using an acidic carbon as a catalyst. 5-HMF selectivities 

higher than 90% were found by proper control of DMSO catalytic activity in an inert 

atmosphere [132]. Likewise, the yield of HMF was found to be 40% in DMSO solvent 

compared to 14% in the aqueous solvent with zeolite catalyst, while glucose conversion in 

both cases was greater than 90%. The reason for this is that the accumulation of by-

products, humins is higher in the aqueous environment thereby deactivating the zeolite 

catalysts [133]. In another study, HMF yield of 61.2% was obtained from glucose using 

Boehmite catalyst in DMSO solvent, while only 4.8% yield of HMF was obtained in DMF 

solvent [134]. The role of DMSO in the dehydration of carbohydrates to HMF in presence 

of Brønsted acid has been theoretically investigated by Ren et al. at G4 level in DMSO 

solution. According to their study, when Brønsted acid is present in the reaction system, 
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H+ preferentially interacts with DMSO rather than fructose, resulting in [DMSOH]+ as the 

catalytically active species. The valence unsaturation of both S and O atoms, as well as the 

unsaturated double bond of SO, accounts for the catalytic performance of DMSO in the 

dehydration of fructose to HMF. In addition, the catalytic role of [DMSOH]+ is due to the 

H-mediated effect of SOH group as well as the valence unsaturation of both S and O atoms 

[135]. Interestingly, GVL is becoming another promising solvent in the biomass 

conversion route that can be directly produced from biomass. Li et al. used phosphate-

doped SnO2 to catalyze the conversion of glucose to HMF in a water-GVL solvent mixture 

resulting in a 46.4% yield of 5-HMF [136]. They reported in another study that the GVL 

could accelerate the reaction rate of carbohydrates by affecting the stabilization of acidic 

protons and lowering the activation energy compared to protonated transition states due to 

its polar aprotic solvent effect [137]. The study on GVL/water solvent to tune the glucose 

decomposition reaction reported that the activation energy of glucose decomposition in 

hot compressed GVL/water reduced slightly from 117 kJ/mol in water to 96 kJ/mol in 75% 

GVL. Therefore, with increasing the GVL concentration from 1 to 75%, the selectivities 

of dehydration reactions to 5-HMF at 175°C increase from 22% to 30% [138]. 

Comparative research on hexose decomposition pathways in an aprotic solvent (GVL, 1,4- 

dioxane, and acetone) and protic solvent (methanol and ethanol) demonstrated that HMF 

was the main product in an aprotic solvent, while it became a secondary product in the 

protic solvent. Furthermore, the protic solvent was able to lower the activation energy 

barrier for sugar decomposition while maintaining a higher reaction rate constant than the 

aprotic solvent [139]. 

2.5.3. Ionic Liquids (ILs) 

ILs are a large and diverse class of salts that are liquid at or below 100°C and contain ions 

[140]. In recent years, ILs have drawn extensive attention because of their unusual 

properties such as hydrophobicity, polarity, and most importantly their tunable solvent 

capacity by combining or modifying the cations and anions. Moreover, the cations or 

anions in some ILs may also have catalytic effects thereby serving as both solvent and 

catalyst [141]. Over the last few years, a lot of works on the use of ILs for the conversion 

of glucose to HMF have been reported. Imidazole ILs, such as 1-ethyl-3-

methylimidazolium chloride [EMIM]Cl, 1-ethyl-3-methylimidazolium bromide 

[EMIM]Br, 1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM]BF4, 1-Allyl-

methylimidazolium chloride [AMIM]Cl, are the most commonly used IL medium [142]. 
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A high concentration of glucose (up to 10%) was effectively converted into 49.7% yield 

of HMF by aluminum oxide in IL, EMIMBr [143]. After that, Bai et al. reported that the 

introduction of a small amount of Sn species into Al2O3 in IL, EMIMBr allows for efficient 

glucose (up to 35%) to HMF conversion up to 55.6% while minimizing HMF degradation 

[144]. In another study, high concentration glucose (10 wt%) was effectively and 

selectively converted into HMF by tin phosphate, yielding an HMF yield of 58.3%, in the 

IL, EMIMBr [145]. A recent study reported that the structural parameters of the ionic 

liquid used as a catalyst, as well as the presence or absence of Brønsted acid used as a co-

catalyst, had a significant impact on glucose conversion. In this work, a high selectivity 

(>90%) of HMF from glucose was achieved in a catalytic system consisting of weak acidic 

hydrogen sulfate imidazolium ILs and strong protic Brønsted acid (H2SO4). This effect 

could be explained by the presence of a specific synergism between acidic IL and Brønsted 

acid [146]. A mechanistic understanding of humin formation is critical for humin 

minimization in cost-effective 5-HMF production. Keeping in this view, Xu et al. 

investigated the mechanism of humin formation in the conversion of glucose in [BMIM]Cl 

solvent with CrCl3 catalyst through the characterization of solid humins prepared under 

intensified conditions. As the temperature and amount of water decreased, the yield of 

solid humins increased. They found no nitrogen in any of the solid humins, indicating that 

[BMIM]Cl did not play role in humin formation [147]. Pyridinium ILs have been proven 

to be superior to many reported expensive imidazolium ILs as high yields of HMF were 

achieved from fructose (> 99%) and glucose (82%) within a short reaction time [148]. 

Remarkable yields of 93% and 83% HMF yields were obtained with 1-Butylpyridinium 

chloride and 1-Butyl-3-methylpyridinium chloride at 80°C within 2 h when used for the 

conversion of fructose and glucose, respectively [149]. Likewise, highly efficient and 

selective dehydration of glucose to HMF was observed using a tri-cationic IL, glycerol-tri 

(3-methylimidazolium) trichloride. The synthesized tri-cationic IL was found to have 

Lewis’s acid character that facilitates the high conversion process yielding 58% HMF from 

glucose with CC-SO3H catalyst at 130–140°C in 2–5 h reaction time [150]. Besides, ILs 

have dielectric properties that make them ideal for rapid and efficient heating in microwave 

reactors. Therefore, microwave energy could be directly coupled with molecules of 

reactant, catalyst, and solvent, resulting in a short reaction time and low energy 

requirement for the entire reaction. In fact, using both ILs and microwave heating reduced 

the activation energy while increasing the reaction rate [151].  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulphate
https://www.sciencedirect.com/topics/engineering/imidazolium


Chapter 2 

Page | 2.24  

 

Even though higher yields can be obtained in ILs under mild conditions, IL 

synthesis is typically expensive, complex, and energy-intensive, with dehydration 

products that are difficult to separate. Furthermore, the reusability of solvent is difficult, 

which hinders its widespread use in industry. 

2.5.4. Biphasic solvents 

A biphasic solvent system consists of an aqueous phase which is the reaction phase and an 

organic phase which is the extraction phase (Fig. 2.6). Since the production of HMF in 

water is always low as stated earlier, due to the formation of by-products (fumaric acid, 

levulinic acid, and humins) hence to prevent the decomposition of HMF, organic solvents 

are often used as extracting agents [152]. Kinetic studies revealed that during the 

dehydration reactions of sugar, the side reactions occurred more readily in the aqueous 

solvent than in organic solvent, and therefore the furan formation in the organic phase 

could be greatly enhanced [153]. Roman-Leshkov et al. made significant contributions to 

the development of the biphasic system. They compared the effects of extracting agents 

such as alcohols and ketones with C3-C6 atoms, and also THF, and discovered that the 

organic phase with carbon number 4 had the best efficiency. The highest selectivity was 

achieved using THF as an extracting agent [154]. Xia et al. established a reaction model 

for HMF production from glucose in a biphasic solvent system (THF/H2O), which 

included the mass transfer of HMF from water to the organic phase. The presence of the 

extraction phase was found to be very important in the system, as the HMF yield increased 

from 3% in a single-phase system to 61% in a biphasic system under the same conditions 

[155]. Candu et al. performed glucose dehydration with niobium-β-zeolites in H2O/MIBK 

biphasic solvent, and a high HMF yield of 84.3% was obtained. The successful outcome 

was ascribed to the utilization of a biphasic solvent system [156]. It was reported that when 

an inorganic salt is added to a biphasic reaction system the salting-out effect remarkably 

improved the HMF partition coefficient [157]. The introduction of NaCl into the biphasic 

THF/H2O solvent system resulted in intensified catalytic conversion of glucose into 

fructose by sulfonated oxidized activated carbon catalyst and thereby 93% yield of HMF 

production at 160°C in 3h [158].  
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Fig. 2.6. Biphasic solvent system for the dehydration of carbohydrates to HMF [122]. 

The two phases of a biphasic solvent system can be separated by standing, which 

allows for the recycling and reuse of homogeneous catalysts in the aqueous phase. Guo et 

al. prepared AlCl3/HCl mixture as the catalyst and H2O/MIBK mixture as the biphasic 

solvent and achieved an HMF yield of 53% from glucose. The organic phase was able to 

extract over 66% of the total HMF from the aqueous phase but not the catalyst. As a result, 

the biphasic solvent system demonstrated satisfactory recyclability [159]. Chen et al. 

conducted acid-catalyzed dehydration of fructose to HMF using sulfonic derivatives as a 

catalyst in different biphasic systems consisting of different organic solvents. They found 

the highest HMF yield of 79.3% in H2O−acetonitrile with CH3SO3H catalyst and 96.2% 

of HMF was extracted in the acetonitrile phase and 66.3% of CH3SO3H recycled in the 

aqueous phase. Thus, a biphasic system consisting of an aqueous phase and an organic 

solvent with a low boiling point significantly influences the fructose dehydration activity 

[160].   

2.5.5. Mixed solvents 

The properties of the solvent such as polarity, viscosity, solvent power, etc. can be 

controlled by combining two or more solvents useful in the design of efficient solvent 

systems to improve the efficiency of some chemical reactions. There are some such works 

reported for dehydration of glucose into HMF in mixed solvents using various 

heterogeneous catalysts. Heterogeneous catalysts usually performed well in mixed 

solvents of organic solvent and ILs. ILs containing chloride anions were most commonly 

used due to the enhancement effect of chloride ions on biomass conversion [161]. For 

example, ammonium aluminum carbonate hydroxide catalyst was prepared by Tang and 
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Su and was used for the conversion of glucose to HMF in [BMIM]Cl and DMSO mixed 

solvent. They found that the catalyst in [BMIM]Cl/DMSO mixed solvent provided a 

higher HMF yield of 52.17% than the reaction conducted in pure solvent DMSO and 

[BMIM]Cl resulting in 8.73% and 11.45% HMF, respectively [162]. In another study, 

Tang and Su synthesized boehmite (γ-AlOOH) catalyst for the production of HMF from 

different carbohydrates in [BMIM]Cl/DMSO mixed solvent, and the HMF yields obtained 

from glucose (61.2%) and cellulose (58.4%) were higher than that in [BMIM]Cl or DMSO 

alone [163]. Raines and Graham tested a variety of boronic acids as well as combinations 

of organic solvents and [BMIM]Cl for the dehydration of glucose. It was demonstrated 

that the addition of DMF, DMA, NMP, and DMSO as co-solvents resulted in a significant 

increase in HMF yields from glucose when using 2-carboxyphenylboronic acid in 

combination with [BMIM]Cl [164]. Liu et al. proposed a cleaner method of obtaining 

HMF from cornstalk raw material using tin and magnesium ion-loaded biochar as catalysts 

in different combinations of organic solvents and ILs. The maximum HMF yield of 

63.57% was achieved in an [AMIM]Cl/isopropanol mixed solvent system at a low reaction 

temperature of 100℃ [165]. Additionally, inorganic molten salt hydrate (MSH, aqueous 

solution with high concentrations of inorganic salt) is also a type of special ionic liquid 

that has recently been investigated for use in biopolymer depolymerization. The molar 

ratio of water to salt in MSH is comparable to the coordination number of the salt cations 

and the access of the cations to anions is sheltered by a hydration shell. In the hydration 

shell, the water molecules interact with the ions and are polarized to form acidic protons, 

which are finally released by the anions of the salt [166]. This phenomenon was exhibited 

by Sadula et al. where highly efficient glucose dehydration was achieved resulting in >80% 

yield of HMF, after adding AlCl3 and ethyl acetate as co-catalyst and extracting solvent 

[167]. 

2.6. Heterogeneous catalysts for the dehydration of carbohydrates into HMF  

Although significant progress has been made to date in the production of HMF using 

homogeneous catalysts, the disadvantages of using a homogeneous catalyst are apparent, 

mostly serious reactor corrosion problems caused by high Brønsted acidity, particularly 

mineral acids; the relatively high difficulty of separating homogeneous catalysts from 

solvent; and the production of more toxic waste. To address such issues, much emphasis 

has been placed on the development of heterogeneous catalysts. Because of their distinct 

molecular architectures and porous structure, heterogeneous catalysts are both atom 
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economical and chemoselective [121]. The exclusive properties such as recoverability, 

reusability, and stability in the conversion reactions of heterogeneous solid acid catalysts 

have been regarded to play important role in the development of greener catalytic 

procedures [168].  

2.6.1. Metal oxides 

Metal oxides, particularly early transition metal oxides (TiO2, ZrO2, NbO2, etc.) have been 

widely used in the production of HMF due to their Lewis acidic properties, easy and low-

cost preparation, and low toxicity [169]. However, the efficiency of using metal oxide 

directly to catalyze glucose dehydration was relatively low due to the lack of appropriate 

strength of Brønsted acidic sites in these materials. As a result, modified metal oxides in 

the form of mixed oxides, phosphated and sulfated oxides, nanoparticles, nanosheets, etc. 

were synthesized in a variety of ways to meet the reaction requirement of efficient glucose 

conversion to HMF [169]. In a typical reaction, ZrO2 acts as a base to promote glucose to 

fructose isomerization, whereas anatase TiO2 aids glucose isomerization in addition to 

enhanced HMF yield. Surprisingly, the combination of TiO2 and ZrO2 was able to 

effectively inhibit the rehydration of HMF into formic acid and levulinic acid, which 

occurs under similar conditions. For example, Silahua-Pavon et al. investigated the 

isomerization of glucose to fructose and subsequent dehydration to HMF using TiO2-ZrO2 

catalyst and found a remarkable yield of 76% HMF in THF/H2O biphasic system [170]. In 

another study, they evaluated the conversion reaction using Al2O3-TiO2-ZrO2 mixed 

oxides catalyst under similar reaction conditions and found an improved HMF yield of 

78% [171]. Thus, ZrO2 due to its bifunctionality behaviour proves to be an appealing 

catalyst for glucose conversion to HMF. Because metal oxides-containing systems lacked 

proper Brønsted acidity, Fang et al. directly added external NaHSO4 to ZrO2 catalyst in 

THF/H2O biphasic system, where NaHSO4 acted as a salting-out agent as well as provided 

H+ ions. Only a trace amount of humins over ZrO2 was detected and a high HMF yield of 

86.5% was achieved at 190°C in 60 min [169]. Qu et al. successfully synthesized sulfated 

zirconia, SO4
2−/ZrO2 catalyst for dehydration of glucose to HMF and reported 61.84% 

HMF yield at 160°C for 2h in NaCl-THF/H2O solvent mixture. Further investigations 

showed that calculated control sulfur loading content allows for precise tuning of the 

required acidity for glucose dehydration to HMF, affecting product distribution [158]. 

Recently, Tomer et al. employed sulfated titania, SO4
2−/TiO2 catalyst for the production of 

HMF from glucose and fructose in a water/DMSO biphasic solvent system. A maximum 
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HMF yield of 37% and 74.7% was achieved from glucose and fructose, respectively at 

150°C within 2 h. The lower yield of 5-HMF from glucose was attributed to the ꞵ-1,4-

glycosidic bond of glucose that is difficult to break due to the stable pyranoside ring 

structure [172]. They also found that the product yield was highly temperature-dependent 

and higher temperature (>150°C) aided the degradation of glucose and HMF to other 

soluble and insoluble organic byproducts.  

Another important metal oxide is Nb2O5, which has a high surface acidity and 

hence favours sugar degradation reactions. It also has better thermal stability in an aqueous 

medium during acid-catalyzed reactions [173]. Different studies used Nb2O5 catalyst in 

different forms such as dispersed niobia phase in carbon-silica nanocomposite [174], 

ordered mesoporous carbon-niobium oxide composites [175], Nb2O5-mixed oxides [176] 

for HMF production. From the literature, it is observed that depending on the 

characteristics of catalysts the yield percentage of HMF varied from 6.7% to 58% during 

the conversion reactions. In addition, the impact of solvent is also substantial on the final 

product yield in presence of Nb2O5-based catalyst. For instance, Khumho et al. obtained 

57.5% HMF yield through glucose dehydration at 190°C within 1 h using THF/H2O 

biphasic solvent [174]. However, a much lower yield of only 6.7% HMF was observed 

under similar operating conditions in the presence of regenerated cellulose-supported 

Nb2O5 catalyst in an aqueous system [170]. In another study, 57% HMF yield was achieved 

in aqueous medium at 165°C after 3 h using pristine Nb2O5 catalyst [176]. Eblagon et al. 

studied the impact of thermal treatment of Nb2O5 on its performance in HMF production 

from glucose and found that treatment of niobic acid at 550 ◦C resulted in Nb2O5 catalysts 

with a high ratio of Lewis to Brønsted acid sites and poor total acidity. On the other hand, 

an adequate value of surface acidity was attained on treatment at 300°C, thereby 

accelerating the glucose conversion rate and low degradation of HMF to side products. 

Thus, it was evidenced that thermal treatment of niobic acid has a significant impact on 

the final product as well as on the stability of HMF in an aqueous medium [177]. After 

confirming the suitability of solid oxides for HMF synthesis, researchers looked into 

mixed oxides. Due to the increased number of acidic sites and/or the addition of both Lewis 

and Brønsted acidity, these characteristic solids have excellent catalytic properties. The 

link between acidity and catalytic activity has been proven in numerous studies [169]. 

Huang et al. synthesized heterojunction catalyst TiO2/Nb2O5·nH2O with a distinct and 

high catalytic activity for the conversion of glucose into HMF in aqueous media with a 

yield of 42% HMF. This yield is higher than that obtained using only Nb2O5·nH2O (12% 
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HMF) and could be attributed to a large number of Lewis acid and Brønsted acid sites on 

its surface [170]. Ramesh et al. attempted to exploit the Lewis and Brønsted acidity of 

Al2O3 by the addition of Ti species and subsequent sulfonation. They found that 

sulfonation of catalysts played an important role in catalytic conversion of glucose leading 

to 65% HMF in NaCl-THF/H2O biphasic system at 170°C within 4h [178]. Briefly, metal 

oxides come in a variety of forms and have been successfully employed in the production 

of HMF. Metal oxide-mediated HMF synthesis has several advantages, including low cost 

and ease of modification. Furthermore, the effect of sulfonation in metal oxide has also 

been demonstrated. As a result, more metal oxide combinations and functional 

modifications, both in native and naturally occurring precursors, would result in a 

transition in HMF synthesis reactions. 

2.6.2.  Silica-based catalysts 

Aluminosilicate-based catalysts viz., zeolites and montmorillonite have been extensively 

studied in the synthesis of furanic compounds due to their pore selective properties, open 

channel structure, high surface area, and tunable properties of acidic functional groups 

[179]. The properties such as pore structure, thermal stability, and/or acidity of 

aluminosilicates can be tuned through different approaches including metal insertion, 

adding inorganic acid radicals, sulfonation, etc. [180]. Thus, a multifunctional 

aluminosilicate-based catalyst with adjustable Brønsted and Lewis acidity can be easily 

synthesized. Recent studies indicated that when carbohydrates are dehydrated using 

micropore zeolites, the diffusion of carbohydrates is easily limited by the small pore size, 

resulting in undesirable results [181, 182]. Moreno-Recio et al. compared the catalytic 

efficiency of microporous zeolites (H-ZSM-5, H-Y) with mesoporous MCM-41 for the 

dehydration of glucose into HMF in a H2O/MIBK biphasic solvent aided by a high 

concentration of NaCl. An acceptable HMF yield of 55.8% was achieved, at 195°C, after 

only 30 min, while a lower yield of 40% was obtained using MCM-41 under similar 

reaction conditions. Thus, it can be concluded that the textural properties of porous 

aluminosilicates play a vital role in glucose conversion reactions [183]. In a similar study, 

the influence of morphological structures of LTL-zeolites on the stability and catalytic 

performance of the conversion of glucose to HMF was investigated. They found that using 

needle and rod morphologies favours glucose molecule diffusion to the active sites present 

in LTL zeolites, with a maximum 5-HMF yield of 63.1% at 175°C after 90 min [184]. 

Velaga et al. synthesized mordenite zeolite with mesoporosity using a seed-assisted 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulfidation
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method that resulted in a unidirectional growth of zeolite crystals. At an optimum 

Lewis/Brønsted acidic sites ratio a high HMF yield of 66% was achieved from glucose 

[185]. Thus, mesoporosity and the optimal number of Lewis-Brønsted acid sites of the 

mordenite were critical in achieving the highest activity.  

SiO2, specifically mesoporous SiO2 (such as SBA-15, KIT-6, MCM-41) with an 

ordered pore structure, high thermal stability, and high specific surface area, are 

satisfactory for use as a catalyst matrix to provide increased heterogeneity for doped acid 

species [186]. Until now, Brønsted/Lewis acidity has been developed by introducing 

heteroatoms through in situ addition during silica synthesis and/or organic functional 

groups via post-grafting. Jiang et al. synthesized in situ doped zirconium onto KIT-6 

through a hydrothermal method, and Zr-KIT-6 exhibited comparatively good catalytic 

performance for HMF production (34.5%) in MIBK/H2O biphasic system [187]. The 

results from analytical outcomes revealed that the structure of Zr-KIT-6, which has higher 

acid densities as a catalytic site and a larger specific surface area for proton transfusion, is 

primarily responsible for its superior catalytic performance in glucose hydrolysis. It was 

found that the Lewis acid site was discovered to promote glucose isomerization, whereas 

the Brønsted acid site not only inhibited effective glucose conversion but also promoted 

the aldol addition and condensation reaction of HMF. There is a strong linear correlation 

between the ratio of weak/total Lewis acid and HMF selectivity; weak Lewis acid sites 

promote the positive conversion of glucose to HMF, whereas medium-strong Lewis acid 

sites aggravate the unwanted side reactions, resulting in the formation of levulinic acid and 

humins [188]. Likewise, Zhu et al. introduced Ti during the synthesis of SBA-15, and an 

increased HMF yield of 82% was obtained from fructose using Ti-SBA-15 in DMSO 

solvent [189]. Thus, it could be concluded that characteristic silica, preferably metal-doped 

and functionalized silica have promising properties for heterogeneous catalysis of different 

sugars to produce HMF. 

2.6.3. Heteropoly acids 

Heteropoly acids (HPA) are acidic compounds comprising of hydrogen cations and 

polyoxometalate anions, holding significant characteristics such as high acidity, thermal 

stability, and oxidation capability that make it a catalyst of choice for dehydration of 

hexose-based sugars. The most widely accessible form of heteropoly acid class is 12-

phosphotungstic acid (H3PW12O40) [189]. However, the high solubility of heteropolyacids 

in aqueous and organic solvents makes it difficult to separate the catalyst from solvent 
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thereby rendering HMF production [190]. Nonetheless, its inherent high acidity motivates 

researchers to investigate its potential application, particularly in dehydration reactions. 

Dual Brønsted-Lewis acidity is introduced into the heterogeneous heteropolyacids 

catalysts via reactions with different metal salts (Cr, Ag, Fe, Cu, Ce, and Cs) and ionic 

liquids [168]. Rahaman et al. studied H3PW12O40 for HMF production after encapsulation 

into a metal-organic framework (MIL-101) and obtained a 58% yield of HMF from 

glucose at 120°C in 1-butyl-3-methylimidazolium chloride ionic liquid, [C4C1im]Cl 

solvent. According to the analytical results, the MOF pores were uniformly dispersed with 

H3PW12O40, which provided both Brønsted and Lewis acid sites for the conversion 

reaction [192]. The Brønsted-Lewis acid sites ratio of solid heteropolyacid catalysts can 

also be well regulated during the modification process. For example, Wang et al. evaluated 

the catalytic performance of Aluminium doped phosphotungstic acid (PWAl-200) 

synthesized by electric-flocculation method in the synthesis of HMF to glucose. The four-

coordinated Al surrounded by tungsten species in PWAl-200 and the six-coordinated Al 

affected by terminal W=O bond in generated Lewis acid sites for the glucose isomerization 

reaction, while the H+ acted as Brønsted acid sites for the dehydration reaction. Thus, 

PWAl-200 with the suitable Brønsted-Lewis acid sites ratio produced 61.7% of HMF at 

170℃ DMSO/H2O solvent [193].  

2.6.4. Carbon-based solid acids 

A solid catalyst with a carbon skeleton and acidic functional groups, such as sulfonic acid 

and metal species, is referred to as carbon-based solid acid (CSA). CSA catalysts have 

outstanding catalytic activity for acid-catalyzed reactions like hydrolysis, hydration, and 

esterification reactions [194]. CSA includes sulfonated activated carbons, polymer solid 

acid, and acidic ion exchange resin.  

Carbonaceous materials such as amorphous activated carbon, graphene, and carbon 

nanotubes are attractive catalyst and/or catalysts support in biorefinery due to their 

excellent textural properties, electron conductivity, and chemical inertness [195]. Besides, 

the majority of the carbonaceous materials are derived from waste biomass making their 

preparation and applications much more cost-effective and environment-friendly [196]. 

To enhance the catalytic performance, the carbonaceous materials are often functionalized 

with organic groups such as sulfonic groups, carboxylic groups, hydroxyl groups, etc., and 

with metallic species (Al, Ni, Sn, Nb, etc.) [158]. Although carbonaceous materials alone 



Chapter 2 

Page | 2.32  

 

have some inherent Lewis acid sites, they are not efficient enough for glucose 

isomerization leading to low HMF yields. Interestingly, a high HMF yield of 93% was 

achieved from glucose using sulfonated oxidized activated carbon as a catalyst in 

THF/H2O-NaCl biphasic system [158]. The analytical results of the study confirmed that 

during the preparation of this catalyst, the sulfonation process leads to the formation of 

sulfonic acid groups (strong Brønsted acid) and consecutive oxidation leads to the 

formation of ketone and carbonyl groups (base sites). The synergistic effect of Brønsted 

acid-base sites accelerates the dehydration of glucose thereby enhancing HMF yield [158]. 

Similarly, in a recent study sulfonated chitosan-derived carbon-based catalyst was 

synthesized for the conversion of fructose to HMF that exhibited an excellent catalytic 

activity resulting in 80.9% HMF yield in 1, 4-dioxane solvent [197]. Besides, the use of 

Lewis acid functionalized carbon catalysts in the synthesis of HMF has also been reported. 

Wang et al. developed a bifunctional solid acid tin oxide/carbon catalyst by a 

hydrothermal-pyrolysis strategy and tuning the acid density by adjusting SnCl4 dosage and 

pyrolysis temperature. At a suitable Brønsted to Lewis acid ratio, the catalyst showed 

superior activity and a high yield of 84.1% HMF was achieved from glucose in a THF/H2O 

biphasic system [198]. From these studies, it can be inferred that HMF synthesis from 

hexose-based carbohydrates catalyst having dual Brønsted-Lewis acidity is challenging to 

reconcile the activity requirement of promoting isomerization and dehydration processes 

while suppressing undesirable side reactions.  

As a result of its strong catalytic activity, ease of preparation, and sustainability, 

CSA is a high-potential solid acid catalyst. However, more research into improving 

catalytic stability and mechanical robustness is required. Furthermore, before this type of 

catalyst can be considered on an industrial scale, overall economic research and 

comparison with the typical solid acid catalyst are necessary. 

2.6.5. Metal phosphates  

Metal phosphates possess strong Brønsted-Lewis acid sites in addition to basic sites and 

are insoluble in aqueous or organic solvents, rendering them suitable catalysts for several 

acid-catalyzed reactions, preferably converting carbohydrates to HMF. Also, the acidity 

and pore structure of metal phosphates can be optimized by optimizing the metal-

phosphorous dose ratio and chemical additives such as organic templates or by employing 

various synthesis techniques including hydrothermal, sol-gel method, etc [161]. Benvenuti 
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et al. were the first to synthesize titanium and zirconium phosphates, as well as 

pyrophosphates, as heterogeneous catalysts for the synthesis of HMF [199].  

In terms of catalytic activity and desired product selectivity, comparative 

experiments revealed that zirconium pyrophosphate and titanium phosphate performed 

best during HMF production. Metal phosphates performed differently for selective HMF 

synthesis due to inherent differences between metals. Ordomsky et al. previously reported 

on the Brønsted-Lewis acid species in AlPO, TiPO, ZrPO, and NbPO, as well as their 

catalytic actions on the conversion of glucose to HMF, and discovered that the activities 

of these phosphates declined in the following order: NbPO>ZrPO>TiPO>AlPO [199]. 

Furthermore, the addition of organic solvents limits HMF rehydration and deactivation of 

the catalyst in the aqueous phase, resulting in increased activity and stability of the catalyst. 

To summarise, phosphate-based catalysts are best suited for processes with moderate 

reaction conditions, however, they have lower HMF yields than other heterogeneous 

catalysts. Nonetheless, because of their enhanced selectivity and stable product formation, 

these catalysts are expected to be intensively investigated in the future for higher HMF 

yields. 

2.7. Density functional theory (DFT) study of glucose dehydration to HMF 

For producing HMF from glucose, a variety of catalysts have been designed. The 

mechanism of HMF dehydration from glucose produced by a heterogeneous catalyst in a 

solvent media, on the other hand, is less well understood. The mechanism of HMF 

synthesis from glucose by the application of a catalyst is extremely important to 

understand. DFT was used to investigate the effects of ionic liquid, 1-butyl-3-

methylimidazolium chloride ([BMIM]Cl) mixed with transition metal salts 

([BMIM]/MoCl3, [BMIM]/WCl3, [BMIM]/FeCl3) on glucose isomerization and fructose 

dehydration into HMF. The investigations have shown that the energy barrier and the 

stabilities of intermediates are susceptible to the metal centre at every reaction step during 

the isomerization of glucose [200]. They observed that the isomerization of glucose 

declined in the order WCl3> MoCl3> CrCl3> FeCl3 over various metal chloride catalysts. 

Likewise, using periodic DFT simulations, Li et al. investigated a new mechanism for 

glucose dehydration to HMF without isomerization to fructose for surface models of 

anatase TiO2 [201]. TiO2 activated the glucose at C3-OH site, initiating the process that 

resulted in adsorbed 3-deoxyglucosone. A comparison of several surface models reveals 

that the existence of tetrahedral Ti4+ species on a defective TiO2 (101) anatase surface was 



Chapter 2 

Page | 2.34  

 

critical for understanding the activity. To establish the direct conversion of glucose to 

HMF, a cooperation between a strong Lewis acidic Ti site and a vicinal basic oxygen site 

of a TiOH group was required. This study also indicates that a balanced Lewis and 

Brønsted acidity was preferable for dehydrating glucose to HMF. Yue et al. adjusted the 

amount of Nb introduced into the tungsten oxide to control its acidity [202]. They 

discovered that the process proceeded through isomerization to fructose and dehydration 

of fructose to a partially dehydrated intermediate in THF/water due to the strong Lewis 

acidity and weak Brønsted acidity. The DFT calculations were employed to show how the 

Lewis acidic W and Nb sites promote the isomerization of glucose. According to the 

calculations, the Lewis acid sites on the tungstite surface might isomerize glucose into 

fructose. The deprotonated glucose adsorbate has been stabilized by replacing W with Nb 

which could reduce the total activation barrier for glucose isomerization. Thus, DFT study 

could help researchers better understand the mechanisms involved in converting glucose 

to HMF, such as glucose isomerization, fructose dehydration, and catalyst activity sites.  

To sum up, the high crystallinity of cellulose and its sheathing by hemicellulose-

lignin matrix furnish the resilient structure of lignocellulosic biomass. Therefore, 

pretreatment is an extremely important step for the conversion of lignocellulosic biomass 

to sugars and further processing for industrially important bioproducts. Extensive 

investigations have been carried out on the effects of different pretreatment methods on 

lignocellulosic composition and sugar yield. Analysis of various methods brings us to the 

conclusion that each method has its pros and cons. Therefore, assessing these methods 

straight through the test data is not accurate.  Until now, a cost-effective and 

environmentally benign pretreatment method with optimized process conditions that can 

completely delignify biomass is yet to be established. In addition, the lignocellulosic 

biomass properties and features greatly influence in choosing the correct pretreatment 

method. Hence, the challenges to pretreat biomass with high efficiency comprise of cost-

effectivity, energy-effectivity, and environmental sustainability, which are the existing 

bottlenecks for its integration as feedstocks in biorefinery approaches. Secondly, 

significant progress has been made to date, in the conversion of glucose to HMF, with 

several types of heterogeneous catalysts developed and in a variety of solvent systems, 

including aqueous, organic, biphasic, mixed solvent; and ionic liquids. However, there are 

many challenges needed to be addressed to set new levels in HMF production. Since HMF 

is synthesized via isomerization and dehydration of glucose, therefore, multi-functional 

heterogeneous catalysts should be improved further for this tandem conversion reaction. 
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Catalysts with multi-catalytic sites may have higher activity and selectivity in this context, 

and as such, special consideration should be given to this aspect. Favourable studies 

revealed that reaction conditions (reaction temperature and time) also play a key role in 

the conversion reaction. Furthermore, the reaction mechanism during the reaction is still 

needed to investigate. The molecular interactions of the substrate, catalyst, and solvents 

will reveal their unique role in the dehydration of glucose to HMF, which will aid in the 

development of novel heterogeneous catalysts and solvent systems. 
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