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Abstract

:

The growing demand for energy and materials in modern society pushes scientific research to finding new alternative sources to traditional fossil feedstocks. The exploitation of biomass promises to be among the viable alternatives with a lower environmental impact. Making biomass exploitation technologies applicable at an industrial level represents one of the main goals for our society. In this work, the most recent scientific studies concerning the enhancement of lignocellulosic biomasses through the use of deep eutectic solvent (DES) systems have been examined and reported. DESs have an excellent potential for the fractionation of lignocellulosic biomass: the high H-bond capacity and polarity allow the lignin to be deconvolved, making it easier to break down the lignocellulosic complex, producing a free crystallite of cellulose capable of being exploited and valorised. DESs offer valid alternatives of using the potential of lignin (producing aromatics), hemicellulose (achieving furfural) and cellulose (delivering freely degradable substrates through enzymatic transformation into glucose). In this review, the mechanism of DES in the fractionation of lignocellulosic biomass and the main possible uses for the valorisation of lignin, hemicellulose and cellulose were reported, with a critical discussion of the perspectives and limits for industrial application.
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1. Lignocellulosic Biomass: Main Components and Structures


Lignocellulosic biomass is the most plentiful renewable carbon-based resource on Earth. It has been regarded as the most promising starting material for the expression of the biorefinery concept [1]. Lignocelluloses, such as agricultural scraps, forest residues, herbaceous and woody energy crops and dedicated crops, are rich, inexpensive and renewable, which could make them an alternative for fossil resources [2]. Apart from minor constituents, lignocellulosic biomass is mainly made up of three biopolymers (i.e., cellulose, lignin and hemicelluloses). Cellulose, hemicellulose and lignin constitute 90% of the dry weight of a plant. Among these, both cellulose and hemicelluloses consist of C5 and C6 sugars. They could be effectively converted into fermentable sugars, while lignin is made up of phenylpropanoid units connected by C-C and ether bonds. In detail, lignin acts as a barrier for the hydrolysis of cellulose and hemicellulose, which are interconnected for forming a complex supramolecular network bound together through several covalent and secondary chemical bonds. More than 70% of the total biomass comprises polymeric carbohydrates and phenolic lignins [3]. Among the minor components, chlorophyll, resins, terpenoids and inorganic components are worthy of being cited. The physicochemical properties of specific biomass significantly depend on the concentration and nature of the main ingredients (cellulose, lignin and hemicellulose) (Figure 1).



Cellulose, the primary component of biomass, has a robust molecular structure of long chains of glucose units. The monomeric glucose units are joined by β-(1,4) glycosidic linkages (Figure 1a). Hydrogen bonding and van der Waals interactions generate the cellulose structure of microfibrils organised in parallel stacks. Consequently, these cellulosic microfibrils, which have both amorphous and crystalline regions, are connected with the hemicellulose and lignin to constitute macrofibrils. Hydrogen-bonded cellulose chains are organized in a secondary structure in which each chain interacts with the other through hydrophobic or van der Waals forces and hydrogen bonds. These well-organized structures, built on additional hydrogen bonding, make the cellulose very difficult to be broken through thermochemical treatment. On the other hand, it is readily hydrolysed by specific enzymes (cellulases). The valorisation of cellulose could be easily achieved by using these enzymes, which are capable of demolishing the polymeric structures by producing glucose. Glucose represents a platform molecule for the obtainment of renewable liquid fuel, biomaterials and fine chemicals.



Lignin is the second most abounding biopolymer on Earth. It is made up of repetitive units of coumaryl (H), coniferyl (G) and sinapyl alcohols (S) (Figure 1b). These polymeric units (monolignols) form a layer that provides support to the plant membrane. They are bounded to each other through several covalent carbon-carbon and aryl ether bonds obtained via radical polymerization/condensation (Figure 2).



Lignins can be classified into three main classes: hardwood, softwood and herbaceous lignin. Softwoods generally contain the highest lignin content (25–31 wt. %), followed by hardwoods (16–24 wt. %) and herbaceous crops (16–21 wt. %). Additionally, the relative content of the monolignols varies significantly among the three biomass kinds. Softwood is mainly composed of G units (>95%), hardwood is made up of G and S units and herbaceous crops contain H, G and S units [5].



Hemicellulose is a polysaccharide composed of pentoses (arabinose and xylose), hexoses (glucose, galactose and mannose) and sugar acids. These units are linked together through glycosidic and fructose ether linkages and form branched polymeric structures. As opposed to cellulose, hemicellulose is more prone to be broken down into monomeric units via mild thermochemical treatments due to the lower degree of polymerization and inferior crystallinity [6]. Hemicellulose refers to a diverse class of noncellulosic polysaccharides that are also present within plant cell walls. Hemicelluloses play an essential role in strengthening plant cell walls by tethering cellulose microfibers together. Sidechains introduced by substitutions on the hemicellulose backbone can modify the hydrophobicity of hemicelluloses, thus altering the interactions of hemicelluloses with cellulose and lignin, which enables hemicelluloses to adapt to particular cell walls. For instance, the substitution of hydrophilic arabinosyl residues on a xylan backbone results in xylan exhibiting a different binding preference than acetylated xylan, whose hydrophobic acetyl functional groups have a higher propensity to reduce the H-bonding with water and enhance the interactions with lignin. In contrast to cellulose, which has the same molecular structure and composition in all plants, the monomeric composition and molecular connectivity of hemicellulose varies substantially between different species [7].



In conclusion, cellulose, lignin and hemicellulose can be seen as valuable sources of simple sugars and aromatics. Simple sugars and aromatics could represent the primary feedstock to feed the future biorefinery for producing fuels, materials and fine chemicals from renewable sources. However, the complex crosslinked structure and the recalcitrant nature of lignocellulose are the major hindrances to a successful direct conversion into valuable chemicals. Even the most efficient route, namely the biological degradation, is not efficient in demolishing virgin biomasses. The crystallinity of cellulose, the degree of polymerization of lignin, the particle size, the pore size, the volume and the complexity of biomass constituents are responsible for the recalcitrance of lignocellulosic biomass [8]. In detail, the complexity of biomass is due to the interconnection of lignin and cellulose, mediated by covalent bonds with hemicelluloses, strongly stabilized by steric H-bonding (Figure 3) to constitute the lignocellulosic complex (LCC).



Purified LCC fragments were isolated (using mannanase and a polyvinyl gel affine to lignin) and analysed (HMBC and 13C-edited TOCSY-HSQC analyses). An α ether bond between the C-6 position of the β-mannose and the α position of lignin was detected through a correlation signal. This characterization study offers a precious element for understanding the plant cell wall structures and the roles of lignin–cellulose bonds in the physical properties of cell walls. This kind of investigation represents the first step towards the development of new conversion technologies for biomass valorisation through component separation [9]. In this sense, delignification and removal of hemicellulose are the key points to be addressed, possibly avoiding the release of molecules that could inhibit enzymes’ subsequent action, such as levulinic acid, 5-hydroxymethylfurfural (HMF), etc.



For this reason, a pretreatment step is necessary to demolish such supramolecular interactions. Traditional methods involve highly impacting chemical treatments (for example, acid/alkaline hydrolysis) [10]. The aims of the hydrolytic acid/alkaline treatments are to increase the digestibility of sugar substrates by breaking the covalent bonds that bring together cellulose, lignin and hemicellulose, solubilizing hemicellulose and part of lignin and making the cellulose more accessible to microorganisms/enzymes that can catalyse the production of simple sugars. The subsequent step, after the pretreatment, can be the fermentation of sugars to produce biofuels (ethanol and butanol). Chemical pulping for producing pure cellulose in paper mills is not appropriate to this aim since inhibitors are typically released, and the subsequent demolition of cellulose can be carried out only after an expensive washing, generating a large amount of waste and wastewater [11].



Many studies have been conducted to optimize treatments of lignocellulose to enhance its digestibility [12,13]. Several methods were investigated, such as hot water [6], supercritical fluid (sCO2) [14,15] and ionic liquid (IL) [16,17], and combined pretreatment methods [18,19,20] have been developed to optimize the performances and the processing costs. To avoid using non-ecofriendly chemical products (such as ILs [21,22,23,24,25,26]) in biomass enhancement processes, in recent years, new, more environmentally friendly solvents have been more extensively used: deep eutectic solvents (DES).




2. Deep Eutectic Solvents (DES)


2.1. Definition of DES


Considered as green evolutions of ILs [27], DESs are obtained upon mixing two compounds in such a ratio that the resulting mixture has a significantly lower melting point than that of each constituent (Figure 4).



The classic example of a DES is the eutectic mixture formed by choline chloride (ChCl) and urea with a molar ratio of 1:2, which exhibited a freezing point of 12 °C, which is considerably lower than that of ChCl (302 °C) and urea (133 °C) [28,29]. DESs are prepared by combining hydrogen bonding donors (HBD, such as amines, amides, carboxylic acids and polyols) and hydrogen bonding acceptors (HBA, e.g., the counterion of quaternary ammonium salt) to form eutectic mixtures. Typically, this results from the interaction among these components: the stronger the interaction, the higher the difference of melting point with respect to the ideal melting temperature of the mixture (Figure 5).



The melting temperature of DESs depends on the starting components and their reciprocal molar ratio. The decrease in the melting point of DESs is attributed to the delocalization of charge resulting from hydrogen bonding between HBD and HBA. A higher hydrogen-bonding capability of the mixture will bring a more significant decrease in the melting point of the DES. According to the classification made by Abbott [29], DES are divided into four types:



Type I: Combination of organic salts and nonhydrated metal halides;



Type II: Combination of organic salts and metal hydrates;



Type III: Mixture of organic salts and compounds being hydrogen bond donors;



Type IV: Combination of metal chlorides and compounds being hydrogen bond donors.



DESs of Type I contain metal halides (SnCl2, ZnCl2 or FeCl3) and an organic salt, most frequently a quaternary ammonium salt, IL included. DESs of Type II are obtained from the combination of an organic salt and hydrated metal salts. This eliminates problems with sensitivity to moisture, allowing their use to be extended to an industrial scale. DESs of Type III are composed of organic salts and an HBD, including amides, carboxylic acids and alcohols (Figure 6).



Their advantage lies in a simple preparation and nonreactivity with water. DESs of Type IV are composed of metal salt instead of organic salt.




2.2. DES Preparation and Physicochemical Properties


The synthesis of DES could be conducted via several methods:




	-

	
Heating up, under constant agitation, the DES components to obtain a clear liquid solution;




	-

	
Removal of the solvent (typically water) through evaporation up to the remainder of the DES components initially dissolved therein;




	-

	
Removal of the solvent through freeze-drying from HBA and HBD solutions, up to the remainder of the individual components of the DES;




	-

	
Continuous feeding of the DES components into a heated extruder until a solution is obtained.









The physicochemical properties of DESs primarily depend on the composition and the molar ratios of HBA and HBD. At standard conditions, DES density is in the range 800–1600 kg m−3. Density decreases with the increase in the alkyl chains in the components of the mixture (Table 1).



Table 1 shows the main physicochemical properties of the most diffusely used DES: density (d), melting temperature (Tm), freezing temperature (Tf), viscosity, surface tension (γ), refractive index (nD) and conductivity. ChCl is the most extensively used HBA for its capability to form a DES with several HBDs [49]. DESs may have properties similar to ILs but are cheaper to produce due to the lower cost of the HBDs and HBA and the simple preparation.



In general, DESs are nonvolatile, nonflammable and miscible with water. They have a high viscosity (>100 mPa s) at room temperature, but upon increasing the temperature of DESs, their viscosity decreases; in industrial applications, DESs having low viscosity are desirable considering the economic and technical benefits associated with the downstream processing. Adding water may represent an option for decreasing the viscosity when low viscosity is essential. Most DESs are hygroscopic and absorb moisture from the air. When water is added to the DES, all HBDs and HBAs are hydrated. Small anions, such as halides, become fully solvated, losing the supramolecular order depicted in Figure 5 and the relevant properties, especially in highly diluted mixtures [50,51].



DESs exhibit similar properties to ILs, since they have a low vapour pressure and low melting point and are chemically and thermally stable, non-flammable and highly dissoluble. In addition, DESs are cheaper than ILs, water neutral, low or nontoxic and often biodegradable. DESs can be obtained from natural and/or readily available compounds in a simple way.



Particularly interesting for their low cost and biodegradability, DESs have unique properties for interacting with HBDs, such as renewable polyols or carboxylic acids [52]. When HBDs and HBAs are primary metabolites, such as aminoacids, organic acids, sugars or choline derivatives, the DESs are also called natural deep eutectic solvents (NADESs) [53]. NADESs fully address green chemistry principles: as opposed to organic solvents and ILs, the biodegradability of NADESs helps to avoid potential environmental hazards.





3. Use of DES for the Treatment of Lignocellulosic Biomass


The primary use of DESs for the valorisation of lignocellulosic biomass is based on the relevant capability of operating an effective separation of components. The intrinsic ionic nature produces the breaking of the supramolecular H-bond, which stabilizes the hemicellulose-lignin complex in lignocellulosic biomasses, allowing the covalent bond to be broken more easily. In this way, the different components can also be reorganized under very mild conditions without generating possible inhibitors to the following depolymerization of cellulose to produce glucose [54]. DES pretreatment has been frequently used to fractionate the biomass [55,56], especially to solubilize and remove the lignin [57], leaving a residual cellulose-rich substrate more prone to be hydrolysed via enzymatic action than the starting lignocellulosic biomass [58] (Figure 7). This biomass fractionation approach with the DES is mainly focused on removing lignin from cellulose. However, hemicellulose plays a fundamental role in the purpose of valorising the initial biomass. As an easily hydrolysable polymer made up of C5 (mainly) and C6 sugars, it can be chemically exploited by separating it from the other biomass components, such as hydrolysed sugars. The quantitative solubilization of the hemicellulosic fraction will allow xylans to be recovered together with lignin for final conversion into other compounds with a high value (e.g., furfural [59]).



The number of published works on biomass pretreatment with DES systems has been steadily increasing since 2014, as shown in Figure 8.



Most of these works dealt with binary DESs, simply composed of a combination of HBD and HBA. In Table 2 is reported a list of examples of DES treatments.



As stated above, the pretreatment of lignocellulosic biomass with DESs is usually finalised to solubilize lignin and hemicellulose, leaving the cellulose intact. The comparison of pretreatment operated by using different DESs is complicated due to the large number and complexity of the biomasses studied, which can interact in another way with the same type of DES. However, three experimental parameters, such as delignification yields, hemicellulose solubilization and cellulose recovery, can be considered to evaluate and compare the efficacy of a DES treatment. The main reactions involved during DES pretreatment of lignin are dehydration, depolymerisation, repolymerization, acylation and demethoxylation (Figure 9).



In general, the best performances are recorded by using acid DESs: for example, those synthesized starting from ChCl and lactic acid, which reach near 90% delignification yield and complete solubilization of the hemicellulose [65,66,68]. Neutral DESs do not achieve comparable performance. Amine- and amide-based DESs are less investigated as compared to poly-alcohol- and acid-based DESs. As reported in the literature, lignin is soluble in an alkaline medium, and this can be exploited to remove lignin from raw biomass, breaking the ether linkages in lignin and ester linkages between lignin and hemicellulose, and thus favouring the consequent enzymatic degradation of cellulose. The removal of lignin and xylan by ChCl:Urea from different biomass sources (rice, straw and oil palm empty fruit bunch) was, respectively, around 30% and 20% [46,80]. Zhao et al. evaluated the wheat straw fractionation efficiency of various alcohol-amine- (monoethanolamine, diethanolamine and methyldiethanolamine) and amide-based (acetamide and urea) DESs. Compared to DESs based on urea and acetamide, the DESs based on amines show better performances for biomass fractionation. This behaviour can be linked to the high basicity nature of the HBD component. The amide-based DESs (pH 7.3–8.2) show worse performances than alcohol-amine-based DESs (pH 10.4–10.9). A total of 81% and 47% of lignin and xylan, respectively, was removed when straws were pretreated with monoethanolamine-based DESs [48]. The high delignification yields recorded for basic DESs are attributable to forming strong hydrogen bonds with the phenolic groups present in the lignin. The cellulose and xylan conversions are only 20.9% and 8.9% for untreated wheat straw and enormously improved after monoethanolamine-DES pretreatment to 92.4% and 75.8%, respectively.



An interesting study was published by Oh et al. [62], which investigated the delignification performance on pine wood of 25 ChCl-based DESs with different chemical-physical characteristics. Acid HBDs were the most effective at dissolving hemicellulose and lignin. DES-mediated pretreatment of biomass increased the glucan content, whereas hemicellulose and lignin were efficiently removed. The results obtained show a correlation between the polarity and the acidic nature of DES and its efficacy in the extraction of lignin and hemicellulose from biomass [81]. Tan et al. investigated the role of the pH of the HBD component of the DES system, synthesizing three different classes of DESs for the pretreatment of lignocellulosic oil palm empty fruit bunch: Acidic (ChCl-lactic acid); Near Neutral (ChCl: D-(+)-glucose 1:1, ChCl:glycerol 1:2); and Basic (ChCl:urea 1:2, potassium carbonate:glycerol 1:6 molar ratio). DES systems with acidic and basic pH were able to solubilize biomass components better than DES with pH around neutrality.



A multivariate analysis of parameters demonstrated that the hydrophilic ability, polarity, acidity and capability to form hydrogen bonds of HBDs were the most influencing properties associated with DESs for the delignification yields. The three variables that had the most critical impact were, in order of priority: (1) oil-water partition coefficient (logP), (2) acidity coefficient (pKa) and (3) the number of hydrogen bond donors of HBD. In contrast, the three operative variables that had the most crucial impact on the pretreatment of biomass were the temperature (T-R), the severity factor of reaction (R factor) and the ratio of HBD to HBA (DES ratio), respectively [82]. As mentioned above, the fractionation of lignocellulosic biomass occurs via a combined action of the displacement of the initial H-bond, which confers the supramolecular interactions in the lignocellulose, with new ones with the DES’s components and the breaking of covalent bonds of the LCC (Figure 3). In any case, the pretreatment with DES may be too harsh to be selective at the point of further realizing a reaction on the typical bonds of lignin.



In general, neutral DESs are able to recover lignin without affecting the initial complexity of LCC structures. On the contrary, acid or alkaline DESs produce larger lignin-dissolution with shortening of the fragment solubilized.



The kraft lignin solubility was enhanced by increasing either the HBD’s carbon chain length or the molar ratio, with ChCl:1,6-hexanediol and ChCl:maleic acid being the best DESs for kraft lignin dissolution. At the same time, the addition of water was a negative factor. Thermal treatments (120 °C) with carboxylic acid-based DESs produce chemical modifications to kraft lignin, including the breaking of several C−O covalent bonds (namely β-O-4, α-O-4 and α-O-α) [51].



The preservation of alkyl–aryl ether bonds in extracted lignin would favour lignin depolymerization and maximize its valorisation potential for platform and speciality chemicals, especially aromatics. However, fractioning lignin from lignocellulosic biomass breaks down not only glycosidic side chains but also phenolic alkyl–aryl ether bonds (e.g., β-O-4). Acidified ChCl:Ethylene Glycol was highly effective for lignin and hemicellulose dissolution while preserving most cellulose during switchgrass fractionation [83].



Lignin properties, including molecular weight, an abundance of ether bonds, condensation extent and thermal stability, were tuneable by controlling the pretreatment conditions and DES compositions (e.g., water content, the molar ratio of HBA and HBD).



The use of ChCl-lactic acid and ChCl-oxalic acid at 80–120 °C for 6 h promoted the disruption of a large number of ether bonds (especially β-O-4′ linkages (Figure 2)), leading to an increased number of phenolic OH groups and lower molecular weights. The ChCl-lactic acid pretreatment, in addition to γ-acetylated groups, also produces phenolic diketones in lignin. Based on the comprehensive analysis, the mechanism of the cleavage of β-O-4′ bonds during DES pretreatment could have two feasible routes: the removal of Cα OH groups to form benzylic carbocations and the oxidation of OH groups to obtain Cα ketones [84].



DES pretreatment with increasing ChCl:lactic acid ratio improved the enzymatic digestibility of bamboo residues effectively. When bamboo was pretreated with ChCl/lactic acid 1:4 at 130 °C, the best enzymatic hydrolysis yield could be obtained (76.9%). The improvement of the enzymatic digestibility of cellulose was positively correlated with improved accessibility [85].



ChCl:formic acid could increase cellulose accessibility by removal of hemicellulose and lignin, leading to a high crystallinity index. In butanol fermentation, using DES pretreated hydrolysates by Clostridium saccharobutylicum DSM 13864, a butanol yield of 0.17 g g−1 of total sugar was attained without an apparent inhibitory effect [86].



ChCl/p-TsOH treatment coupled with NaOH post-treatment was effective for poplar residues and herbaceous miscanthus valorisation. A near-complete enzymatic hydrolysis yield could be achieved: per 1.5 kg dried biomass, 648.0 g (poplar) and 637.7 g (Miscanthus) glucose could be obtained [87].



A glucose yield of 75.8% was also attained at 130 °C with a ChCl/lactic acid molar ratio of 1:2, with a lignin recovery from the DES phase of 48.6%. The isolated lignin presented S and G units not condensed, a low abundance of β-O-4 linkages, high purity, homogenous distribution and a large diffusion of phenolic OH-groups [88].



The influence of the chemical structure of acid HBD was also studied: the alpha-hydroxy monocarboxylic acid-based DES group produced a higher lignin extraction yield than di- and tricarboxylic acid, evidence that finds confirmation in Hou’s work [72]. Different acidic groups in malic and citric acid can form extensive chains of the dimer, which reduce the mobility of solvent molecules, which turns out to be more viscous and does not promote lignin extraction. The linear saturated acid group shows the worst lignin extraction yield compared with all the monocarboxylic acids used. The elongation of the alkyl chain leads to a decrease in extraction yield. These results suggest that additional functional groups in acid HBD significantly affected the lignin dissolution ability of DES. The short alkyl chain, hydroxyl group and unsaturation in acid HBD improved the DES performance. On the contrary, the presence of more than one carboxylic acid group weakened the DES performance.



3.1. New DES-Based Combined Pretreatment Strategies


In the last few years, the use of DES systems in the valorisation of lignocellulosic biomass evolved into new more complex systems. Ternary systems or the combined use of binary DES with other chemical compounds (e.g., alcohol, organic solvents) and catalysts (Lewis acids, etc.) or a combination with hydrothermal treatment, ultrasonic irradiation or microwave (MW) irradiation was beneficial in terms of efficiency.



3.1.1. Ternary DES


A clear example of the benefits achieved with the use of a ternary DES was recently investigated [74]: lactic acid, tartaric acid and ChCl in a molar ratio of 4:1:1 were tested on biomass maritime pine sawdust (Pinus pinaster Ait.). Some binary DESs were previously studied in the biomass pretreatment, and lactic acid, tartaric acid and ChCl have been identified as components of the ternary DES to be synthesized, because it was noticed that lactic acid:ChCl was capable of extracting the highest lignin amount, whereas the purest lignin was achieved with Tartaric Acid:ChCl. The prepared DES lactic acid:tartaric acid:ChCl is the most efficient of the DESs studied for selective lignin extraction and recovery. The operating parameters have been optimized and the temperature of 175 °C for 1 h allowed ca. 95% of the initial lignin present in pine sawdust to be recovered, with a ca. 89% purity.



A ternary DES composed of ChClChCl, boric acid (BA) and polyethylene glycol-200 (PEG) was also used on wheat straw treatment. It could dissolve a large amount of lignin and hemicellulose (up to 88.39% and 84.38%, respectively), with enzymatic digestibility of residual cellulose of 59.3%. The lignin’s removal rate was positively correlated with the amount of BA. Structural studies showed that the regenerated lignin is a typical H–G–S type, retaining its intact structure (e.g., β-O-4, β-β, β-5, etc.). Density functional theory showed that BA could bond with –OH similar to Cl−, and it occupied more effective sites than Cl−, breaking the hydrogen-bonding network between lignin and cellulose. Importantly, the DES can be used multiple times without significantly reducing its efficiency, and its structure and properties remain virtually unchanged throughout [89].




3.1.2. Alcohols and Organic Solvents


The effects of the presence of alcohol as a cosolvent in a DES system on its delignification performance were studied by Kandaelli et al. [75]. They examined three different biomasses and a single DES system, consisting of ChCl and oxalic acid (1:1 molar ratio), to investigate the influence of alcohol (butanol, n-propanol and ethyl acetate) on the delignification process. These organic solvents were chosen for their high ability to solubilize lignin and for their miscibility in DES. Delignification using this novel ternary combination system was at least 50% higher than that of pure DES treatment. The reaction temperature and especially the ratio of DES-alcohol are critical for an effective biomass delignification: the maximum effectivity was obtained on the use of butanol as cosolvent and can be attributed to a higher fractionation of lignin and its minimal miscibility in water.



Another biphasic system formed by the acid DES ChCl-oxalic acid and the organic solvent MIBK was also investigated in the presence of AlCl3·6H2O for the pretreatment of Eucalyptus urophydis biomass [90]. The pretreatment enhanced the enzymatic hydrolysis of the substrate: cellulose bundles were broken up, which benefited from converting cellulose into glucose by enzymatic hydrolysis. The biphasic system significantly improved the concomitant synthesis of Furfural (FF), compared to the single solvent system (DES or MIBK), which was due to the high solubility of lignocellulose in DES and the high solubility of Furfural in MIBK. FF is an important, renewable platform chemical from hemicelluloses, is considered to be one of the platform chemicals with the highest potential and can be used in many industrial fields. The yield of FF in the DES/MIBK biphasic system was much higher than that of the AlCl3-catalyzed hydrothermal pretreatment of Eucalyptus, in which the yield of FF was only 17.85% [91]. The optimum pretreatment conditions were 140 °C for 90 min, the maximum yield of FF registered was 70.3% and the maximum saccharification was 80.8%, which was much higher than that evaluated for the raw material.



The use of solvents is also beneficial when adopted after the first step of the biomass treatment with a DES reagent (ChCl/lactic acid at a 1:2 molar ratio) in liquid-liquid extraction. The THF/25% aq NaCl combination greatly assisted in attaining a higher extraction of lignin (>88% relative lignin yield) through a biphasic separation and made the setup facile (>95% solvent recovery for reuse) [92].



The combination of 2-aminoethanol, tetra-n-butyl ammonium bromide and a cyclic ether (THF) was also positively proven to be effective for selective delignification of rice straw already at 100 °C. The treatment with this combination of DES-THF solvent system produced ~46% delignification. The recovery of cellulose (~91%) and hemicellulose (~67%) was high. The new solvent system could be reused for up to 10 subsequent cycles with the same effectivity [93].




3.1.3. Lewis Acids


The pretreatment of Pennisetum biomass, performed with a neutral DES (ChCl:glycerol), was also positively tested in the presence of different Lewis acids as metal chlorides [94,95]. Glycerol-based DESs were not effective for biomass fractionation, as reported in several published studies: the recovery of lignin was contained, while the relevant structure was only slightly modified [79,96,97]. Previous studies have also shown that the presence of a Lewis acid in an aqueous/alcoholic media can facilitate the dissolution of hemicellulose and, therefore, can synergistically improve the effectiveness of pretreatment with DES [96,97]. Such behaviour can be imputed to the coordinating capability of these systems with water/alcohol molecules, becoming, in fact, a Brønsted acid with a strength comparable to mineral acids [98,99,100,101]. AlCl3, FeCl3 and CuCl2 significantly improved the delignification of Pennisetum, achieving 85% efficiency. This high reactivity may be due to the enhanced acidity and the new DES structure after incorporating the catalyst to produce a DES of Type I (see the classification reported above). The combination of FeCl3 and ChCl/glycerol was effective and recyclable. As compared to the DES with FeCl2, ZnCl2, AlCl3 and CuCl2, the DES with FeCl3 approvingly retained most of the cellulose in pretreated Hybrid Pennisetum (95.2%). Meanwhile, the cellulose saccharification significantly increased to 99.5%. The excellent pretreatment performance was mainly attributed to the high removal of lignin (78.88 wt. %) and hemicelluloses (93.63 wt. %) under the combined effect of Lewis acid and the proper hydrogen-bond interaction of FeCl3 with DES [102].




3.1.4. DES Pretreatment Coupled with Ultrasonic Irradiation and MW


The synergistic effect of ultrasonication with DES-based pretreatment was investigated on the oil palm empty fruit bunch [103]. Three different types of DESs, namely ChCl:lactic acid, ChCl:urea and ChCl:glycerol, were studied. The highest yield of reducing sugars (36.7%) under the action of ultrasonication for 15 min at a sonication power of 210 W and temperature 50 °C was detected for the DES based on lactic acid. Furthermore, the pretreated biomass showed a significant change in structure and morphology, associated with the lowest crystallinity and lignin content.



The coupling between a preliminary ultrasound irradiation step [77] and the treatment with a ternary DES (ChCl:glycerol:Lewis acid) improved the biomass sugarcane bagasse delignification and saccharification yields [78]. Compared to the raw biomass, cellulose content increased, while the lignin and hemicellulose contents decreased after ultrasound pretreatment. Ultrasonic cavitation affects the structure of sugarcane bagasse, degrading the complex matrix, reducing the particle size and increasing the surface area of biomass, enhancing the accessibility to chemical attacks of biomass.



ChCl/oxalic acid dihydrate was also positively applied for wood lignocellulose fractionation. DES and MW irradiation had a powerful synergetic effect on cleaving the LCC structure and achieving an ultrafast fractionation of WL. The extracted lignin had a low molecular weight (913), low polydispersity (1.25) and high purity and could be used as feedstock for the production of aromatic chemicals. Glucose, xylose and HMF were also generated during the one-pot process. The undissolved residue contained cellulose with a crystal I structure, having a crystallinity of around 75% and a degree of polymerization of 285 units, becoming a potential precursor for the production of nanocellulose and/or bioethanol [56].






4. Lignin Valorisation and Novel Hardwood Lignin-Based DES


In recent years, more and more research groups have focused their attention on the enhancement of the lignin present in biomass of different origins, being one of the most abundant components. The prevalent aromatic nature of lignin makes it a possible source of low-molecular-weight aromatic chemicals [59,75,76]. Lignin valorisation as a source of simple aromatics is mainly influenced by the degrees of condensation, which can be measured by the number of cleaved β-O-4 ether bonds and the C-C bonds formed among the different interunits during biomass fractionation. As reported in various studies, DES systems allow the extraction of lignin from biomass with high yields (about 90%) at 140 °C but are not able to overcome the problems of condensation and breaking of chemical bonds [56,79,104]. To hinder the cleavage of aryl ether and to preserve the original lignin structure by avoiding the condensation of interunits, Wang et al. [105] synthetized a novel DES formed by ChCl and p–toluenesulfonic acid (p–TsOH) as HBD, and they tested this combination to fractionate wheat straw and miscanthus biomass. Lignin and hemicellulose were easily and quickly dissolved in a concentrated p–TsOH/ChCl solvent due to the similar polarity and the capability of generating weak secondary interactions (namely, hydrogen bonding and π–π stacking). As usual, cellulose was hardly dissolved by p–TsOH/ChCl. This specific DES also efficiently fractionated herbaceous biomass at atmospheric pressure and low temperatures (75 °C): in a short time (20 min), p–TsOH/ChCl solubilized 76.6% and 88.9% of miscanthus and wheat straw lignin, respectively. In both cases, a β-O-4 content of about 32% was preserved. Compared to p–TsOH/H2O fractionation, the treatment with DES allows for obtaining a lignin residue with a high content of bonds to the detriment of the delignification performance.



A new class of DESs synthesized from lignin-derived phenolic compounds has been receiving increasing attention: 4-hydroxybenzyl alcohol, catechol, vanillin and p-coumaric acid can be used as HBDs with ChCl. These new DES were tested as solvents in the pretreatment of switchgrass. A total of 60.8% of lignin was solubilized, and the enzymatic digestibility of the residue was significantly increased (70% glucan yield). Furthermore, they can be recovered and reused without any significant loss of pretreatment performance.



p-hydroxybenzoic acid, p-coumaric acid and 4-hydroxybenzylaldehyde, which are phenolic units typically found in hardwood lignin, were also tested as HBDs with ChCl for an efficient poplar biomass conversion [41]. The best lignin and xylan removal performances were recorded for p-hydroxybenzoic acid with enzymatic digestion yields of around 90% for glucan and xylan.




5. Use of DES in the Valorisation of Cellulose


A high carbon content and the importance of its fundamental building unit (glucose) make cellulose suitable for synthesizing many chemical compounds, such as cellulose-based polymers; poly- and monosaccharides (fructose and glucose); sugar-derived platform molecules, such as HMF; and levulinic acid.



Cellulose conversion often needs particular treatment and severe operative conditions since the crystalline structure or the native state in the biomass prevents the easy conversion of such a compound. Strong acids, high temperatures and a considerable number of organic solvents are often used in technologies in which cellulose is the starting material.



In this section, the use of various DESs in several processes for the valorisation of cellulose is reviewed. The properties of DESs will be reported and discussed from three main perspectives, namely as a solvent, catalyst or active reagent in the synthesis of valuable products.



5.1. DES as a Non-Derivatising Solvent for Cellulose


The solubilization of cellulose is an unprecedented challenge for its effective processing into various end products. The supramolecular structure of cellulose obtained as a result of a hydrogen-bond between polyglucose chains makes this polysaccharide stable and sparingly soluble in most solvents. In addition, this structure is responsible for the resistance to biological and chemical conversion into valuable products [106,107]. In principle, cellulose dissolution is achieved upon hydrogen bond breaking. Solvents should destroy original inter- and intramolecular hydrogen bonds by generating new hydrogen bonds with the hydroxyl groups of the cellulose. In DESs, this replacement can occur through one or more components of the solvent systems and/or by coordination of the metal ion possibly present in the dissolving medium [108,109].



However, as Lindman suggested [110], the low solubility of cellulose in water reveals that hydrogen bonds are not the only ones responsible for the dissolution process: the hydrophobic interaction present in the supramolecular structure also gives a marked contribution so that species able to make this kind of interaction are also required in order to promote the solubility of cellulose.



Generally, solvents that overthrow this internal cohesion physically dissolve cellulose principally through intermolecular interactions [111,112]. Commonly used solvents that dissolve cellulose include aqueous metal complexes (namely, copper(II) ethylenediamine (Cuen)), aqueous bases (10% NaOH), concentrated mineral acids (e.g., H2SO4, H3PO4), ILs (e.g., 1-ethyl-3-methylimidazolium acetate), molten salt hydrates (e.g., ZnCl2·4H2O), di-methyl acetamide/LiCl solvents, DMSO-based solvents, NH3-based solvents (e.g., NH3/NH4SCN), tertiary amine oxides (e.g., N-methyl-morpholine-N-oxide (NMMO)) and LiOH/urea solvents [113,114,115]. Among these, ILs resulted in being very interesting solvents: 21 ILs were screened for cellulose and wood chip dissolution by Zavrel et al., revealing that [emim]OAc was the most efficient for cellulose dissolution [115].



Recently, DESs with physicochemical properties similar to this IL have attracted considerable interest due to their lower cost, more straightforward synthesis process and higher biodegradability [43,55,116,117]. A list of DESs that are currently used as solvents for cellulose is reported in Table 3.



Chen et al. have recently reviewed the use of DESs as solvents for cellulose, underlining that, although positive results have been obtained up to now, several efforts are still required to reach satisfactory results [122]. The great advantage in the use of DESs is the possibility to tune the dissolution ability by modifying the selected DES constituents. A clear example was reported by Zhang et al.: they found that ChCl/urea (1:2) did not dissolve microcrystalline cellulose (<0.2 wt. % solubility after 12 h at 110 °C), whereas the replacement of Cl− with OAc− and the addition of 15% tributylmethylammonium chloride yielded in the dissolution of 6 wt. % of MCC in just 10 min at 110 °C [117]. The obtained result gains more value if compared to [bmim]Cl, a commonly used IL for cellulose activation that is capable of dissolving only 4 wt. % of cellulose in 8 h at 130 °C [117]. After complete dissolution in [Ch]OAc/[TBMA]Cl, cellulose can be regenerated in an amorphous form after the addition of ethanol. DESs can be easily recycled without contaminating the regenerated cellulose, which is very attractive from the perspective of subsequent valorisation and conversion processes.



The solubility of cellulose could also be increased by using ultrasound-assisted pre-treatment since the irradiation improves the penetration of solvents into cellulose and the mass transfer [123]. For instance, it was found that an ultrasound-assisted saturated CaCl2 solution increased the cellulose solubility up to 1.43 wt. % in the presence of ChCl and urea (vs < 0.2% in the absence of ultrasound). When imidazole replaced the urea, the new DES solubilized more cellulose (2.48 wt. %). The solubility could be further increased with the use of a cosolvent that reduced the hydrophobicity of cellulose, improving the accessibility of the solvent. In the presence of 5% of polyethylene glycol (PEG), the solubility of cellulose was doubled up to 4.57 wt. % in ChCl and imidazole by adding 5 wt. % PEG [118].



The use of ultrasound irradiation has also been revealed to be efficient by Malaeke et al. [119]. They tested a series of DESs, such as ChCl/phenol, ChCl/a-naphthol, ChCl/resorcinol and ChCl/maleic acid, and found them to be able to dissolve cellulose. The maximum cellulose solubility (6.10 wt. %) was found in ChCl and resorcinol.



Ren et al. also described a system, namely Triethyl-allyl ammonia chloride/oxalic acid, in which, thanks to the presence of the allyl-functionalized choline, the highest cellulose solubility among the listed DESs was achieved (6.48 wt. %). The delocalization of charge obtained by the introduction of the allyl group led to the decrease of the viscosity of the solvent medium, allowing higher accessibility to the substrate, which is then dissolved through the formation of H-bonds [118].



Chlotaray et al. used a hybrid ionic fluid composed of both ILs and DESs in equal molar ratios having a common cation or anion. Glyn-EmimCl was prepared by combining a glyceline (glycerol/ChCl, Glyn) DES with 1-ethyl-3-methylimidazolium chloride (EmimCl). Although the starting material showed moderate (EmimCl) and no (Glyn) dissolution capability, the resultant complex mixture led to a complete dissolution under heating (100 °C) after 3 h. The improved dissolution capability of Glyn-EmimCl was attributed to the synergistic effect of acidic hydrogen present in the imidazolium ring, the hydrogen bonding network between Glyn and EmimCl and the OH group of the glycerol. Furthermore, the anion chlorine between the Glyn DES and EmimCl presumably plays a crucial role in binding both the components and eventually leading to effective cellulose dissolution. The solvent performance was even increased by coupling MW techniques that accelerate the dissolution process: the same dissolution was already obtained after 6 s of treatment [120].




5.2. Derivatization of Cellulose for the Production of Added Value Polymers


Nano-sized cellulose fibres derived from lignocellulosic sources have captured increasing scientific and industrial interest in recent years. Nanocellulose has superior properties suitable for the production of novel materials, namely lightweight, flexible green electronics and recyclable solar cells [124,125]. The most common methods to produce unmodified nanocellulose are based on mechanical, enzymatic and solvent-based pretreatments. However, the most effective has been revealed to be chemical pretreatments since these led to the formation of nanocellulose with a more homogeneous size distribution. In particular, the use of solvents as derivatizing reagents has kept the attention of numerous researchers since it represents an efficient way to minimize waste formation [126].



Usually, the derivatizing solvents react with hydroxyl groups, replacing the hydrogen bond network with the formation of ether, ester, acetal or other derivatives and achieving the dissolution of cellulose (Figure 10).



Traditional derivatizing solvents for cellulose dissolution include trifluoroacetic acid, formic acid, DMF/N2O4 and DMSO/paraformaldehyde [111].



At the industrial level, CS2 in NaOH is used in the viscose process to produce fibres from cellulose. CS2 reacts with hydroxyl groups of cellulose to form soluble cellulose xanthogenate. However, this process is considered unfavourable due to its environmental impacts related to the use of CS2 and the relevant recycling difficulties.



Recently, a large number of studies described the use of DESs as solvents for cellulose derivatization [127,128,129] and for the production of nanocelluloses [130,131,132,133].



The use of DESs in the production of cellulose carbamate (CCA) represents a promising alternative to viscose cellulose for the synthesis of fibre cellulose [134]. CCA is bio-based, biodegradable and biocompatible. It is considered an environmentally friendly material and a valid alternative to petroleum-based polymers [135]. CCA also is relatively stable at room temperature, which enables long storage periods [136].



In conventional processes, CCA with a nitrogen content (N%) of 1–2.5% is prepared by using an organic solvent and harsh operative conditions (>135 °C). DESs, thanks to their low price, nontoxicity, biodegradability and biocompatibility, are promising solvents for CCA production. For instance, Keyriläinen et al. [132] reported a case of three urea-based DESs, namely urea:ChCl, urea:betaine HCl and urea:betaine, for the synthesis of CCA [132]. Among these, the third showed better performances. The correlation between the nitrogen percentage in the fine compound with temperature (ranged between 95 °C and 120 °C), molar ratio of DES/Urea (ranged between 2:1 and 4:1) and cellulose consistency (5, 10, 20%) was studied: the highest N% content (7.4%) was achieved using urea:betaine DES 4:1 at 120 °C and 20% of cellulose consistency. The main advantage of the use of DESs is that the carbamation process occurs at a lower reaction temperature, and thus, the decomposition of cellulose is minimized.



Another example was reported by Sirviö [137] for the synthesis of cellulose methyl carbamate (CMeC) by allowing cellulose to react with an excess of DESs at an elevated temperature (150 °C). A DES composed of dimethylurea and ZnCl2 was used. CMeC functional groups were efficiently introduced to cellulose, and the maximum nitrogen content was 1.37%, achieved after a 3 h reaction time. The degree of polymerization of the original cellulose pulp decreased from 1820 to 686–1200 during the reactions, and no zinc derived from DES during the cellulose carbamation remained in the fibre. The chemical modification of cellulose was assumed to proceed first through the degradation of dimethylurea into methylamine and methylisocyanate, which reacts with the hydroxyl groups of cellulose. The advantage of such a process is that toxic isocyanates are generated in situ from much less harmful dimethylurea.



Sirviö et al. [138] also reported the use of reactive DESs based on sulfamic acid and urea for the synthesis of sulphated cellulose. Cellulose fibres containing a high sulphate group content (S% up to 9.6) were obtained in 30 min at 150 °C using a modest excess of sulphating chemical compared with cellulose (10:1 molar ratio). Sulphated cellulose could easily be disintegrated into sulphated cellulose nanofibers using mild mechanical disintegration.




5.3. Direct and Indirect Conversion of Cellulose into Platform Molecules


In this section, the discussion focuses on the use of DESs for valorising biomass-derived substances such as cellulose or simple sugars towards value-added chemicals. Once the lignocellulosic biomass is pretreated, cellulose can be reacted to produce glucose/fructose, as conceptually shown in Figure 7. DESs offer a valid alternative to complete the valorisation of biomasses since they can dissolve a wide range of reactants and consequently change a heterogeneous catalytic mechanism into a homogeneous one. Many examples in the literature report the catalytic conversion in DES of different feedstocks, namely cellulose, fructose or glucose, into a large number of valuable products (Figure 11).



The catalytic performance of DESs is strongly related to the component they are made of: chlorides of transition metals such as Zn and Cr, mainly combined with ChCl in different molar ratios, give rise to catalysts with Lewis acid properties [139].



On the other hand, Brønsted acid-type DESs, mainly containing ChCl combined with organic acids, such as oxalic acid, citric acid, malonic acid and p-toluene sulfonic acid (p-TSA), or alcohols or amides, such as urea, could be prepared [139,140,141]. Both Lewis and Brønsted acidic DESs have been used in the biomass upgradation to platform compounds such as HMF, furfural, 5-(Chloromethyl)furfural (CMF) and other value-added chemicals. HMF (or its ethyl derivative) is commonly obtained in an aqueous (alcoholic) medium by catalytic dehydration of carbohydrates such as xylose, fructose and glucose using different acid catalytic systems (mineral, solid or metallic acids) [142,143]. The common drawback of these systems is the requirement for relatively high reaction temperatures, which lead to low HMF yields because of the rehydration of the final product. Moreover, the inevitable condensation reaction and humin formation under acidic conditions make the separation and purification of HMF considerably challenging.



Table 4 collects a list of DES applications as catalysts to synthesise several valuable compounds starting from fructose or directly from glucose or cellulose. The last two are more desirable as a starting material since fructose is not abundant in nature. Its production cost is very high, limiting its application on a large scale and sustainable production of target compounds. The main product on which the literature is focused is HMF.



The dehydration of fructose into HMF using DESs as media has been reported by numerous researchers. The results showed that the Brønsted acidic DESs, particularly ChCl/malonic acid, ChCl/oxalic acid 2H2O and 2ChCl/citric acid H2O, were adequate to convert fructose to HMF (91–100%). Conversely, the Lewis acidic DESs, ChCl:2ZnCl2 and ChCl:2CrCl3 6H2O, were inefficient in producing HMF [139]. The catalytic mechanism consistently reports the formation of a hydrogen bond between organic acid or alcohol and fructose, thus promoting its transformation rates.



Assanosi et al. [140] used an acidic DES, ChCl:p-TSA, to dehydrate fructose to the final HMF. The highest HMF yield, 90.7%, was obtained at 80 °C in 1 h with a feed ratio of 2.5%. The example reported by Zhang et al. [141] is also impressive, in which a DES composed of equal moles of [Emim]Cl (Emim = 1-ethyl-3-methylimidazolium chloride) and isopropanol catalysed by [HNMP]Cl (N-methyl-2-pyrrolidonium chloride) could convert fructose into HMF at room temperature thanks to hydrogen bonds formed between the alcohol (isopropanol) and the intermediates/ILs ([Emim]Cl and [HNMP]Cl) that strongly affect the rates of the process.



Ruan et al. [151] used a bifunctional DES composed of imidazole (Im) and benzene sulfonic acid (BSA) in 1:1.5 molar ratio to perform as both catalyst and solvent in the dehydration reaction. With a 10% DES and after a short reaction time of 3 min at 100 °C, the HMF yield reached 90.1%. They found that the solvent effect of the DES was due to the formation of H-bonds between Im+ and/or BSA components and fructose.



Synthesis of HMF starting from glucose and catalysed by DESs has also been recently reported in the literature [144,148,149,150].



Zhang et al. [149] used different inorganic salts added to several DESs to convert glucose to HMF in microreactors. At 150 °C and in less than 4 min, the HMF yield reached 42%. Studies on the catalytic mechanism revealed a synergistic effect between CrCl3 and ChCl of the DES (ChCl:2ethylene glycol) to achieve better yields. Upon conversion of glucose to fructose, the dehydration of fructose to HMF was obtained under the influence of the [ChCl]+[CrCl4]− complex. The reusability of the (ChCl:2ethylene glycol) + CrCl3 was also investigated and found to be satisfactory after three runs with a 38% yield of HMF.



Chen et al. reported the successful conversion of glucose into CMF. CMF is a platform molecule that has attracted much attention for the preparation of monomers, biofuels and versatile chemicals, including 2,5-furandicarboxylate, alkoxymethylfurfurals, δ-aminolevulinic acid and gasoline-like C8-C10 hydrocarbons. Compared with HMF, CMF is more stable and has excellent hydrophobicity, which markedly facilitates the isolation and purification processes. The major drawbacks in CMF production are concentrated acids and harsh conditions that require expensive methodologies to avoid corrosion of plants and safety measures. The use of DESs is then proposed as a novel method to eliminate the dependence on concentrated HCl. The DES-based synthesis of CMF with a three-constituent DES including ChCl, AlCl3 6H2O and oxalic acid (OA) results in a CMF yield up to 70% from glucose at 120 °C within 30 min.



Finally, cellulose could be used as a biomass to obtain added-value chemicals. Generally, the mechanism consists of the hydrolysis of cellulose into glucose, dehydration of glucose to HMF and eventually conversion of HMF into other compounds, such as levulinic acid or formic acid. It is not easy to obtain a good yield and selectivity in the direct conversion of cellulose because of the insoluble nature of cellulose, as already explained previously. Therefore, in this case, the use of DESs acquires importance both for the solubilization issue and the catalytic aspect. A list of DESs that resulted in being efficient in the conversion of cellulose is reported in Table 4 [146,147,154].



Arslanoğlu used sunflower stalk as biomass with high cellulose content to obtain several products of interest [144,155]. The process involved employs a catalytic DES composed of DEACl (N,N-di-ethyl ethanol ammonium chloride) and oxalic acid in a 3:2 molar ratio in an MW reactor to convert the cellulosic biomass. The conversion yield of the cellulose was examined at different temperatures and reaction times. At the optimum conditions, i.e., 170 °C within 5 min, the maximum carbon conversion was 38.4%, with the highest yield relating to levulinic acid followed by formic acid, furfural and HMF.



Lang et al. [146] reported a two-phase system formed by DES (ChCl/oxalic acid) and chosen solvents in order to overcome problems of the separation of products. Metal chloride (SnCl4) was used as a catalyst to study the degradation of cellulose to produce HMF and glucose. Among all the tested solvents, ethyl n-butyrate has the best extraction effect on HMF. The use of a biphasic system also has a positive impact on the final yield of HMF and glucose: at a temperature of 140 °C and a reaction time of 120 min, the yields of glucose and HMF reached the maximum, which were 23.5% and 29.8%, respectively. However, DES was not reusable as the yield of glucose and HMF significantly decreased.





6. Conclusions: Perspectives and Criticisms on the Use of DES


As reported in Table 2, DESs offer valid alternative reaction media to carry out the chemical valorisation of biomasses. With a polarity comparable to that of ILs, DESs produce fewer impacts than ILs, as they are composed of natural biodegradable components. The intrinsic nature of establishing the H-bond also confers unique properties that apply to the electro-polishing of metals, metal electrodeposition and metal extraction [29]. DESs should be extended to several new biomasses to implement the biorefinery scenario with new solutions and unexplored options for achieving new base chemicals [156].



The application of DESs in lignocellulosic biomass pretreatment needs to consider several aspects for reaching sustainability. The tolerance of Cellulases to the presence of traces of DESs on the pretreated biomasses and the stability, recoverability and reuse of DESs play a crucial role from an economic point of view [93,157]. For example, lactic acid could dimerize to produce lactide by changing the nature of the possibly recovered DES [157]. At the same time, acids may directly bind to the biomass’s hydroxyl group, resulting in a final loss.



The initial content of biomass with respect to the DES also represents another key point for financial sustainability. Table 3 reported that the usual range of lignocellulosic biomass is a 5–10% concentration. Recently, a twin-screw extruder was employed for the continuous pretreatment of sorghum bagasse, mediated by a neutral pH DES ChCl:glycerol. The extrusion process showed a high pretreatment performance at a biomass loading as high as 50%, with both glucose and xylose yields reaching up to 85%. These sugar yields were much higher than those achieved from batch-type pretreatment in high-pressure glass reactors at a biomass loading of 10%. The DES-mediated extrusion effectively pulverized and fibrillated the biomass and decreased the crystallinity. Additionally, the characterization of lignin streams demonstrated that lignin maintained the structural characteristics during the extrusion. The results show that the DES-mediated extrusion process is a promising technology that enables the continuous pretreatment of lignocellulosic biomass at a high solid loading [158].



In the future, possible developments are remarkably demanded to introduce more complex integrated systems which allow for maximizing proficiency and affectability [41,58]. Although a considerable number (over 200 examples) of DESs have already been studied and investigated, research should continue to develop new solutions having tailored properties to specific applications [159]. Moreover, investigation into the mechanism and the determination of correlations between structures of DESs and the relevant appropriateness of applications needs to be continuously implemented [160]. In such a context, the study of DESs in the field of the lignocellulosic biomass valorisation could be considered to be at its native state, and further deep investigation should be essential. In particular, the dissolution of cellulose, as a sort of emulation of some ILs, could help in developing new routes of valorisation. The intensification of processes may represent a new frontier for this kind of process: if the pretreatment step is combined with the conversion of polymeric subunits into the different target molecules in a single step, a greener valorisation process could eventually be achieved.
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Figure 1. Representation of molecular structures of (a) cellulose, (b) lignin (syringol subunits in blue, guaiacol in violet and p-hydroxyphenyl in green) and (c) hemicellulose (glucose units in black, xylose in green, galactose in violet and arabinose in blue). 






Figure 1. Representation of molecular structures of (a) cellulose, (b) lignin (syringol subunits in blue, guaiacol in violet and p-hydroxyphenyl in green) and (c) hemicellulose (glucose units in black, xylose in green, galactose in violet and arabinose in blue).



[image: Biomass 01 00003 g001]







[image: Biomass 01 00003 g002 550] 





Figure 2. Lignin subunit structures of p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S) and the primary two-dimensional type of bonds (β-O-4, -O-4, 4-O-5, 5-5, β-5, β-1 and β-β) present in the lignin [4]. 
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Figure 3. Examples of covalent bonds between hemicellulose and lignin stabilized by supramolecular H-bond interaction. 
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Figure 4. Phase diagram representation of the eutectic point at two components. 
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Figure 5. Interaction of generic HBD onto the counterion of HBA (ChCl in this case). 
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Figure 6. Examples of HBAs and HBDs usually adopted for preparing DES for the valorisation of biomasses. 
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Figure 7. General scheme of the use of DES for lignocellulosic fractionation. 






Figure 7. General scheme of the use of DES for lignocellulosic fractionation.



[image: Biomass 01 00003 g007]







[image: Biomass 01 00003 g008 550] 





Figure 8. Analysis of recent literature available on “DESs Biomass” via “Web of Science”: number of publications per year and sum of citations. 
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Figure 9. Lignin reactions during DES pretreatment: (i) dehydration, (ii) depolymerization, (iii) repolymerization, (iv) acylation and (v) demethoxylation. 
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Figure 10. Derivatization of cellulose by using DES. 
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Figure 11. Direct and indirect catalytic conversion of cellulose into platform molecules by using DES. 
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Table 1. Physicochemical properties of DES.
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DES/NADES

	
Molar Ratio

	
d

[g/cm3]

	
Tm

[°C]

	
Tf

[°C]

	
Viscosity

[mPa s]

	
γ

[mN m−1]

	
nD

	
Conductivity

[mS cm−1]

	
Ref




	
HBA

	
HBD






	
Acidic DES




	
ChCl

	
Lactic acid

	
1:2

	
1.13

	
212

	

	
134

	

	
1.46

	
0.81

	
[30,31,32,33]




	
ChCl

	
Oxalic acid

	
1:1

	
1.24

	
34

	

	
1881

	

	
1.48

	
0.38

	
[34,35,36]




	
ChCl

	
Formic Acid

	
1:1

	
1.16

	

	
31

	
234

	
73.1

	
>1.50

	

	
[37]




	
ChCl

	
Citric acid

	
1:1

	
1.30

	
76

	

	
9.126

	

	

	

	
[38]




	
ChCl

	
Acetic acid

	
1:2

	
1.12

	

	
>150

	
39

	

	

	
5.83

	
[39]




	
ChCl

	
p-CH3PhSO3H

	
1:2

	
1.24281

	

	

	
697.9

	

	
1.5167

	
0.691

	
[40]




	
ChCl

	
p-OHPhCOOH

	
1:1

	

	
58

	

	

	

	

	

	
[41]




	
ChCl

	
p-coumaric acid

	
1:1

	

	
78

	

	

	

	

	

	
[41]




	
Neutral DES




	
ChCl

	
Ethylene Glycol

	
1:2

	
1.12

	
−66

	

	
35 (30 °C)

	
48

	
1.46823

	
7.61 (20 °C)

	
[30,42]




	
ChCl

	
Glycerol

	
1:2

	
1.1548

	
−40

	
−33.5

	
246

	
58

	
1.48675

	
1.7

	




	
ChCl

	
Sorbitol

	
1:1

	
1.12–1.28

	
Liq. at 0

	

	
12,730

	

	

	

	
[30,43]




	
ChCl

	
Xylitol

	
1:1

	
1.12–1.28

	
Liq. at 0

	

	
5230 (30 °C)

	

	

	
<2

	
[30,43]




	
ChCl

	
PEG

	
1:4

	
1.07–1.08

	
150

	

	
<100

	

	

	
0.745

	
[44]




	
ChCl

	
D(+)-glucose

	
1:1

	
1.2978

	
15

	
31

	
0.45663

	
73.1

	
>1.50

	

	
[37]




	
Basic DES




	
ChCl

	
Urea

	
1:2

	
1.24

	
12

	
12

	
449 (30 °C)

	
52

	
1.5044

	
2.31 (30 °C)

	
[42]




	
K2CO3

	
Glycerol

	
1:6

	
1.44–1.46

	

	
−60

	
≈18,000 (20 °C)

	
64

	
1.491

	
7.89 10−3 (20 °C)

	
[45,46]




	
ChCl

	
MEA

	
1:5

	
1.0767

	
−4

	

	
51.7

	
48.21

	
1.4830

	
2.62

	
[47,48]
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Table 2. List of DES treatments.
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DES

	
Biomass/Conditions

	
Results

	
Ref.






	
ChCl:ethylene glycol 2:1

	
Rice straw/80–150 °C, 3–24 h. biomass/DES ratio 5%wt

	
ChCl-Gly removed 74 wt. % lignin with 91% glucan retention. Residual ChCl-Glycerol limited cellulase enzyme activity to 68%. Sodium carbonate wash removed the residual DES, increasing the glucan digestibility to 87%.

	
[30]




	
ChCl:glycerol 1:1




	
ChCl:xylitol 1:1




	
ChCl:sorbitol 1:2




	
ChCl: Oxalic/Malonic/Succinic/Malic/L-Tartaric Acid

2:1

	
Moso Bamboo/160 °C, 10 min, MW power 600 W

	
MW-DESs pretreatments reduced xylans content. Lignin still remains with 40% of removal. Enzymatic hydrolysis of pretreated samples produced 60% of glucans.

	
[60]




	
Betaine:Lactic acid 2:1

ChCl—Lactic acid 1:10

	
Moso Bamboo/200 °C,10 min

100–140 °C, 6 h

	
Total of 98.2 wt. % hemicelluloses degraded and mainly converted into pentose. Delignification reached 80.1% at 140 °C; highly purified lignin (99.49%) was achieved after ChCl/lactic acid system treatment at 140 °C.

	
[31]




	
Tri-ethylbenzyl ammonium chloride (TEBAC)—LacticaAcid 1:7

	
Corn Stover/80–140 °C for 90 min

	
Glucan contents in pretreated CS were significantly increased from 30.99 to 67.07% with increasing temperature from 80 to 140 °C. Xylan contents decreased from 18.86 to 4.66%. Lignin contents decreased from 22.97 to 9.47%. At 120 °C, the glucan recovery reached 99.23%, the lignin removal was 61.56. The glucose and xylose yields reached 76.41% and 77.43%, respectively.

	
[61]




	
ChCl—oxalic acid dihydrate 1:1

	
Tender coconut husks and tamarind seeds/90 °C for 4 h; 1:15 solid to liquid ratio

	
Cellulose recovery of 87.5% (92.3% pure). DES was successfully reused with negligible effect on the delignification efficiency.

	
[34]




	
ChCl—urea/ethylene glycol/glycerol/lactic acid 1:2

ChCl—oxalic acid 1:1

	
Bagasse/100 °C, 4 h

	
Up to 47.85% lignin was solubilized (oxalic acid). Minimum solubility of 8.60% is exhibited by the ethylene glycol DES. Acidic DES improved the crystallinity of bagasse fibre, whereas basic DES had little effect on the crystallinity of cellulose.

	
[32]




	
ChCl:formic acid 1:2

	
Pine wood/130 °C for 6 h

	
Acid DESs were the most efficient to solubilize hemicellulose and lignin, resulting in a glucan content increased. The lignin could be successfully isolated with high yield and high purity. DES could also be successfully recovered and reused without loss of performance.

	
[62]




	
ChCl:acetic acid 1:2




	
ChCl:propionic acid 1:2




	
ChCl:lactic acid 1:2




	
ChCl:citric acid 1:1




	
ChCl:malic acid 1:1




	
ChCl:succinic acid 1:1




	
ChCl:glycerol 1:2




	
ChCl:ethylene glycol 1:2




	
ChCl:diethylene glycol 1:2




	
ChCl:triethylene glycol 1:2




	
ChCl:xylitol 1:1




	
ChCl:urea 1:2




	
ChCl:formamide 1:2




	
ChCl:acetamide 1:2




	
ChCl:lactic acid:formic acid 1:1:1




	
ChCl:lactic acid:formamide 1:1:1




	
ChCl:formic acid:ethylene glycol 1:0.4:1.6




	
ChCl:acetic acid:ethylene glycol 1:0.4:1.6




	
ChCl:propionic acid:ethyleneglycol 1:0.4:1.6




	
ChCl:lactic acid:ethylene glycol 1:0.4:1.6




	
ChCl:formic acid:ethylene glycol 1:1.2:0.8




	
ChCl:acetic acid:ethylene glycol 1:1.2:0.8




	
ChCl:propionic acid:ethyleneglycol 1:1.2:0.8




	
ChCl:lactic acid:ethylene glycol 1:1.2:0.8




	
ChCl:glycerol 1:1; 1:2; 2:1

	
Garlic skin Green onion root/Biomass-DES 1:10 w/w; 110 °C, 4 h (oil bath) 80 °C, 20 min (MW) ultrasound pretreatment at room temperature

	
The study demonstrated the effects of ultrasound frequency, the molar ratio, metal chloride, composition of DES at different heating methods on the components of biomass.

	
[35]




	
ChCl:oxalic acid 1:1; 1:2; 2:1




	
ChCl:urea 1:1; 1:2; 2:1




	
ChCl:glycerol:AlCl3·6H2O 1:2:0.2




	
ChCl:glycerol:FeCl3·6H2O 1:2:0.2




	
ChCl:glycerol:CrCl3·6H2O 1:2:0.2




	
ChCl:Urea 1:2

	
Corn stover/80–120 °C, 24 h followed by hydrolysis promoted by the carbon-based solid acid catalyst.

	
Total of 33.9% of xylose and 6.9% of glucose was recovered from ChCl:formic acid. The comparison between hydrolysis conducted in two steps, after pretreatment with DES (or ILs), and the one-pot method showed that the glucose yield obtained by one-pot hydrolysis was much lower than the other.

	
[63]




	
ChCl:Glycerol 1:2




	
ChCl:Malonic acid 1:1




	
ChCl:Formic acid 1:2




	
ChCl:Ethylene glycol 1:2




	
ChCl:1,4-butanediol 1:4




	
ChCl:Citric acid 1:1




	
ChCl:Oxalic acid 1:1




	
Acetamide:Levulinic acid 1:2

Betaine:Levulinic acid 1:2

ChCl:Levulinic acid 1:2

	
Moso Bamboo/120 °C, 2 h

	
ChCl:Levulinic acid presented 79.07% glucose conversion yield, Acetamide:Levulinic acid 56.44% and Betaine:Levulinic acid 48.90%.

	
[64]




	
ChCl:lactic acid 1:10

	
Eucalyptus Camaldulensis/90–130 °C, 6 h

	
Up to 80% lignin was removed and more than 44% could be collected. The enzymatic saccharification yields of cellulose was higher than 90%.

	
[65]




	
ChCl:lactic acid 1:9

	
Poplar wood meal/120 °C, 6 h

	
Lignins were efficiently removed (95%). The purity of regenerated lignin is very high (up to 98.1%).

	
[66]




	
ChCl:lactic acid 1:5

	
Sugarcane bagasse/80 °C, 12 h

	
Delignification 50.6%

Enzymatic conversion 90.4%

	
[67]




	
ChCl:Glycerol:Lewis acid 62:124:1 (Ternary DES)

Lewis acid: AlCl3·6H2O, FeCl3·6H2O, FeCl2·4H2O, ZnCl2, CuCl2

	
Pennisetum/Biomass-DES 1:10 w/w.

60–140 °C, 1–9 h

	
The use of Lewis acids significantly improved the delignification of Pennisetum, reaching 85% efficiency.

	
[68]




	
ChCl:Formic acid/Acetic acid/lactic acid 1:2

	
Hardwood poplar/Two-step process: Liquid Hot Water Extraction (170 °C for 40 min)—DES treatment (130 °C for 3 h; biomass-DES 1:20 w/w)

	
After the physical pretreatment, a solid yield of 79.8% and hemicellulose removal of 54.4% were observed. Cellulose content was increased from 61.1 to 79.8–85.4%, corresponding to a relatively high extent of delignification of 73.0–76.5% after acidic DESs pretreatment.

	
[69]




	
ChCl:Ethylene Glycol 2:1

	
Eucalyptus globulus wood/Two-step pretreatment: hydrothermal treatment 170 °C, 4 h +90 °C, 24 h (DES)

	
The removal of lignin and hemicellulose was 90.2% and 97.4%. Cellulose was effectively retained (94.5% of the original cellulose content).

	
[70]




	
ChCl:lactic/malic/citric/formic/acetic/propionic/butyric/succinic/maleic acid

Various molar ratio combinations at 2:1, 1:1, 1:2,

1:5, 1:10 and 1:15

	
Oil palm empty fruit bunch/Biomass/DES ratio 1:10 wt. 120 °C, 8 h

	
Formic acid (61.9% lignin yield) and lactic acid (33.5% lignin yield)-based DESs emerged for the highest lignin extraction yield.

	
[71]




	
ChCl:lactic acid 1:5

D(+)-glucose:lactic acid 1:5

ChCl:D(+)-glucose 1:1

ChCl:glycerol 1:2

ChCl:urea 1:2

K2CO3:glycerol 1:6

	
Oil palm empty fruit bunch/Biomass/DES ratio 1:10 wt. 120 °C, 8 h.

	
Delignification:

ChCl:lactic acid 88%

D(+)-glucose:lactic acid 55%

ChCl:D(+)-glucose 17%

ChCl:glycerol 22%

ChCl:urea 34%

K2CO3:glycerol 51%

The acidic DES pretreatment allows the destruction of the hemicellulose: after the lactic acid based-DES treatment, no residual hemicellulose was detected in the solid.

	
[46]




	
ChCl:Monoethanol amine/N-methyldiethanolamine/Urea/Acetamide/Diethanolamine/Glycerol

Molar ratios 1:6, 1:8, 1:10, 1:2, 1:2 and 1:2

	
Wheat straw/Biomass/DES ratio 1:20 wt. 50–130 °C, 1–24 h

	
ChCl-MonoethanolAmine is capable of removing 71.4% lignin while reserving 93.7% cellulose; 89.8% and 62.0% of cellulose and xylan conversions were eventually achieved through enzymatic hydrolysis of residue.

	
[48]




	
Guanidine·HCl:Lactic acid

	
Rice straw/Biomass/DES 5 wt. %.

80 °C, 6 h or 120 °C, 3–6 h

	
The pretreatment efficiency of the Lactic acid amide DES varied as the HBD structures changed and the pretreatment efficiency of these DESs displayed a similar trend as the polyol-based DESs.

	
[72]




	
ChCl-Ethylene glycol




	
ChCl-Glycerol




	
ChCl-Xylitol




	
ChCl- Formamide




	
ChCl-Urea




	
ChCl-Guanidine·HCl




	
ChCl-1,2-Propanediol




	
ChCl-1,3-Propanediol




	
ChCl-Glycolic acid




	
ChCl-Lactic acid




	
ChCl-2-Chloropropionic acid




	
ChCl-Oxalic acid




	
ChCl-Malonic acid




	
Molar ratio 1:1




	
ChCl:Lactic acid 1:10

	
Eucalyptus Camaldulensis/60–140 °C, 6 h

	
The DES pretreatment temperatures influence the cleavage of C−O and C−C bonds in the lignin dehydration, and acylation of OH groups and partial recondensation were observed.

	
[73]




	
Lactic acid/tartaric acid/ChCl 4:1:1

	
Pinus pinaster/175 °C, 1 h

	
Lactic acid:ChCl extracted the highest lignin amount, while the purest lignin was achieved with Tartaric Acid:ChCl. With the ternary DES, it registered a recovery of ca. 95% of lignin present in the biomass with a purity of ca. 89%.

	
[74]




	
ChCl:oxalic acid 1:1

Cosolvents: butanol, n-propanol and ethyl acetate [DES/cosolvent ratio 1:2, 1:1, 2:1]

	
Rice husk, rice straw/50–80–120 °C 1 h and wheat straw

	
Delignification using the ternary combination system (DES-n-butanol) was at least 50% higher than that of pure DES treatment (23–31% delignification).

	
[75]




	
ChCl:oxalic acid 2:1, 1:1 and 1:10

Cosolvent: MIBK

Cat. AlCl3·6H2O

	
Eucalyptus urophydis/Biomass/DES ratio 1:10 wt. MIBK/DES ratio 1.6 w/w.

100–160 °C, 30–120 min.

	
At 140 °C for 90 min, the maximum yield of Furfural was 70.3%, and the maximum saccharification was 80.8%.

	
[76]




	
ChCl:Lactic acid 1:10

	
Pinus bungeana Zucc./Biomass/DES ratio 6.25%wt.

120 °C, 4 h (oil bath) 120 °C, 8 min (MW, 800 W).

	
The cellulose conversion of biomass pretreated with MW-DES achieved 81.9%. DES pretreated samples (41.6%).

	
[77]




	
ChCl:Glycerol:Lewis acid (AlCl3·6H2O, FeCl3·6H2O, CrCl3·6H2O, MgCl2·6H2O)

molar ratio = 1:1:0.3

	
Sugarcane Bagasse/Pretreatment with ethanol ultrasound at various ultrasonic frequency.

Biomass/DES ratio 1:10 wt.

100–140 °C, 1–4 h

	
The sequential multifrequency ultrasonic and DES (with Lewis acid) pretreatment enhanced the delignification of lignin and cellulose recovery from biomass.

	
[78]




	
ChCl:acetic acid 1:2

	
Poplar wood

Douglas fir/90–180 °C

1–9 h

	
Delignification: 78% from poplar and 58% from D. fir. Highly pure lignin (95%) with unique structural properties was recovered.

	
[79]




	
ChCl:lactic acid 1:2




	
ChCl:levulinic acid 1:2




	
ChCl:glycerol 1:2




	
ChCl:p-hydroxybenzoic acid 3:2

	
Poplar wood/Biomass/DES ratio 1:10 wt. 100–160 °C for 1–9 h

	
ChCl- p-hydroxybenzoic acid showed the best performance in terms of delignification (69%) and digestibility of glucan and xylan (90.8% and 88.9%).

	
[41]




	
ChCl:p-coumaric acid 1:1




	
ChCl:4-hydroxybenzylaldehyde 1:2
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Table 3. DESs for cellulose dissolution.
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	Feedstock
	DESs
	Operative Conditions
	S (wt. %)
	Ref.





	MCC
	ChCl/urea
	T = 110 °C, 12 h
	<0.2
	[117]



	MCC
	ChCl/ZnCl2
	T = 110 °C, 12 h
	<0.2
	[117]



	MCC
	[Ch]OAc
	T = 110 °C, 12 h
	0.5
	[117]



	MCC
	[Ch]OAc/[TBMA]Cl (15 wt. %)
	T = 110 °C, 10 min
	6
	[117]



	Cotton linter pulp

(DP = 575.6)
	ChCl/urea
	ultrasound activation; T = 120 °C
	1.43
	[118]



	Cotton linter pulp

(DP = 575.6)
	ChCl/imidazole
	ultrasound activation; T = 120 °C
	2.48
	[118]



	Cotton linter pulp

(DP = 575.6)
	ChCl/imidazole
	ultrasound activation; T = 120 °C

cosolvent = 5% PEG
	4.57
	[118]



	Commercial cellulose (Merck)
	ChCl/maleic acid
	ultrasound activation; T = 90 °C,

20 min
	2.57
	[119]



	Commercial cellulose (Merck)
	ChCl/a-naphthol
	ultrasound activation; T = 90 °C,

20 min
	3.39
	[119]



	Commercial cellulose (Merck)
	ChCl/phenol
	ultrasound activation; T = 90 °C,

20 min
	4.70
	[119]



	Commercial cellulose (Merck)
	ChCl/resorcinol
	ultrasound activation; T = 90 °C,

20 min
	6.10
	[119]



	
	
	
	
	



	MCC
	Glyn-EmimCl
	T = 100 °C, 3 h
	5
	[120]



	MCC
	Glyn-EmimCl
	MW, 6 s
	5
	[120]



	Cotton linter pulp

(DP = 575.6)
	Triethyl-allyl ammonia chloride/oxalic acid
	T = 110 °C, 2 h
	6.48
	[121]
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Table 4. DESs as catalyst/solvent for the synthesis of platform molecule: glucose and fructose were also included since they can be potentially obtained from biomasses.






Table 4. DESs as catalyst/solvent for the synthesis of platform molecule: glucose and fructose were also included since they can be potentially obtained from biomasses.





	
Feedstock

	
DES

	
Operative Conditions

	
Results

	
Ref.






	
Cellulose

	
3DEACl 3:2oxalic acid

	
at 170 °C in 5 min, MW reactor

	
38.4% total conversion (levulinic acid, HMF, furfural and formic acid)

	
[144]




	
ChCl/pTSA

	
80 °C, 30 min

	
93% yield in HMF

	
[145]




	
Oxalic acid/SnCl4

Oxalic acid/CrCl3

	
160 °C, 90 min

	
11% HMF

22.7% glucose

	
[145]




	
ChCl/oxalic acid + SnCl4

	
140 °C, 2 h

	
23.5% HMF yield

	
[146]




	
ChCl/oxalic acid

	
180 °C, 1 min, MW reactor

	
76.2% of levulinic acid, 4.07% of HMF, 5.57% of furfural

	
[147]




	
ChCl, AlCl3·6H2O, oxalic acid

	
at 120 °C within 30 min

	
CMF yield of 30%

	
[148]




	
Glucose

	
ChCl/ethylene glycol + CrCl3

	
t 150 °C, 3.64 min

	
42% yield of HMF

	
[149]




	
ChCl, AlCl3·6H2O, oxalic acid

	
120 °C, 30 min

	
CMF yield of 70%

	
[148]




	
ChCl/AlCl3

	
120 °C for

2 h and 14 h

cosolvent = EtAc

	
73.2% furan products, including 52.9% of HMF and 17.5% of AMF

	
[150]




	
Fructose

	
Im/1.5BSA

	
100 °C, 3 min

	
90.1% HMF

	
[151]




	
Ch/pTSA

	
80 °C, 1 h

	
90.7% HMF

	
[140]




	
[Emim]Cl/isopropanol

	
25 °C, 3 h Cat = [HNMP]Cl

	
89% HMF

	
[141]




	
ChCl/AlCl3∙6H2O

	
120 °C, 5 h

	
50.3% of CMF 8.1% of HMF

	
[152]




	
DES/acetonitrile (MeCN) biphasic reaction

	
100 °C, 4 h

	
90.3% HMF

	
[153]
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