
 

"This is the peer reviewed version of the following article: 

 

 Acid‐Catalyzed Conversion of Carbohydrates into Value‐Added 

Small Molecules in Aqueous Media and Ionic Liquids 
 

which has been published in final form at 

 

https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201702016 

 

This article may be used for non-commercial purposes in accordance with 

Wiley Terms and Conditions for Self-Archiving 

 

 
 



REVIEW          

 

 

 

 

 

Acid-catalysed conversion of carbohydrates into value added 

small molecules in aqueous media and ionic liquids 

Iurii Bodachivskyi,[a] Unnikrishnan Kuzhiumparambil[b] and D. Bradley G. Williams*,[a]
 

 

 

((Insert P  icture for Frontispiece here [18.0×18.0 cm])) 



REVIEW          

 

 

 

 

 

Abstract: Biomass is the only realistic major alternative source 

(to crude oil) of hydrocarbon substrates for the commercial 

synthesis of bulk and fine chemicals. Within biomass, terrestrial 

sources are the most accessible, and therein lignocellulosic 

materials are most abundant. While lignin shows promise for the 

delivery of certain types of organic molecules, cellulose is a 

biopolymer with significant potential for conversion into high 

volume and high value chemicals. This review covers the acid-

catalysed conversion of lower value (poly)carbohydrates into 

valorised organic building block chemicals (platform molecules). 

It focuses on those conversions performed in aqueous media or 

ionic liquids. It does this to provide the reader with a perspective 

on what can be considered a best case scenario, i.e. that the 

overall process is as sustainable as possible. 

Keywords: Carbohydrate chemistry; catalysis; green chemistry; 

platform chemicals 

1. Introduction 

Acids are widely used to promote manifold organic chemical 

transformations. The versatility of acids makes them outstanding 

catalysts as is reflected in their wide adoption in manufacturing 

and in research and development settings.[1] They can catalyse 

bond forming reactions, such as addition, rearrangement, 

nucleophilic and electrophilic substitution, or bond cleavage 

reactions, such as fragmentation or elimination processes. Acid 

catalysts can be liquid or solid (in some rare cases gaseous) and 

be present as homogeneous or heterogeneous systems. Some of 

them catalyse reactions via proton transfer, others via accepting 

electron density of another atom. It has become usual to name 

the first group as Brønsted acid catalysts with typical 

representatives being hydrochloric, sulfuric, phosphoric or p-

toluenesulfonic acids. Members of the second group are Lewis 

acid catalysts, among which AlCl3, BF3, SnCl4 or TiCl4 are 

common.[2] Although this convention is typically applied, it is 

difficult to achieve pure Lewis acidity, because Brønsted acidity 

usually arises as a consequence of Lewis acid-Lewis base 

complexation.[3,4] This phenomenon led to the discovery and 

exploitation of combined acid catalysis, in which there is a high 

degree of research interest. 

Combined acid catalysis often is defined as a conjunction of two 

different acids promoting a synergistic increase in the particular 

type of acidity (Brønsted or Lewis). The combined acids can be 

mixtures of two Brønsted acids (Brønsted acid-assisted Brønsted 

acid catalysts), Lewis acids (Lewis acid-assisted Lewis acid 

catalysts), or Brønsted and Lewis acids (Brønsted acid-assisted 

Lewis acid catalysts, or Lewis acid-assisted Brønsted acid 

catalysts).[5] Combined acid catalysis improves the outcomes of 

numerous processes, as has been effectively employed in 

asymmetric synthesis by the Yamamoto group[5,6] and by Williams 

and co-workers[7-9] in applied organic reactions, including the 

conversion of cellulosic materials.[9] 

The growing trend towards ‘Green Chemistry’ and ‘Sustainable 

Technology’ has driven the research community to develop 

efficient new catalytic systems. These state-of-the-art catalysts 

are intended to meet the following requirements relating to 

sustainability:[10] 

 be easily separable and do not produce waste products; 

 be re-usable for many times without loss of activity; 

 promote reactions with catalytic amounts rather than 

stoichiometric quantities of the catalyst; 

 provide high selectivity under mild reaction conditions; 

 be non-toxic and/or non-hazardous. 

Apart from its applications in other areas, acid catalysis has made 

a significant impact on biomass conversion. Since the first 

synthesis of furfural from saccharides performed by Döbereiner[11] 

in 1832 and the synthesis of levulinic acid accomplished by 

Malaguti[12] in 1836, catalysis has been applied to the valorisation 

of biomaterials into fuels, monomers for plastics and plasticisers 

for them, coatings, surfactants, lubricants and lubricant additives, 

etc., the bulk of which are currently produced from fossil 

sources.[13-22] While natural substances such as saccharides, 

lipids and proteins may all be convertible into useful chemicals, 

only lignocellulosic materials possess the scale and general ease 

of accessibility (i.e. physical accessibility as well as scale of 

renewable production) to be realistic contenders to replace 

substantial portions of petrochemical products. Cellulose is the 

most naturally abundant non-food terrestrial polymer. It consists 

of hundreds to thousands of (1→4) linearly linked glucose units, 

and is normally entangled into plant cell walls with hemicellulose, 

another polysaccharide, along with the aromatic polymer lignin. 

Cellulose has a rigid crystalline structure in comparison with other 

natural polyglucosides such as starch or glycogen, as a corollary 

of the beta anomeric linkage. This leads to strong inter- and intra-

chain hydrogen bonding between hydroxyl groups, along with 

hydrophobic interactions. Therefore, it is virtually insoluble in 

water and in common organic solvents, which is a cause of 

substantial difficulties during chemical processing.[23] In this field 

of endeavour, the philosopher’s stone is the direct conversion, 

preferably selective, of non pretreated cellulose into value added 

small molecules. 

Conversion of cellulose into platform molecules is a complex 

cascade of reactions, in which the direction and rate are 

determined by the nature of the catalysts present and the process 

conditions. The first step is solvolysis (typically hydrolysis) of 

cellulose into glucose or its oligomers, and is catalysed by 

Brønsted acids (see Scheme 1, below).[24] Under the influence of 

Lewis acids, glucose can be either isomerised into fructose or 

undergo a retro-aldol reaction to produce other low-molecular 

weight substances.[25,26] Fructose is the major product under 

moderate reaction conditions, while C2-C4 sugars appear at 

higher temperatures. In the presence of an appropriate catalyst 

under suitable reaction conditions, these compounds can be 

converted into carboxylic acids or their derivatives.[26] Fructose 
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can also follow a retro-aldol pathway in the presence of Lewis 

acids, causing bond cleavage. However, fructofuranose 

dehydrates in the presence of Brønsted acids, forming 5-

hydroxymethyl furfural (HMF), which can rehydrate into levulinic 

acid at elevated temperature and in the presence of water.[27] 

These transformations are shown pictorially in Scheme 1 and it is 

immediately evident that the conversion of carbohydrates into 

smaller molecules proceeds as a complex set of reactions. The 

complexity arises principally because each stage of the 

conversion of cellulose is catalysed by acids, sometimes Lewis 

acids and sometimes Brønsted acids. The differing roles of the 

acid catalysts make challenging the selection of appropriate acids 

for transformations directly from cellulose. 

At the same time, the selectivity of the set of reactions is 

influenced by the nature of solvent(s) present: sometimes, 

products interact with solvent molecules in the presence of an 

acid catalyst to form different compounds. For instance, 

aldehydes and acids are the main products in water media and 

water-containing systems,[26-28] while acetals and esters  

predominate in alcohol solutions.[27,29]  

Several reviews dedicated to the catalytic conversion of mono-, 

oligo- and polysaccharides into platform molecules, along with 

details of their applications, have been published.[14-18,22,28,30-35] In 

this review we focus specifically on acid catalysed conversions in 

water and in ionic liquids. Both of these types of solvents have 

shown significant potential for the processing of cellulose into 

value added small molecules for different reasons. In the first, it 

relates in many instances to the solubility of the catalyst or 

hydrophilic product in the aqueous medium. In the second, the 

alternative solvent is in many examples functional, and also 

serves to separate the catalyst from the products, thereby 

preventing side reactions, leading to enhanced yields. It will 

become evident during the course of this review that these 

solvents hold tremendous potential to lead to commercially viable 

processes. Hallmarks of a ‘viable process’ include high yields and 

selectivities towards platform molecules, preferably making use of 

native cellulose, thereby avoiding the need for costly pretreatment, 

and the process should be conducted under mild reaction 

conditions. Ideally, it should be capable of being engineered into a 

continuous process rather than a batch process. 

2. Conversion of carbohydrates in water and 
organic solvents 

The use of water as a solvent for organic synthesis has become 

popular, owing to its natural abundance, extra-low toxicity, and 

safety during operation.[36] Catalytic conversion of saccharides in 

water is no exception. Water is nonetheless a challenging solvent 

on industrial scale, because of treatment requirements to improve 

the quality of wastewater before discharge and the huge energy 

implications if distillation is being considered. A serious problem 

with the processing of saccharides in water is the selection of 

appropriate catalyst systems that are stable and active in aqueous 

media. In addition, in aqueous solutions, some reaction products 

can be transformed into insoluble polymers known as humins, a 

process that noticeably decreases yields of valuable molecules 

and compromises catalyst activity. These confounding issues 

render the selective conversion of carbohydrates into specific 

target compounds in high yields in water a challenging task. This 

section covers advances in acid-catalysed transformation of 

sugars in aqueous systems and systematically portrays 

sustainable processes that lead to various platform molecules. 

The section is structured to follow the cascade of events in 

Scheme 1. In this way, it tracks the chemistry as cellulose is 

converted into various products, and enables the reader to refer 

back to the scheme and its logic. 
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Scheme 1. Acid-catalysed cascade of cellulose conversion into small molecules. 

2.1. Oligoglucans and glucose 

The first stage of the catalytic cascade of cellulose processing in 

water media is the hydrolysis of the natural polymer into oligomer 

glucans and ultimately into monomer sugar glucose, which are of 

great industrial interest primarily for fermentative production of 

ethanol or lactic acid.[37,38] Importantly, cellulose-derived low 

molecular weight sugars are not food competitive, which avoids 

potential ethical and social issues associated with the use of food 

sources of substrates for chemical products. Hydrolysis of 

glycosidic linkages can be productively catalysed by concentrated 

solutions of mineral acids or so-called cellulase-mimetic catalysts, 

examples being sulfonated chloride-bearing resins or sulfonated 

carbonised polyvinyl chloride.[39,40] This system requires forcing 

reaction conditions, produces a large amount of acidic 

wastewater, and is corrosive towards equipment. It also requires 

a high loading of solid catalysts that have proved difficult to 

recover. An aqueous solution of NaCl under hydrothermal 

conditions (220 °C) overcomes some of these issues.[41] Although 

this system possesses modest acidity (ca pH 5.6), it substantially 

lowers the molar weight of polysaccharides of microcrystalline 

cellulose (MCC) and lignocellulose (corncob residue, mulberry 

wood and corn stover) assisted by nearly complete dissolution of 

carbohydrates in the solvent. Potentially, such systems can be 

applied to large scale depolymerisation processes of cellulose 

and become industrially viable. 

An outstanding example of an acid catalyst for the direct 

conversion of cellulose into glucose in aqueous media was 

synthesised by the solvent-free mechanochemical oxidation of  

 

 

activated carbon using KHSO4 or (NH4)2S2O8.[42] The oxidative 

functionalisation of activated carbon is proposed to increase the 

number of acidic sites (like carboxylic, ketonic, or phenolic 

groups), while the mechanical processing enlarges the surface 

area of the catalyst. Glucose yields of up to 85% are attainable 

during acid-catalysed hydrolysis of ball-milled cellulose, which is 

remarkable when compared to yields achievable using cellulase 

enzymes (approximately 65%). If the energy demands of ball 

milling as a means of biomass pretreatment can be overcome, or 

if the need for it can be obviated, then this process could become 

commercialisable. Until then, it remains uncompetitive compared 

to direct fermentation of cellulose into alcohols or acids.[43-45] 

2.2. Fructose 

The next step of the cascade given in Scheme 1 is an aldose-

ketose isomerisation of glucose to fructose named as a Lobry de 

Bruyn-van Ekenstein transformation. Mechanistic studies suggest 

that the rate-limiting step of this reaction is a hydride shift from C2 

to the C1 position catalysed by Lewis acids.[46-49] The most 

probable pathway is thought to involve the formation of a hydroxy-

metal species that enables deprotonation of the C2–OH group 

(Scheme 2). Simultaneously, the Lewis-acidic metal cation Mn+ 

facilitates C2→C1 hydride shift resulting in the formation of the 

ketose. This notion has been corroborated in the AlCl3-catalysed 

isomerisation of glucose.[50] In this instance, a formation of 

aluminium aquo complex [Al(OH)2(aq)]+ as a major catalytic 

species was identified. Conversely, under base catalysis, the 

process is thought to rather proceed via hydrogen ion transfer.[51] 
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Scheme 2. Proposed mechanism for Lewis acid-catalysed glucose-fructose 

isomerisation.[46-50] M = metal, n = integer. 

Unfortunately, there are not many catalysts able to promote 

aldose-ketose isomerisation with a high degree of efficacy in 

water media. A promising hydrophobic Sn-containing zeolite with 

beta framework topology provides the highest fructose yield (of all 

catalyst systems) of 31% directly from glucose.[52] An elegant 

indirect approach involves a one-pot isomerisation-etherification 

of glucose into methyl fructoside in methanol followed by 

hydrolysis of the glycoside into fructose in methanol-water 

solution.[53,54] Various aluminosilicates have been tested in this 

process and the best output of fructose was obtained with the 

large pore-containing H-USY zeolite. This solid acid can be easily 

recovered and affords fructose in yields of 55%. It is remarkable 

that the current industrially applied method, which is based on 

isomerase enzymes, provides fructose in yields of only 42%.[52,55] 

2.3. Hydroxymethylfurfural and its derivatives 

There is current particular interest in the conversion of fructose 

into 5-(hydroxymethyl)furfural (HMF), which is one of the most 

important platform molecules within the portfolio of products that 

can be produced from cellulose.[28,33,34] This compound is a raw 

material in the production of bio-based monomers for the polymer 

industry, as well as a prominent candidate for the production of 

biofuel.[22,56,57] HMF synthesis requires the consecutive Brønsted 

acid-catalysed dehydration of fructofuranose, and is proposed to 

proceed as illustrated in Scheme 3.[58-60] However, alternative 

reaction pathways via an acyclic mechanism have been 

proposed.[61,62] Because HMF is rather reactive and readily 

converts into humins under certain conditions, the procedure is 

usually conducted in the presence of organic solvents which 

separate the HMF from the catalyst. In many instances, water-

miscible solvents such as dimethyl sulfoxide or 

dimethylformamide have been used, but the complexity of their 

recovery from aqueous systems has led to the use of non-polar 

and volatile solvents such as ethers, ketones, alcohols, aromatics 

or their mixtures.[63,64] The immiscibility of such systems is often 

maintained by the addition of inorganic electrolytes (NaCl, KCl, 

KBr, etc.), which additionally support the dehydration of 

fructose.[64-66] 

 

Scheme 3. Brønsted acid-catalysed fructose dehydration into HMF.[58-62] 

Despite a number of examples demonstrating the successful 

conversion of fructose into HMF,[28,33,34,67-69] most of them do not 

meet practical requirements, due to the high cost of the refined 

input carbohydrate substrates (mostly, fructose and sucrose). If 

naturally abundant glucose or polyglucosides can be converted 

selectively into HMF in high yields, the process could become 

industrially viable and so the high yielding conversion of glucose 

into fructose is desirable. Glucose conversion into HMF requires 

catalysts suitable for consecutive aldose-ketose isomerisation 

and fructose dehydration, and therefore must possess both 

Brønsted and Lewis acid sites or activity. One solution is to 

employ Lewis acidic metal chlorides or their combinations with 

hydrochloric acid.[25,70] As shown above, metal cation hydrates 

can cause the release of a Brønsted base aquo complex and 

H3O+[a] which can catalyse glucose isomerisation into fructose 

(Scheme 2) and dehydration of fructose into HMF. The rate of the 

second reaction is usually quite low and the addition of a Brønsted 

acid is necessary to improve the conversion and selectivity to the 

product.[25,70] The combination of acids increases the rate of 

fructose dehydration over that obtained with HCl alone, but 

decelerates the isomerisation steps. One way to overcome this 

negative effect is to raise the reaction temperature which 

accelerates all reactions in the system.[25] In addition, Román-

Leshkov and Dumesic[71] reported that small temperature 

increments (for instance, from 150 to 160 C) improve the rate of 

dehydration of fructose, thereby reducing degradation of HMF. 

The same observations have been noted for combinations of 

various metal halides and mineral acids (HCl, H2SO4, HNO3, 

H3PO4).[65] 

A peculiarity of the activity of metal chlorides in the transformation 

of glucose into HMF is that the conversion in biphasic systems 

increases with a reduction of the ionic radius of the cations in the 

order Al3+ > Ga3+ > In3+ and for the lanthanide series in the order 

Yb3+ > Dy3+ > La3+.[72] Apparently, this phenomenon is a result of 

the higher ability of small cations to coordinate hydroxyl groups in 

a manner that facilitates the requisite transformations, and is 

[a] Although Brønsted acids are conventionally denoted as a cation H+ 

or H3O+ (including instances in this review), the structure of the hydrogen ion 

in water varies with the concentration of the acid, and is shown to be H13O6
+ 

in less concentrated acidic aqueous media.[73,74] 
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related to the notion of charge density (i.e. the ratio of charge to 

ionic radius, z/r).[8,75] This trend has been recently confirmed and 

extended in a study[76] which showed that the tetravalent Lewis 

acid SnCl4 in combination with H3PO4 affords the highest activity 

towards the conversion of cellobiose. However, this method fails 

in the attempted synthesis of HMF from cellulosic or starch-based 

food waste, presumably associated with the poor hydrolysis of 

glycosidic bonds under the reaction conditions employed. An 

approach which might solve this problem is to change the reaction 

media from water/solvent-extractant to a water/ethanol mixture.[77] 

Under these conditions, HMF and HMF-ethanol acetals are 

produced in higher overall yield than in other solvent systems. It 

is possible that this is a consequence of the higher rate of 

alcoholysis of polysaccharides, compared with hydrolysis 

thereof.[78] Table 1 summarises the outcomes of a number of 

combinations of substrate, catalyst and reaction medium, as 

discussed above. 

HMF may be produced via AlCl3-catalysed transformation of 

biomass in a biphasic system, H2O–NaCl/tetrahydrofuran under 

microwave heating.[79,80] These conditions enable a range of 

lignocellulosic materials (corn stover, pine wood, grass, poplar) to 

be transformed into HMF in high yields (Table 1), and this solvent 

system can also be used to produce furfural in high yield (77%).[81] 

Additionally, furfural was obtained as a second major product in 

impressive yields up to 65% (based on the weight of pentose in 

the substrate), which is in the order required for a 

commercialisable processes.[82] The appearance of furfural is 

ascribed to the presence of hemicellulose in the lignocellulosic 

biomass, which consists primarily of D-pentose sugars (xylose, 

arabinose, rhamnose, etc.) and transforms according to Scheme 

4. Despite these promising results, the high cost of microwave 

reactors, as well as increased energy consumption as a 

consequence of their operation, restrict their use on an industrial 

scale at present. 

 

Scheme 4. Hemicellulose transformation into furfural. 

Ferric phosphate has also been applied to the conversion of cellulose 

in biphasic system H2O–NaCl/tetrahydrofuran.[83] While almost 

insoluble in the reaction medium at ambient temperature, FePO4 

becomes soluble and therefore a homogeneous catalyst at the 

reaction temperature (160 C, Table 1). The variable catalyst 

solubility during the process facilitates the recovery thereof by 

filtration and recrystallisation of the iron salt and enables it to be 

reused without marked loss of activity. 

Another relevant class of water-soluble Lewis acids is metal 

trifluoromethanesulfonates (metal triflates). Li et al.[84] observed 

that metal triflates provide substantial yields of HMF during the 

conversion of glucose, without the addition of protic acids. This 

discovery relies on the ability of triflates to induce both Lewis and 

Brønsted acidity as was previously shown by Williams and 

Lawton.[3] The conversion of glucose into HMF with metal triflates 

follows the same pattern as metal chlorides, in lockstep with the 

ionic radius of metal cation in the series Al3+ > Sc3+ > La3+ > Yb3+. 

On the other hand, the use of higher valence state metal triflates 

such as Hf(OTf)4 and the addition of hydrochloric acid significantly 

improves yields of HMF (Table 1). These results show promise for 

the application of metal triflates to the conversion of cellulose, with 

the additional benefit that it is in principle possible to recycle the 

metal triflate catalyst.[84] Despite the promise of this chemistry, 

there is an absence of information on the metal triflate-catalysed 

synthesis of HMF from polymers of glucose (e.g., cellulose). 

Heterogeneous acid catalysts dominate over homogeneous 

counterparts in large scale reactions and in industry.[85] This is 

also reflected in a large number of reports that are dedicated to 

the catalytic conversion of carbohydrates into HMF using typical 

acidic resins, functionalised silica, zeolites, heteropolyacids and 

other solids.[86-88] Notwithstanding the ability to recover 

heterogeneous catalysts by filtration, homogeneous catalysts 

often can be efficiently recovered by the simple removal of the 

organic phase which contains products,[84,89] leaving the acid 

catalyst in the aqueous phase. On the other hand, solid acids are 

frequently disposed of due to their irreversible deactivation by the 

formation of by-product polymer humins on their surface.[90] 

Strategies to overcome this adverse effect might involve the 

selection of catalysts with a surface that is resistant to adsorption 

of macromolecular by-products or with pores large enough to 

remove them from the matrix of the solid. A promising group of 

catalysts is mesoporous solid acids. For example, mesoporous 

zirconium phosphate (Zr(HPO4)2∙nH2O) provides reasonable 

yields of HMF from glucose and can be reused in five consecutive 

cycles without loss of activity.[91] Phosphated TiO2 also shows 

promise in appropriate biphasic systems: it enables the 

conversion of appropriately pre-treated microcrystalline cellulose 

(MCC) into HMF in surprisingly high yields (Table 1).[92] A major 

downside, however, is the high energy consumption during the 

ten-hour ball-milling of MCC and the four-hour recovery of the 

solid acid catalyst at 600 C. The reader will recognise that ball-

milling is a technique rather frequently used as a pretreatment 

method for cellulose. The fact that such drastic pretreatment is 

required before acceptable yields of products are attainable, 

reflects the very high hurdle and ongoing challenge in the direct 

conversion of cellulose into valorised small molecules. 

In an unusual setup, glucose can be converted into HMF in a mixture 

water/tetrahydrofuran under the pressure of carbon dioxide.[93] 

Noticeably, that under applied conditions, this media forms a triphasic 

system H2O–CO2(liquid)/tetrahydrofuran–CO2(liquid)/CO2(gas) 

serving high yield and selectivity of HMF (Table 1). It is apparent, that 

CO2 possesses Lewis acidity, while in situ generated H2CO3 offers 

Brønsted acidity; therefore, the reaction media contains acid 

catalyst requisite to the transformation of glucose into the major 

product. Usefully, the process requires only mild pressure of CO2  
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Table 1. Conditions and results of acid-catalysed conversion of carbohydrates into HMF. 

Substrate Reaction media Catalyst Time [min] 
Reaction 

temp [C] 

HMF yield or 

selectivity[a] [mol%] 
Ref 

Glucose 
Water, NaCl/ 

sec-butylphenol 

AlCl3/HCl 

GaCl3/HCl 

InCl3/HCl 

YbCl3/HCl 

DyCl3/HCl 

LaCl3/HCl 

40 

120 

150 

120 

160 

240 

160 

68 [a] 

50 [a] 

52 [a] 

46 [a] 

41 [a] 

44 [a] 

[72] 

Cellobiose 

Cooked rice 

Bread crust 

Water/DMSO SnCl4/H3PO4 20 140 

12 

8 

10 

[76] 

Cellobiose 

Maltose 

Starch 

Water/Ethanol AlCl3 15 160 

56 [b] 

46 [b] 

47 [b] 

[77] 

Corn stover 

Pine wood 

Grass 

Poplar 

Water, NaCl/ 

THF 
AlCl3 30 180 

19 [c] 

35 [c] 

24 [c] 

27 [c] 

[79] 

MCC 

-cellulose 

Water, NaCl/ 

THF 
FePO4 60 160 

50 

32 
[83] 

Glucose 
Water, NaCl/ 

sec-butylphenol 

Al(OTf)3 

Sc(OTf)3 

La(OTf)3 

Yb(OTf)3 

Hf(OTf)4/HCl 

25 160 

49 

38 

37 

25 

60 

[84] 

Glucose Water/Diglyme Zr(HPO4)2∙nH2O 180 180 63 [91] 

Ball-milled cellulose 
Water/THF/N-methyl-2-

pyrrolidone 

TiO2/ 

PO2(OH)2 
80 180 75 [92] 

Glucose Water/THF/CO2 CO2 240 190 52 [93] 

Glucose 

Sucrose 
Water Nb2O5∙nH2O – 180 

36 

36 
[97] 

Cellulose 

Corn stover 

Corn husk 

Water 
Cr[(C12H25OSO3)-

H2PW12O40]3 
120 150 

53 

31 

36 

[98] 

[a] HMF selectivity. [b] Total yield of HMF and HMF-ethanol acetals. [c] Yield based on the weight of hexose in biomass. MCC = microcrystalline cellulose.  

n = integer. THF = tetrahydrofuran 
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(1 MPa) and enable relatively easy recovery of products and 

solvents.[93] Application of the process to polysaccharides will 

prove interesting from a scientific and practical perspective. 

There remains a drive towards the efficient synthesis of HMF 

directly from cellulose in a single water phase to avoid the use of 

organic solvents in high-temperature processes. Zhang et al.[94] 

have recently explored a homogeneous catalyst mixture of AlCl3 

and maleic acid in the conversion of glucose into HMF in pure 

water. Kinetic studies reveal that this combination of acids 

provides high reaction rates, low activation energy for glucose-

fructose isomerisation and, simultaneously, shows superior 

selectivity towards HMF by avoiding the formation of humins. 

Previously, de Souza et al.[90] tested 17 different solid acids and 

bases including zeolites, heteropolyacids, metal salts and oxides 

as catalysts for glucose conversion into HMF. Among them, only 

amorphous hydrated niobium oxide Nb2O5∙nH2O, also known as 

niobic acid, provided HMF in yields above 5%, and up to 28% 

under optimised conditions. A water-tolerant modified form of 

niobic acid has been used in the conversion of fructose.[95,96] The 

feasibility of this kind of catalyst has been improved by the 

synthesis of a mesoporous niobium oxide with a large number of 

Lewis- and Brønsted acid sites and greater surface area.[97] The 

yield of HMF was 36% from glucose and sucrose and the 

reactions were characterised by high rates of conversion of the 

carbohydrates into product (Table 1). 

As far as can be determined, the catalyst providing the highest 

yield of HMF directly from cellulose in aqueous mixtures is a 

Brønsted-Lewis-surfactant combined heteropolyacid 

Cr[(C12H25OSO3)H2PW12O40]3.[98] The micellar nature of the 

heteropolyacid overcomes difficulties associated with the solid- 

solid interaction between cellulose and the catalyst, leading to 

milder reaction conditions and improved yields of HMF (Table 1). 

Additionally, the hydrophobic nature of the catalyst surface 

prevents the adsorption of polar products and therethrough the 

subsequent degradation of HMF into levulinic acid or humins, and 

enables the catalyst to be reused at least six times. This catalyst 

was also used for the transformation of lignocellulosic residues 

(corn stover and corn husk of Xanthoceras sorbifolia). Notably, 

the catalyst works well even for untreated biomass giving HMF 

yields of 31 and 36% for corn stover and corn husk, respectively. 

Furfural was produced as an additional major product in yields up 

to 30%, which is very close to the requirements for an industrially 

viable process.[82] While the catalyst is in principle heterogeneous, 

it is possible that leaching inherent to heteropolyacids leads the 

process to proceed via a homogeneous pathway.[21,98] 

There is some progress towards the synthesis of derivatives of 

HMF, such as the direct conversion of cellulose into 5-

(chloromethyl)furfural.[99-101] This molecule is readily accessible 

from lignocellulose in high yields up to 80% (based on the hexose 

content in biomass) and can be transformed into a large range of 

derivatives[100,101] such as a high quality biofuel in the form of 5-

(ethoxymethyl)furfural (isolated yield 95%).[102] The overall 

process of the conversion of cellulose into 5-

(ethoxymethyl)furfrural is pictorially represented in Scheme 5. A 

down side of the synthesis of 5-(chloromethyl)furfural is the use 

of concentrated hydrochloric acid and an organochlorine solvent, 

both of which detract from the elegance of the process and which 

require a solution to reduce the environmental footprint thereof. 

Attempts to produce 5-(ethoxymethyl)furfrural in high yield directly 

from carbohydrates are restricted to the use of fructose, glucose, 

and food grade di-, or oligosaccharides (e.g., sucrose and starch), 

leaving room for improvement in future developments.[103-106] 

 

Scheme 5. Conversion of cellulose into 5-(ethoxymethyl)furfrural via 5-

(chloromethyl)furfural. 

2.4. Levulinic acid, formic acid and alkyl levulinates 

Another versatile organic building block is levulinic acid, a product 

of the hydrolytic Brønsted acid-catalysed ring-opening reaction of 

HMF (Scheme 6). In contrast to the synthesis of HMF, which is 

sensitive to high concentrations of protic acids at elevated 

temperatures, the production of levulinic acid is promoted by such 

conditions. At the same time, levulinic acid is a relatively stable 

product and does not require isolation by a non-polar extractant, 

thereby simplifying the operating conditions. As is evident in 

Scheme 6, rehydration of HMF into levulinic acid also leads to the 

formation of formic acid, which has a wide use in applied 

chemistry, agricultural, fuel and pharmaceutical industry.[107,108] 

There is also evidence that formic acid, a useful small molecule, 

can be originated directly from glucose and fructose.[66]  

 

Scheme 6. Brønsted acid-catalysed HMF rehydration into levulinic acid.[108] 

Levulinic acid is commercially produced by the technology 

developed by Biofine Renewables, LLC.[109] The process 

comprises a two-step hydrolytic transformation of biomass 

catalysed by sulfuric acid. The first step is a rapid high-pressure 

hydrolysis of polysaccharides into sugar monomers and their 

dehydration into HMF, performed in a plug flow reactor under a 

pressure of 25 bar. The second step is the rehydration of HMF 

into levulinic acid and formic acid in a back-mix reactor under a 

pressure of 14 bar. Importantly, the ratios of the main products 

can be easily adjusted by the variation of catalyst concentration 

and temperature of the second stage.[110] In this process, the yield 

of levulinic acid also depends on the origin of the feedstock and 

is produced at between 59 to 83% of the theoretical value 

depending on this variable.[108] Some examples of hydrolytic 
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lignocellulose conversion via Biofine technology are given in 

Table 2. 

While the Biofine process is efficient and flexible, the sulfuric acid 

catalyst also promotes side reactions that produce waste 

products during the hydrolysis of the biomass and the separation 

of products. In addition, the corrosive nature of the reaction 

mixture together with the forcing reaction conditions leave room 

for improvement. Some of the efforts to solve these problems are 

discussed below. 

Between homogeneous versus heterogeneous catalysis, the 

current information suggests that the former are more suitable for 

the synthesis of levulinic acid. For example, Weingarten, Conner 

and Huber[111] described the production of levulinic acid in a yield 

of only 27% in the conversion of cellulose catalysed by the acidic 

resin Amberlyst 70. Despite these low yields and irreversible 

catalyst loss, a noticeable benefit of this approach is the 

significant reduction of by-product formation. Other resins such as 

Nafion SAC 13 and Dowex 50 modified with Fe3+ ions have also 

been applied in the conversion of cellulose into levulinic acid, but 

none of them can be recovered with the same catalytic 

activity.[112,113] In addition, these processes require long reaction 

times measured in days in the case of Nafion (Table 2). 

There are several successes in the homogeneous acid-catalysed 

transformation of polysaccharides into levulinic acid. The efficacy 

of metal chlorides in these reactions has been reported.[114] 

Among the metal chlorides, CrCl3 shows the highest activity and 

affords levulinic acid in an appealing yield of 67% (Table 2). 

However, the authors also found that CrCl3 is consumed during 

the process and that chromium hydroxides precipitate during the 

course of the reaction, which is an issue that remains to be solved. 

In other work, AlCl3 was found to be useful in the conversion of 

hemicellulosic portion of pubescens.[115] The combination of AlCl3 

and SiO2 in water/tetrahydrofuran affords reasonable selectivity 

of levulinic acid of 48% (Table 2). Importantly, this process has 

become a precedent for the production of another platform 

molecule, -valerolactone.[116] -Valerolactone is obtained by the 

addition of the catalyst Pt/C to the reaction media, which promotes 

both in situ generation of H2 from formic acid and reductive 

cyclisation of levulinic acid into its corresponding lactone. Usefully, 

it is possible to recover the catalyst system. 

Pseudo-homogeneous catalytic systems have been developed by 

the research group of KU Leuven.[117,118] These are 

macromolecular water soluble catalysts based on sulfonated 

hyperbranched poly(arylene oxindoles). Derivatives bearing 

chlorine or fluorine atoms as substituents provide the best 

catalytic activity (Table 2). It was demonstrated that the catalyst 

does not change in its chemical composition after the reaction, 

and can thus probably be reused. However, catalyst recovery 

involves ultrafiltration that may cause processing difficulties in 

industrial scale processes. 

A method with substantial potential is based on the application of 

gaseous acid SO2.[119] SO2 plays a dual role acting both as a Lewis 

acid and Brønsted acid catalyst. The Brønsted activity is provided 

through the dissolution of SO2 and formation of sulfurous acid 

H2SO3 in aqueous media. The dual acidity of the catalyst led to good 

yields of levulinic acid from untreated cellulose (Table 2). Usefully, 

the catalyst could be recovered by steam stripping. The major 

drawback of this process is the high reaction temperature and 

pressure that do not significantly differ from those of the Biofine 

technology and therefore offers little improvement. Nevertheless,  

sulfurous acid does not induce severe metal corrosion, in 

comparison with sulfuric acid, which may reduce capital costs. 
 

Table 2. Conditions and results of acid-catalysed conversion of cellulosic materials into levulinic acid. 

Substrate Catalyst Time [h (s)] Reaction temp [C] Levunic acid yield [%][a],[b] Ref 

Paper sludge H2SO4 
14 s 

0.42 

215 

200 
71 [a] [109] 

Paper pulp H2SO4 
15 s 

0.42 

205 

185 

61 [a] 

(82 for formic acid) 
[110] 

MCC 
Non-catalytic 

Amberlyst 70 

0.5 

8 

220 

160 
27 [a] [111] 

Cellulose Nafion SAC 13 120 190-200 72 [b] [112] 

MCC Fe-resin 5 200 33 [a] [113] 

MCC CrCl3 3 200 67 [b] [114] 

Hemicellulose  

(P. heterocycla cv. 

Pubescens) 

AlCl3/SiO2 4 160 48 [c] [115] 

Ball-milled MCC 
5Cl-SHPAO 

5F-SHPAO 
5 165 

48 [b] 

47 [b] 
[118] 

Cellulose SO2 0.75 210 45 [b] [119] 

[a] % from theoretically possible 71.6% wt/wt. [b] mol% based on anhydroglucose unit. [c] Levulinic acid selectivity. MCC = microcrystalline cellulose. 5Cl-SHPAO 

or 5F-SHPAO = sulfonated hyperbranched poly(arylene oxindole)s with chloride or fluoride substituents in the fifth position of isatin. 
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A particular trend in the conversion of carbohydrates is towards 

the synthesis of alkyl levulinates for use as solvents or fuel 

additives.[120] For example, methyl levulinate can be selectively 

produced in the presence of methanol during the conversion of 

cellulose catalysed by combinations of various metal triflates and 

sulfonic acids.[121] Although the efficacy of single entity triflate 

catalysts is high, it was shown that the presence of p-

toluenesulfonic acid improves the ester yield by boosting the rate 

of cellulose solvolysis into sugars (Figure 1). As can be seen in 

Figure 1, In(OTf)3 affords the highest activity compared to the 

other metal triflates and gives the most active catalyst pair with 2-

naphthalenesulfonic acid. Turning now to industrial scale 

synthesis, we may note that Eni S.p.A. company has published a 

patent based on the conversion of lignocellulose with 2-

naphtalenesulfonic acid as catalyst in ethanol, 2-propanol or 1-

butanol.[122] It is noteworthy that the technology can deliver ethyl, 

propyl and butyl levulinate in excellent yields of 95, 89 and 85% 

from coniferous wood. An advantage of processes performed in 

alcohols is the facile recovery of the catalytic system after 

distillation of the products.[121] 

 

Figure 1. Acid-catalysed synthesis of methyl levulinate from cellulose. Reaction 

conditions: cellulose 2.5 mmol (as a glucose unit), Lewis acid 0.02 mmol, 

Brønsted acid 0.1 mmol, methanol 20 mL, N2 0.5 MPa, 180 C, 30 min.[121] ■ = 

yield of methyl levulinate. □= yield of sugars. PTSA = p-toluenesulfonic acid. 

NSA = naphthalenesulfonic acid. BSA = benzenesulfonic acid. TfOH = 

trifluoromethanesulfonic acid. 

The opportunity to deliver formic acid from carbohydrates is also 

of particular interest; formic acid is usually produced as a by-

product of the synthesis of levulinic acid. The most striking 

instance of the direct conversion of carbohydrates into formic acid 

is the OxFA process commercialised by OxFA GmbH. This 

process employs the oxidative conversion of sugars with 

molecular oxygen using as homogeneous catalyst the Keggin-

type polyoxometalate H5PV2Mo10O40·35H2O as a means of 

oxygen insertion into C–C -bonds, ultimately leading to formic 

acid and CO2 via electron-oxygen transfer mechanisms.[123,124] 

The catalyst provides some activity towards the hydrolysis of 

glycosidic bonds and enables monosaccharides as well as 

oligosaccharides like xylans to be converted into formic acid in 

good yields (33%) under comparably mild conditions (80 C, 26 h, 

30 bar O2).[124] However, cellulose is rather unreactive under such 

conditions and there is a need to promote the hydrolysis of the 

polymer using an additional source of a Brønsted acid. In one 

approach,[125] p-toluenesulfonic acid was employed in the process 

leading to the improved conversion of various cellulosic materials 

(beech, poplar, pine, waste paper, cyanobacteria, etc.) into formic 

acid in improved yields (up to 40%) and selectivity (40-56%) 

towards the target molecule. 

2.5. -Hydroxy acids 

In contrast to the works described above, the application of a 

retro-aldol pathway as a method of valorisation of cellulose is 

more complex and less deeply investigated. However, there are 

some examples of acid catalysts that enable selective processes 

(Table 3). The major products of the retro-aldol pathway are -

hydroxy acids, primarily lactic and glycolic acids. These acids are 

also key platform chemicals used widely for the production of 

commercial bioplastics and for the synthesis of pyruvic and acrylic 

acids and other monomers.[126] 

The retro-aldol reaction gives C2 and C4 sugars from glucose, and 

trioses (dihydroxyacetone and glyceraldehyde) from fructose, as 

depicted in Scheme 7. This step normally can be performed at 

elevated temperature using Lewis acid catalysts.[33] Trioses are 

intermediates in the formation of lactic acid through the sequential 

stages of a retro-Michael dehydration into pyruvic aldehyde and 

its hydration and isomerisation into 2-hydroxy carboxylic acids. 

Retro-Michael dehydration is catalysed by both Lewis and 

Brønsted acids, while the hydration of aldehydes is typically 

induced by Brønsted acids, and isomerisation reactions are most 

frequently promoted by Lewis acids (Scheme 7).[26,127] The 

synthesis of glycolic acid is also achievable from C2-C4 sugars; 

however, this reaction requires an additional retro-aldol 

condensation step and hydration and isomerisation reactions.[128] 

Metal chlorides and other salts have been used to good effect to 

promote the synthesis of lactic acid from glucose.[129] It was 

established that AlCl3 provides the highest activity toward lactic 

acid which was produced in a yield of 20% at comparably low 

reaction temperatures. However, Pb(NO3)2 is more active in this 

reaction using ball-milled cellulose to produce a surprisingly high 

yield (68%) of lactic acid[130] and the catalyst could be recovered 

by capture of Pb2+ on a cation exchange resin. Nonetheless, the 

toxicity of lead catalysts poses problems within the concepts of 

green chemistry and is avoided on industrial scale. 

The application of lanthanide triflates to the hydrothermal 

conversion of untreated cellulose into α-hydroxy acids represents 

something of a breakthrough.[131] A yield of 90% based on the 

anhydroglucose unit was achieved under optimised conditions 

using Er(OTf)3 as catalyst (Table 3). Importantly, that catalyst 

provided the same result even after four cycles of recovery and 

recycling. Its recovery required only simple distillation of water 

and reaction products, but on large scale this may be too energy 

intensive to be economically feasible. The study also found that 

catalyst activity depends on the metal ionic radii in a contrariwise 

manner compared to the above examples of HMF synthesis. 

The yield of lactic acid goes up with an increase of cation ionic 

radii and is approximately equal for Er3+ ≈ Yb3+ ≈ Lu3+. 
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Scheme 7. Acid-catalysed transformation of hexoses into -hydroxy acids.[26,127,128] 

 

Table 3. Conditions and results of acid-catalysed conversion of carbohydrates into -hydroxy acids. 

Substrate Catalyst Time [h] Reaction temp [C] 
Lactic or glycolic acid [a] yield 

[mol%] 
Ref 

Glucose AlCl3 6 140 20 [129] 

Ball-milled MCC Pb(NO3)2 4 190 68 [130] 

MCC 

Er(OTf)3 

Lu(OTf)3 

Yb(OTf)3 

Er(OTf)3 

Ho(OTf)3 

Dy(OTf)3 

Sm(OTf)3 

Nd(OTf)3 

Pr(OTf)3 

Ce(OTf)3 

La(OTf)3 

0.5 240 

90 [b] 

62 

62 

62 

61 

60 

58 

55 

53 

48 

46 

[131] 

-Cellulose 

Bagasse 

Hay 

H3PMo12O40 1 180 

49 [a] 

32 [a] 

28 [a] 

[128] 

[a] Yield of glycolic acid. [b] Yield of lactic acid under the optimised catalyst loading. MCC = Microcrystalline cellulose. 
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Recent investigations into the metal triflate-catalysed conversion 

of cellulose by the retro-aldol process are based on reactions in 

methanolic media.[29] This medium leads to the production of -

hydroxy methyl esters, including methyl lactate, methyl 

vinylglycolate and methyl 4-methoxy-2-hydroxybutanoate. The 

latter two esters are believed to form from tetrose sugars as 

depicted in Scheme 8 and are also considered to be platform 

molecules with significant potential for industrial 

application.[132,133] Importantly, careful selection of the metal 

triflate catalyst enables the preferred reaction pathway to be 

followed. For example, Sn(OTf)2 primarily catalyses the retro-

aldol reaction and further conversion of sugars into -hydroxy 

esters (Figure 2). Conversely, Al(OTf)3, AgOTf and Cu(OTf)2 are 

the best choice for selectivity towards methyl levulinate, because 

they accelerate dehydration-rehydration reactions.[29] It is 

possible that the outcomes of the reactions depend on the 

interplay between Brønsted and Lewis acidic components of 

metal triflates. The prevailing type of catalyst acidity is usually 

determined by the strength of metal-ligand versus metal-solvent 

interactions.[3] The first phenomenon relies on the Lewis acidity 

and leads to retro-aldol pathways. In contrast, binding of the 

solvent to the metal induces the release of a Brønsted acid which 

leads to rehydration products. 

 

Scheme 8. Conversion of C2-C4 sugars into α-hydroxy methyl esters. 

 

Figure 2. Metal triflate-catalysed conversion of cellulose into value added esters. 
Reaction conditions: ball-milled cellulose 1 g, catalyst 0.24 mmol, methanol 50 

mL, 200 C, 2 h.[29] □= yield of methyl lactate. ■ = yield of methyl 4-methoxy-2-
hydroxybutanoate. ■  = yield of methyl vinylglycolate. ■  = yield of methyl 
levulinate. 

As far as can be established, there is only one instance of a 

successful acid-catalysed synthesis of glycolic acid from 

cellulose.[128] This method is based on phosphomolybdic 

heteropolyacid H3PMo12O40 as catalyst under an atmosphere of 

oxygen. Optimisation of the reaction conditions led to the 

production of glycolic acid in a yield of 49% for -cellulose as 

substrate (Table 3). Quite usefully, untreated bagasse and hay 

produce remarkably high yields of glycolic acid, along with 

additional products such as formic, acetic, propionic and glyceric 

acids and others. Importantly, the catalyst can be recovered and 

be reused without loss of activity in nine consecutive runs. 

There is a little progress towards to production of other value-

added molecules from carbohydrates, products such as C2-C4 

saccharides, 2,4-dihydroxybutanoic acid, 2,5-dihydroxybut-3-

enoic acid, 2,4,5-trihydroxypentanoic acid, 2,4,5,6-

tetrahydroxyhexanoic acid, 5-(1,2-dihydroxyethyl)-3-

hydroxydihydrofuran-2(3H)-one and many others, which have 

been found in reaction media as intermediates or side reaction 

products.[134] Unfortunately, there are no known chemocatalysts 

supporting the selective production of these molecules, which 

leaves significant scope for research in this field. 

3. Transformation of saccharides in ionic 
media 

Ionic liquids (ILs) are referred to as a class of alternative solvents 

which consist solely of ions and have melting points below 100 C. 

Over the past few decades there has been significant focus on 

the chemistry of ILs[135] and chemical processes in IL media,[135-

138] with respect to their specific properties and the wide range of 

applications, including the synthesis of platform molecules.[138] 

Chemical transformations of carbohydrates in alternative solvents 

possess manifold benefits, compared to reactions in aqueous 

systems. The loss of products, as well as catalyst deactivation, is 

markedly diminished in IL media, likely due to the inhibition of side 

reactions involving solvent molecules. On the other hand, some 

ionic systems are able to dissolve cellulose, and therefore allow 

processes to be performed under comparably mild conditions with 

a high degree of efficacy. The prime disadvantage of common ILs 

is their high cost, implying that only outstanding technologies are 

likely to be competitive in terms of the sustainable biorefinery. To 

demonstrate the promise and opportunity of ILs, this section 

focuses on the conversion of carbohydrates in various ionic 

solvents being quaternary ammonium salts, deep eutectic 

solvents (DESs) and inorganic molten salt hydrates. 

 3.1. Quaternary ammonium ILs 

The cascade of cellulose conversion in ILs is somewhat similar to 

the steps occurring in aqueous media because water is usually 

added to support hydrolytic reactions. As with other reaction 

media, the hydrolysis of cellulose into its monomer glucose is 

considered to be the first stage. In this respect, there are several 

studies that reveal highly efficient catalytic production of glucose 

in 1-butyl-3-methylimidazolium chloride ([C4mim]Cl). For example, 

a sulfonated carbon-based catalyst prepared by incomplete 
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hydrothermal carbonisation and sulfonation of glucose has been 

applied to the degradation of MCC.[139] A total yield of reducing 

sugars of 73% was achievable under optimised conditions 

(temperature 110 C, reaction time 4 h). This yield is significantly 

higher than those that have been realised with other solid acids 

such as HY zeolite, Amberlyst 15 or Nafion NR50 which provide 

yields of reducing sugars of 48%, 28% and 35%, respectively.[139] 

The latest investigations show that glucose yields can be 

improved using dilute sulfuric acid as catalyst.[140] The highest 

yield of reducing sugars in this instance is 92% at 180 C and 60 

minutes reaction time. 

The majority of papers reporting the conversion of carbohydrates 

in alternative solvents focus on the production of HMF. A 

theoretical comparative study of reaction mechanisms in water 

and the IL 1,3-dimethylimidazolium chloride ([C1mim]Cl) found 

that major differences in outcomes are due to solvent effects in 

water and IL media.[141] Firstly, it should be noticed that 

deprotonation of the C2 hydroxyl group may be performed by the 

Cl– ion of [C1mim]Cl, similar to the C2–C1 hydride shift proposed 

during the glucose-fructose isomerisation catalysed by Lewis 

acids in water (Scheme 2). On the other hand, according to the 

calculated energy values isomerisation occurs via an open chain 

mechanism in ILs and a cyclic mechanism in aqueous systems. 

The authors also propose a variety of side reactions in water that 

are likely to be absent in ILs, and thereby account for the higher 

selectivity in alternative solvents. 

Metal chlorides are widely used for the catalytic transformation of 

carbohydrates in ILs. One of the pioneer studies by Zhao et al.[142] 

shows the high activity of some metal chlorides for glucose 

conversion in 1-ethyl-3-methylimidazolium chloride ([C2mim]Cl). 

From a mechanistic perspective, the solvent-metal chloride 

interaction induces the formation of MCln–-ions (M = metal, n = 

integer) which are proposed to catalyse the reaction. Primarily, 

these catalytic species boost the rate of proton transfer during the 

mutarotation between α- and β-glucose anomers, but only CrCln– 

is able to catalyse the subsequent isomerisation into fructose 

(Scheme 9). In addition, it was noticed that metal chlorides tend 

to stabilise HMF, and this effect has been shown to be highest for 

CrCl2, CuCl2, and VCl4.[142] Conditions and results of the most 

successful instances are given in Table 4. 

Inspired by the above-mentioned results, many research 

groups have applied metal chlorides in the direct conversion 

of polysaccharides into HMF under various reaction conditions. 

 

Scheme 9. Isomerisation of glucopyranose α-anomer into fructose.[142] [C2mim] 

= 1-ethyl-3-methylimidazolium. 

For example, CrCl3 was applied as a catalyst in the transformation 

of MCC in [C4mim]Cl under microwave irradiation.[143] HMF yields 

achieved under these conditions within several minutes are 

comparable to or higher than those obtained from glucose or 

cellulose under conventional heating (Table 4). This positive 

outcome has been ascribed to the rate of heat transfer compared 

to traditional heating and a decrease of activation energy, as a 

result of orientation effects of polar species in the electromagnetic 

field of the microwave reactor.[144,145] In addition, it has been 

reported that CrCl3 can catalyse the conversion of crude 

lignocellulose under microwave irradiation in [C4mim]Cl.[146] The 

yield of HMF from corn stalk, rice straw, or pine wood was 45%, 

47% or 52%, along with furfural in yields of 23%, 25%, or 31%, 

respectively. As mentioned above, the use of microwave reactors 

in industry is restricted due to cost implications, and so this 

proposed method is not industrially viable at present. 

A notable advance in cellulose valorisation into HMF employs 

[C4mim]Cl as the solvent and CrCl3 as the catalyst.[147] To facilitate 

the transformation of the polysaccharide into HMF, the cellulosic 

material was pretreated with dilute aqueous sodium hydroxide (3 

wt%) before the acid-catalysed reaction. This approach became 

useful for the conversion of a range of lignocellulosic substrates 

(wood chips, rice straw) affording high yields of the targeted 

furaldehyde (Table 4). Another benefit of the process is the mild 

reaction conditions, likely a consequence of the decrease of the 

intermolecular linkages between the fibrils of polymer after the 

pretreatment. However, no data were provided with regard to the 

recovery of ionic system. 

An interesting approach has been developed by the group of 

Pacific Northwest National Laboratory which employed paired 

metal chloride Lewis acid-assisted Lewis acid catalysts in the 

conversion of carbohydrates in [C2mim]Cl.[148,149] Firstly, the 

combination of CrCl2/CuCl2 at a high loading of the copper salt 

(85-95 mol% based on the total amount of the catalyst added) 

boosts the rate of the hydrolysis of glycosidic bonds and therefore 

of the yield of glucose. However, optimum selectivity for HMF 

requires an excess of chromium salt (83 mol% of the catalyst). 

Regulation of the reaction parameters and elaboration of the 

recovery procedure through a multistep extraction using methyl 

isobutyl ketone enable the process to reach a steady yield of HMF 

of 57%. The same group also studied combinations of 

PdCl2/CuCl2 in cellulose transformations.[149] In spite of the low 

yield of HMF (17%), these paired metal chlorides are shown to 

efficiently disrupt the long-range interactions between the solvent 

ions and thereby improve cellulose solubility and its hydrolysis. 

An important finding in paired Lewis acid-catalysed reactions was 

the discovery that various combinations of metal chlorides 

catalyse the conversion of cellulose in [C2mim]Cl not only to HMF 

but also to other furan derivatives such as furfural and furyl 

hydroxymethyl ketone, which are all important high value 

commodity products.[150] The general hypothesis is that 

intermediate 1,2-diketones transform into furfural or furyl 

hydroxymethyl ketone, according to Scheme 10. It is interesting 

to point out that the combination CrCl3/CuCl2 provides the highest 

yield of HMF in reaction times as brief as 10 minutes. In turn, 

FeCl3/CuCl2 improves the selectivity to and yield of furfural and furyl  
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Table 4. Conditions and results of acid-catalysed conversion of carbohydrates into HMF in various ILs. 

Substrate Reaction media Catalyst Time [min] Reaction temp [C] HMF yield [mol%] Ref 

Glucose [C2mim]Cl 

CrCl2 

CrCl3 

PtCl4 

AlCl3 

180 100 

70 

45 

15 

10 

[142] 

MCC [C4mim]Cl CrCl3 2 400 W[a] 61 [143] 

Wood chops 

Rice straw 
[C4mim]Cl CrCl3 120 120 

79 

76 
[147] 

MCC [C2mim]Cl CuCl2/CrCl2 480 120 57 [148] 

MCC [C2mim]Cl CuCl2/CrCl3 10 140 39 [150] 

MCC [C4mim]Cl SCC 15 160 41 [151] 

MCC 
[C2mim]OAc/ 

[C4SO3Hmim]CH3SO3 
CuCl2 210 160 70 [153] 

MCC 
[C3SO3Hmim]HSO4/ 

DMSO/ 
InCl3 300 160 45 [154] 

Ball-milled MCC 
[C2OHmim]Cl/ 

[C4SO3Hmim]CF3SO3 
CrCl2 240 140 62 [155] 

Cotton linters 

Corn stover 
[C4mim]Cl/DMA/LiCl 

CrCl2/HCl 

CrCl3/HCl 
120 140 

54 

48 
[157] 

MCC 
[C4mim]Cl/ 

DMSO 
AlCl3 540 150 55 [159] 

MCC TBAC CrCl3/HCl 90 140 44 [160] 

Inulin 
ChCl/C2H2O4∙2H2O/ 

AcOEt 
– 120 80 64 [163] 

Pretreated MCC [b] ZnCl2∙4.44H2O HCl – 120 30 [174] 

MCC ZnCl2∙3H2O/MIBK HCl 40 150 81 [175] 

[a] Heating under microwave irradiation. [b] Cellulose was heated in ZnCl2∙4.44H2O at 70 C for 12 h. [C2mim]Cl = 1-ethyl-3-methylimidazolium chloride. [C2mim]OAc 

= 1-ethyl-3-methylimidazolium acetate. [C2OHmim]Cl = 1-(2-hydroxyethyl)-3-methylimidazolium chloride. [C3SO3Hmim]HSO4 = 1-methyl-3-(3-sulfopropyl)-

imidazolium hydrogen sulfate. [C4mim]Cl = 1-butyl-3-methylimidazolium chloride. [C4SO3Hmim]CH3SO3 = 1-(4-sulfobutyl)-3-methylimidazolium methanesulfonate. 

[C4SO3Hmim]CF3SO3 = 1-(4-sulfobutyl)-3-methylimidazolium trifluoromethanesulfonate. AcOEt = ethyl acetate. ChCl = choline chloride. DMA = dimethylacetamide. 

DMSO = dimethylsulfoxide. MCC = microcrystalline cellulose. MIBK = methyl isobutyl ketone. SCC = sulfonated carbonised cellulose. TBAC = tetrabutylammonium 

chloride. 

 

 

hydroxymethyl ketone (16 and 11%, respectively) under the same 

process conditions. In both cases, longer reaction times result in 

losses of products as a consequence of side processes.  

Heterogeneous acid catalysis also has been applied to the 

transformation of carbohydrates into HMF in alternative solvents. 

The conversion of glucose in [C4mim]Cl in reactions catalysed by 

various solid acids (clays, zeolites, resins, heteropolyacids, 

sulfated oxides and carbonised carbohydrates) has been 

investigated.[151] As can be seen in Figure 3, the highest 

conversion of glucose and yield of HMF are delivered by 

sulfonated carbonised saccharides, primarily derived from 

cellulose. This material has been identified as a recoverable 

efficient catalyst that is suitable for cellulose conversion as well 

(Table 4). Notwithstanding problems associated with the high 

loading of the sulfonated carbocatalysts (optimally found to be 40 

wt% based on starting materials), they show promise with regard 

to low cost and high selectivity. However, it is important to note 

the major role performed by [C4mim]Cl in the catalytic reactions, 



REVIEW          

 

 

 

 

 

 

Scheme 10. Formation of furfural and furyl hydroxymethyl ketone from a 1,2-

diketone intermediate.[150] 

as explained above (i.e. to promote proton transfer reactions). 

Neither water nor common organic solvents are able to afford 

high yields of HMF within the process (Figure 4). It is likely that 

the benefits of the IL system are derived from several phenomena, 

namely simultaneous enhancement of the solubility of 

carbohydrates in the IL and improved stability of the products in 

the IL, as well as the improvement of glucose-fructose 

isomerisation. 

 

 

Figure 3. Transformation of glucose into HMF catalysed by various solid acids. 
Reaction conditions: glucose 100 mg, catalyst 40 mg, [C4mim]Cl 1 g, 140 C, 
30 min.[151] ■ = yield of HMF. □= conversion of glucose. CCC, GSS, SCC = 
cellulose, glucose and starch-derived carbonaceous catalysts respectively. 

 

Figure 4. Glucose conversion into HMF in various solvents. Reaction 

conditions: glucose 100 mg, sulfonated carbonised cellulose 40 mg, solvent 1 

g, 160 C, 15 min.[151] [C4mim]Cl = 1-butyl-3-methylimidazolium chloride. 

The potential of acidic ILs to perform the dual roles of reaction 

medium and co-catalyst has been explored.[152] For example, 

various acidic ILs combined with 1-ethyl-3-methylimidazolium 

acetate ([C2mim]OAc) have been investigated for the 

transformation of cellulose into HMF.[153] Mixtures of 1-(4-sulfobutyl)-

3-methylimidazolium methanesulfonate ([C4SO3Hmim]CH3SO3) and 

CuCl2 provide the highest yield of HMF. Subsequent work using 

1-methyl-3-(3-sulfopropyl)-imidazolium hydrogen sulfate 

([C3SO3Hmim]HSO4) combined with InCl3 suffered lower yields of 

the major products and a requirement for longer operation times 

(Table 4).[154] The combination of CrCl2 and 1-(4-sulfobutyl)-3-

methylimidazolium trifluoromethanesulfonate ([C4SO3Hmim]-

CF3SO3), used in the biphasic system 1-(2-hydroxyethyl)-3-

methylimidazolium chloride ([C2OHmim]Cl) and 1,2-

dimethoxyethane, gives significant yields of HMF (Table 4).[155] It 

is possible to shift the process towards the formation of levulinic 

acid using the IL [C3SO3Hmim]HSO4 and an excess of water.[156] 

This shift is likely to be induced by the rehydration of HMF at 

higher loadings of water, as well as by hydrolysis of the IL into 

sulfuric acid which promotes this reaction. One major 

disadvantage of this approach is an application of microwave 

heating before a reasonable yield can be realised. 

Imidazolium-based ILs improve the efficacy of the process in 

terms of higher HMF output and some flexibility of the product 

portfolio, in comparison with conventional solvents. On the other 

hand, ILs are costly, which represents something of a stumbling 

block for the industrial application of the chemistry. One potential 

resolution has been the addition of the well-known cellulose 

solvent mixture of N,N-dimethylacetamide/LiCl to [C2mim]Cl, to 

decrease the amount of IL consumed during cellulose conversion 

processes.[157,158] This ionic system in the presence of a catalytic 

mixture of CrCl2 or CrCl3 and hydrochloric acid is suitable for the 

direct conversion of cellulose, as well as lignocellulosic biomass, 

providing HMF in yields of up to 54% and 48%, respectively 

(Table 4). In addition, furfural was recovered in a yield of 34% 

from corn stover. However, the toxicity of dimethylacetamide, the 

high catalyst loading (up to 35 mol% based on the 

anhydroglucose unit) and problems of solvent reuse complicate 

the implementation of this method. This issue can be partially 

resolved by the combination of dimethylsulfoxide and 

[C4mim]Cl.[159] It was found that AlCl3 affords a reasonable yield 

of HMF in this mixture under optimised reaction conditions and 

that the system can be reused in 5 reaction cycles with only slight 

loss of activity (Table 4). Tetrabutylammonium chloride, which is 

considered to be a relatively inexpensive alternative to 

imidazolium-based ILs,[160] also shows some promise. A yield of 

44% of HMF was obtained in tetrabutylammonium chloride during 

the conversion of cellulose catalysed by a combination of CrCl3 

and hydrochloric acid. The possibility of solvent and catalyst 

recovery has been surveyed and stable synthesis results have 

been determined for 5 reaction cycles. 

3.2. DESs 

While common ILs suffer a number of drawbacks as mentioned, 

DESs show significant promise. DESs are a class of ionic systems 
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formed from a eutectic mixture of Brønsted or Lewis acids and 

bases and have general formula 

Cat+X−zY 

where Cat+ is commonly ammonium, phosphonium, or sulfonium 

cation, X is a halide ion, and z is the number of acid molecules 

Y.[161] A major advantage of DESs is the ease of their preparation 

that usually involves a single-step combination of ammonium 

salts with a metal salt or hydrogen bond donor under solvent-free 

conditions. Additionally, DESs may be prepared from 

environmentally benign and inexpensive materials and many of 

these solvents are considered to be relatively non-toxic and 

biodegradable substances.[162] 

DESs that consist of choline chloride (ChCl) and organic acids 

possess the intrinsic Brønsted acidity needed for certain 

catalysed reactions. For instance, the solvent produced by 

blending ChCl and oxalic or citric acid has been applied for the 

ready synthesis of HMF from inulin.[163] Inulin is a non-digestible 

fructose oligomer with occasional chain terminating glucosyl 

moieties, which transforms into HMF according to Scheme 11. 

The high yield of the value added molecule can be attained at the 

surprisingly low temperature of 80 C (Table 4). This result is 

perhaps the lowest known temperature for the efficient conversion 

of oligosaccharides into HMF. DESs based on ChCl and citric acid 

have been used for the conversion of hemicellulose into furfural, 

in the presence of the Lewis acid catalyst AlCl3.[164] The proposed 

mechanism suggests that the combined acids are able to promote 

both xylose-xylulose isomerisation, as well as xylulose 

dehydration into furfural. As a result, the furfural yield can reach 

73%. It is noteworthy that in both cases the acidic DES could be 

recovered and reused in the process. 

Another type of DES derived from natural molecules is a eutectic 

mixture of ChCl and certain carbohydrates. Ilgen et al. [165] have 

reported acid-catalysed conversion of various saccharides into 

HMF in their highly concentrated low melting mixtures (the ratio of 

carbohydrate to ChCl was between 1:1-1.5). All of the mono-, di- 

and oligosaccharides that were explored give stable melts in 

combination with ChCl at temperatures below 100 C, but their 

conversion into product strongly depends on the nature of the 

starting materials and the catalyst (Figure 5). A possible 

explanation for this observation is the likelihood that each 

saccharide is converted by a different mechanism from the others. 

As far as can be determined, there is no information relating to 

the chemical conversion of cellulose in DESs, despite several 

papers dedicated to cellulose pretreatment in ChCl-based 

melts.[166-169] 

3.3. Inorganic molten salt hydrates 

Recent research applying alternative solvents for cellulose 

conversion has been particularly focused on the use of inorganic 

molten salt hydrates. These are inorganic salts contain water 

tightly bound to the inner coordination sphere of the cation in 

quantities approaching the highest coordination number of the 

central ion.[170] Bearing in mind that such inorganic salts possess 

intrinsic Lewis acidity, along with extremely low vapour pressures,  

 

Scheme 11. Conversion of inulin into HMF. n = integer. 

 

Figure 5. Acid-catalysed transformations of various sugars into HMF in their 
highly concentrated melting mixtures. Reaction conditions: catalyst 10 mol% 

(Amberlyst 15 and Montmorillonite 10.0-12.5 wt% based on sugar), 100 C, 30 
min. [165] ■  = fructose/ChCl (1:1.5). ■  = glucose/ChCl (1:1.5).  

■ = sucrose/ChCl (1:1). □ = inulin/ChCl (1:1).PTSA = p-toluenesulfonic acid. 

they demonstrate characteristics consistent with ‘green’ precepts 

and are therefore budding candidates for cellulose processing. 

A number of molten salt hydrates have been demonstrated to be 

suitable for the dissolution, swelling and decomposition of 

cellulose.[171,172] However, only ZnCl2∙nH2O (n = 3-4) has 

presently found an application in the chemical conversion of this 

polysaccharide into platform molecules.[173-175] ZnCl2∙nH2O is 

considered to be an IL, possessing the formula [Zn(OH2)6][ZnCl4] 

in the case of n = 3.[176,177] The high dissolving power of such ILs 

might be attributed to the coordination and the strong interaction 

between the hydroxyl groups of the solvent and the polymer.[177] 

These solvent-substrate interactions may lead to the specific 

pathways in the transformation of cellulose that will be described 

below. 

Furyl hydroxymethyl ketone may be prepared from cellulose in 

ZnCl2∙3.36H2O under microwave irradiation, and without the 

addition of a solvent-extractant.[173] In contrast to the method 

detailed above for the formation of this ketone (Scheme 10), the 

authors postulated another mechanism that proceeds through the 

intermediate sugar with a carbonyl group on the third carbon atom  
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(Scheme 12). The highest yield of furyl hydroxymethyl ketone was 

only 12%, which is probably attributable to the decomposition of 

the product/s in the acidic reaction media.  

 

Scheme 12. Cellulose conversion into furyl hydroxymethyl ketone in 

ZnCl2∙3.36H2O.[173] 

A study dedicated to the conversion of cellulose in ZnCl2∙nH2O, 

where the number n was carefully controlled, showed that 

selectivity can be shifted to the formation of HMF via the addition 

of Brønsted acid catalysts and the use of conventional 

heating.[174,175] For example, in ZnCl2∙4.44H2O/HCl, HMF is 

obtained in a yield of 30% from treated cellulose (Table 4).[174] 

This result can be markedly improved upon by the addition of 

methyl isobutyl ketone to the reaction system as a solvent-

extractant, and sodium chloride for enhancing the removal of HMF 

from the polar phase.[175] Usefully, a high yield of HMF of about 

80% was reproducibly obtained in 4 catalytic runs. This is 

arguably the benchmark result in HMF synthesis directly from 

cellulose. The major weakness of the processes is the high 

loading of catalyst hydrochloric acid (up to 3 equivalents based 

on anhydroglucose), which provides a barrier to its acceptance in 

larger scale processes. It therefore remains an unsolved problem 

to successfully convert cellulose in such systems into one or two 

major products in high yields under relatively mild reaction 

conditions. 

4. Conclusions and outlook 

There is current and growing interest in the chemocatalytic 

conversion of carbohydrates into industrially important products. 

The dramatic growth in publication and patent numbers during the 

past two decades clearly exemplifies the movement towards the 

acid-catalysed synthesis of bio-derived building-block chemicals 

with promise to be replacements for common non-renewable 

crude oil-based products. Notwithstanding the many successful 

laboratory approaches, a number of problems persist for practical 

applications. For instance, in most examples the production of 

HMF remains based on refined digestible sugars, like fructose or 

sucrose, which on large scale becomes food competitive, 

potentially becoming a source of moral, ethical and social 

problems. Nevertheless, laboratory scale investigations add 

substantial knowledge and understanding relating to these 

transformations, upon which next generation technologies will no 

doubt be based. Meanwhile, the technology itself demands a 

substantial improvement, to mitigate significant losses of product 

during the purification of the target molecule.[33] 

Substantial opportunities exist within waste and low value 

streams of agriculture, horticulture and forestry. Examples include 

lipid-extracted algal residues that are generated during biodiesel 

production, side branches from plantation trees remaining unused 

in timber and paper manufacture, the non-edible portion of food 

crops, peels and skins from vegetables and fruits that derive from 

the food processing industry, and wastes from fermentation 

processes, such as in the manufacture of bioalcohol, or the use 

of algal residues (i.e. residual biomass from these processes). 

While there have been excellent discoveries towards the 

conversion of cellulosic materials (preferably native untreated 

cellulose or lignocellulosic feedstocks, including their fractionation 

in benign processes[178,179]) into platform chemicals, and while 

these efforts have led to deeper insights and provided glimpses 

of potential solutions, the problem remains unsolved. Many 

current practices rely on pre-treatment processes which add 

unwanted levels of complexity or energy consumption. If cellulose 

can be converted into valuable materials in a process that 

improves significantly upon the commercial Biofine, or OxFA 

process, then substantial scientific and, potentially, industrial 

progress will have been made. The optimum system will be able 

to operate directly on cellulose or lignocellulose, without 

requirements for its pre-treatment, under mild conditions, will 

produce high yields of desirable target molecules in selective 

transformations, and will employ robust catalysts. Preferably, the 

catalysts will be inexpensive and recoverable and reusable, and 

will contain the functionality required to perform the complexity of 

tasks necessary to convert cellulose into platform chemicals, 

namely, hydrolysis, isomerisation, dehydration, retro-aldol 

reactions and rehydration steps. This is a lofty goal for workers in 

this area, one to which real progress is being made by building on 

the foundations of deep understanding that is being achieved by 

fundamental studies. Despite the progress that has been made, 

there is much to be done before this problem has been solved. 

Arguably, the most promising line of investigation at present 

includes the use of ionic liquids, which frequently perform as 

functional solvents that are instrumental in simplifying the role of 

added catalysts. Ionic solvents have undoubtedly become 

recognised as highly suitable media for the synthesis of valuable 

small molecule products from cellulose and, in some instances, 

lignocellulosic biomass. The wide variety of conventional 

imidazolium-based ILs and the availability of cheap alternatives, 

such as DESs and inorganic molten salt hydrates, provide 

substantial scope for deeper investigations. 
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