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Abstract: The depletion of fossil resources makes the transition towards the renewable ones more 10 

urgent. For this purpose, the synthesis of strategic platform-chemicals, such as 11 

5-hydroxymethylfurfural (HMF), represents a fundamental challenge for the development of a 12 

feasible bio-refinery. HMF perfectly deals with this necessity, because it can be obtained from the 13 

hexose fraction of biomass. and due to its greatThanks to its high reactivity, it is can be exploited a 14 

strategic intermediate for the synthesis of renewable monomers, solvents, and bio-fuels as 15 

bio-substitutes of those produced, at the moment, from fossil resources. In order to consiTder the 16 

However, the sustainable HMF synthesis requires the use of waste biomasses, rather than model 17 

compounds, effectively sustainable, it should be performed from biomass, in particular wastes, 18 

thus finding them a valorization, rather than starting from model compounds, such as monosac- 19 

charides or polysaccharides, at the same time making its production more economically advanta- 20 

geous from an industrial perspective. However, the production of HMF from real feedstocks gen- 21 

erally suffers fromof scarce selectivity, due to the their complex chemical composition complexity 22 

of the starting matrix and to the HMF reactivity, e.g. instability, . thus On this basis, different 23 

strategies have been adopted to maximize the HMF yield. Under this perspective, the properties of 24 

the catalytic system, together withas well as the adopted choice of a suitable solvent and the pos- 25 

sible presenceaddition of an eventual pretreatment of biomassstep, play a key role inrepresent key 26 

aspects for the optimization of HMF synthesis. On this basis, the present On this basis, the present 27 

review summarized and critically discussed the most recent and attractive strategies for the HMF 28 

production from real feedstocks, will summarize and critically discuss the main different strategies 29 

up to now reported for the HMF production from real feedstocks,focusing on the different smartest 30 

catalytic systems and the overall sustainability of the adopted reaction conditionsand on the over- 31 

all sustainability of the adopted reaction conditions. 32 

Keywords: 5-hydroxymethylfurfural; waste biomass; catalytic conversion; solvent system; biomass 33 

pretreatment. 34 

 35 

1. Introduction 36 

The strong dependence on fossil resources has resulted inproduced several eco- 37 

nomic, social, and environmental problems, such as their progressive depletion, as well 38 

as environmental issues of resources, emission of pollutants, and CO2 causing, as a con- 39 

sequence, the global climate change. All these problems become more andare becoming 40 

even more relevant, considering that the global energy demand is expected to increase 41 

up to 37% by 2040 [1]. Therefore, in order to reduce the dependence on fossil resources, 42 

the exploitation of the renewable ones is will be of paramount importance in both scien- 43 

tific and industrial communities. In particular, the exploitation of biomass to give valua- 44 

ble products has attracted great interest in the recent years, because it is the only re- 45 

newable carbon-based resource employable as feedstock, cheapand abundant feedstock, 46 
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being available with a global biomass production of about 120 billion tons per year [2]. In 47 

this perspective, 5-hydroxymethylfurfural (HMF) is considered a versatile key plat- 48 

form-chemical, potentially synthesizable from carbohydrate-rich biomasses.  and has 49 

received growing attention in chemical industries. In fact, HMF can be produced from 50 

monosaccharides, disaccharides, and polysaccharides present in the biomass and HMF 51 

chemical structure, consisting consists of a furanic ring, an aldehyde, and an alcohol 52 

group (Figure 1), makes HMF thus resulting a particularly reactive molecule, exploitable 53 

for the synthesis and susceptible to a large variety of reactions, thus making it the 54 

building block of many important added-value chemicals, ranging from monomers, 55 

bio-fuels, food additive and pharmaceuticals [2]. 56 

 57 

Figure 1. Chemical structure of HMF. 58 

IRegarding the synthesis of HMF, It is well-known that hexoses, such as fructose 59 

and glucose, are the main reactants to produceeffective feedstocks for the HMF produc- 60 

tion. and in particularRemarkably, fructose is easier to be converted being the direct 61 

precursor of HMF, so its use as the starting feedstock allows the achievement of and re- 62 

quiring fewer steps, thus leading to higher selectivity than glucose [3]. However, the 63 

presence availability of fructose in nature is quite limited, resulting an expensive feed- 64 

stock for the HMF productionthus its cost is high and for this reason, under industrial 65 

application, whilst the employment of glucose, or, even much better, the cellulosic frac- 66 

tion of the abundant biomass, must should be preferred. Considering the synthesis of 67 

HMF from cellulose, it generally involves three fundamental steps, each of them cata- 68 

lyzed by a specific acidity: i) hydrolysis of cellulose into glucose, catalyzed by Brønsted 69 

acid; ii) isomerization of glucose to fructose, catalyzed by Lewis acid or Brønsted base; iii) 70 

dehydration of fructose to HMF, catalyzed by Brønsted acid (Figure 2).  71 
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 73 

Figure 2. Mechanism of HMF synthesis from cellulose, carried out in the presence of both Brønsted 74 
(B) and Lewis (L) acids. “M” stays for “metal center”. 75 

In the first step, the protons released by Brønsted acid attack break the C–O bonds of 76 

the β-1,4-glycosidic bonds, thus leading to the formation of leading to the cut off of the 77 

C–O bonds, forming glucose [4]. Then, depending on the catalytic system, glucose can be 78 

isomerized to fructose or it can be directly converted to HMF (Figure 3) but, in both cases, 79 

this represents the rate-limiting step of the whole process. When a Lewis acid is em- 80 

ployed in combination with a Brønsted acid, the isomerization route is promoted via a 81 

1,2-enediol or 1,2-hydride shift mechanism [5]. The isomerization involving the 82 

1,2-enediol formation as intermediate usually causes occurs by the formation of a cata- 83 

lyst-monosaccharide complex, whereas the 1,2-hydride shift mechanism involves the 84 

coordination between carbonyl group, alcoholic hydroxyl group and Lewis acid center, 85 

generally represented by a metal center (M) (Figure 2). On the other hand, when only a 86 

Brønsted acid is adopted, the direct conversion of glucose to HMF takes place, by fol- 87 

lowing the mechanism reported in Figure 3 [6]. 88 

 89 
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Figure 3. Mechanism of the direct HMF synthesis from glucose, catalyzed by Brønsted acid. 90 

However, tThe route involving the isomerization of glucose to fructose leads to 91 

higher selectivities to HMF, resulting thus the combination of Brønsted and Lewis acids 92 

results the most investigated strategy for the HMF synthesis [7]. Finally, regarding the 93 

pathway of fructose dehydration to HMF, two different mechanisms have been proposed 94 

in the literature, the acyclic and the cyclic ones (Figure 2). In the acyclic mechanism, the 95 

open-ring chain structure of fructose is in equilibrium with the 1,2-enediol, that under- 96 

goes two consecutive dehydration steps, generating 3-deoxyglucos-2-ene (3-DOGENE) 97 

and 3,4-deoxyglucosone (3,4-DOGONE), followed by a ring chain closure, resulting in 98 

the elimination of the last molecule of water, thus andwith the last water elimination to 99 

affording HMF as the final product [8,9]. On the other hand, according to the cyclic 100 

mechanism, the first step involves the a dehydration of D-fructofuranose at the C2 posi- 101 

tion, to form a tertiary carbenium cation, that is further converted to 102 

2-(hydroxymethyl)-5-(hydroxymethylene)tetrahydrofuran-3,4-diol (3,4-DIOL) and then 103 

to 4-hydroxy-5-(hydroxymethyl)-4,5-dihydrofuran-2-carbaldehyde (2-CARB). Finally, 104 

this latter undergoes is subjected to a further dehydration to form HMF [8]. At the mo- 105 

ment, the most accredited accreditemechanism is the cyclic one. In fact, under the same 106 

reaction conditions, fructose results more reactive and selective toward HMF than glu- 107 

cose, probably due to their different conformations in water [10]: in this solvent, glucose 108 

is almost exclusively found in the stable pyranose structure, whereas fructose results for 109 

21% in the furanose conformation, being immediately activeresulting promptly available 110 

for the HMF synthesis, according to the cyclic mechanism shown in Figure 2. For this 111 

reason, the glucose isomerization to fructose, catalyzed by a Brønsted base or a Lewis 112 

acid, is necessary in order to have get a high HMF yield starting from glucose, thus un- 113 

derlining the importance of fructose as the precursor of HMF [11,12]. On the other hand, 114 

according to the acyclic mechanism, glucose and fructose have the in common the for- 115 

mation of intermediate 1,2-enediol as intermediate, and this aspect cannot explain the 116 

different reactivity and selectivity experimentally observed of the two sugars. The same 117 

conclusions supporting in support of the cyclic mechanism can be also ascertainedare 118 

confirmed working in other organic solvents than water. For instance, Akien et al. stud- 119 

ied the dehydration of fructose in DMSO and other organic solvents by the 13C NMR, 120 

identifying in the recorded spectrum the peak of confirming the presence of 121 

2-(hydroxymethyl)-5-(hydroxymethylene)tetrahydrofuran-3,4-diol (3,4-DIOL), interme- 122 

diate supposed inwhose formation is ascribableed to the cyclic pathway [13] (Figure 2).  123 

A critical point of the HMF synthesis is represented given by the several obtainable 124 

by-products that can be co-produced during the HMF synthesis, such as levulinic and 125 

formic acids, that originateoriginating from the subsequent rehydration of HMF (Figure 126 

4) [14], but also and, last but not least, black tarry by-products, called known as humins, 127 

characterized by a very complex structure combining mainly including mainly furanic, 128 

aromatic and oxygen-containing functionalityfunctionalities, such as carboxyl, carbonyl 129 

and hydroxyl ones [15,16].  130 

 131 

Figure 4. Rehydration of HMF to levulinic and formic acids. 132 

It is well-known that the humins formation is strongly activated by the combination 133 

of high temperature and an acid mediumacidity [15,17]. However but, up to todaynow, 134 

their formation mechanism of their formation is has not been still notclarified, due to the 135 

complex composition of the reaction medium, which includes in which where not only 136 
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hexose,  and HMF, and but also thedegradation products, all these components poten- 137 

tially involved in the reaction mechanism are present and all of them arecan be involved 138 

in the reaction mechanismreaction. From an economical and technological perspective, 139 

the formation of these by-products is strongly undesired, because it lowers worsens the 140 

HMF selectivity, making its separation and purification much more difficult. However, 141 

recently several recent researches focused on the valorization of humins in different 142 

fields, such as in environmental remediation, as support for catalysts and for the prepa- 143 

ration of foams and adhesives, thus turning the problem of their formation into a partial 144 

advantage [16,18,19]. 145 

As mentioned above, the importance of HMF is due to its key roleimportance as 146 

reagent for a large variety of reactionsthe precursor of many added-value bio-products, 147 

as reported in Figure 5. 148 

 149 

Figure 5. Possible pathways for the production of valuable compounds startingadded-value 150 
bio-products from HMF. 151 

The two mainly relevant pathways of greatest interest are the oxidation and the 152 

reduction ones. The first one allows the production ofto produce many important HMF 153 

derivatives: 5-formyl-2-furancarboxylic acid (FFCA), that hashaving promising applica- 154 

tions as fuel and chemical intermediate [20]; 5-hydroxymethyl-2-furancarboxylic acid 155 

(HMFCA), exploitable for that is a relevant compound in the production of furanic pol- 156 

yesters and as antitumoralanticancertumoral agents [21]; 2,5-diformylfuran (DFF), that 157 

finds application in the production of novel polymers, antifungal agents and medical 158 

intermediates [22], and in particular 2,5-furandicarboxylic acid (FDCA) [23,24], an im- 159 

portant renewable alternative to terephthalic acid for the preparation of bio-based pol- 160 

ymers, such as the polyethylene furanoate (PEF), the bio-based alternative replacingto 161 

replace polyethylene terephthalate (PET) [25]. In addition, this dicarboxylic acid can be 162 

further converted into adipic acid, a crucial key monomer for the synthesis of Nylon 6,6 163 
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[26]. On the other hand, the reductive pathway allows the production of potentialto 164 

produce monomers for the synthesis of polyurethanes and polyesters, such as 165 

2,5-bis(hydroxymethyl)furan (BHMF) [27,28], 2,5-bis(hydroxymethyl)tetrahydrofuran 166 

(BHMTHF) [27–29], 1,6-hexanediol (1,6-HD) [28,30], the this latter also employed as an 167 

additive in plastics and as a precursor of caprolactone through lactonizsation reaction 168 

[31]; bio-fuels, such as 2,5-dimethylfuran (DMF) [32,33] and 2,5-dimethyltetrahydrofuran 169 

(DMTHF) [33]. Moreover, HMF and its derivatives can be subjected also undergo to other 170 

reactions, such as etherification to give 5-alkoxymethylfurfural (AMF) [34,35], 171 

2,5-bis(alkoxymethyl)furan (BAMF) [36,37] and, very recently, 172 

2,5-bis(alkoxymethyl)tetrahydrofuran (BAMTHF) [36], all of them employable as 173 

bio-fuels. Moreover, HMF can be involved also in aldol condensation and hydrodeoxy- 174 

genation reactions, to produce long-chain alkanes, to be used  that already found ap- 175 

plication as fuels [38]; in decarbonylation reaction to lead get furfuryl alcohol (FAL), 176 

which can be adopted as a monomer for the production of furan resin [39] and; finally, in 177 

the reductive amination reaction to give 2,5-bis(aminomethyl)furan (BAF), a promising 178 

monomer for the synthesis of polyurethanes and polyamides [40]. 179 

However, despite the great interest towards in HMF and its derivatives, none 180 

large-scale HMF plant is still running, mainly due to its high production costs, that re- 181 

flects on the high HMF selling cost (about 3500 €/kg in 2019) [41,42]. In fact, up to now- 182 

day, most of the bio-refinery approaches proposed for the HMF production involve the 183 

use of are of the first generation, employing purified pure feedstocks of first generation, 184 

like hexose sugars, which are more favorable and much morebut too expensive for the 185 

synthesis of HMF, if compared with than cheap lignocellulosic biomass, where the strong 186 

interactions between cellulose, hemicellulose, and lignin hinder the reaction [43]. On this 187 

basis, it is evident that the development of a bio-refinery process that exploits raw bio- 188 

masses as starting material feedstocks is a challenge of great relevance that could con- 189 

tribute to the make cost-effective the production of HMF already in the next future. . 190 

UnderFrom this perspective, AVA Biochem, a subsidiary of AVALON Industries AG, is 191 

the pioneer in the industrial production of HMF, having in Muttenz (Switzerland) a plant 192 

with an operating capacity of about 300 tonnes per year. This Company and having has 193 

patented a process for the conversion of lignocellulosic biomass to HMF through  a hy- 194 

drothermal carbonization (HTC) route [44]. According to this process, the substrate is 195 

subjected to HTC under high temperature and pressure, producing  and two main 196 

streams comes from the reactor, 1) the char, that can be used as an energy source [45], and 197 

2) the HMF aqueous solution. The latter is then extracted with a solvent in a counter- 198 

current mix-settler column, followed by a separation distillation step [46]. On this basis, 199 

HMF is produced as a co-product of the char, making the whole process more economi- 200 

cally sustainable, and allowing the HTC technology to be already scaled-up at commer- 201 

cial small-scale, to produce HMF at commercial small-scale. However, in addition to the 202 

challenge of the employment of raw lignocellulosic biomass, the scale-up of HMF pro- 203 

duction at large-scale meets requires the solution of other technological problems that 204 

should be solved in the future, such as the formation of by-products, in particular solid 205 

humins, the separation of HMF from the reaction media medium and its further purifi- 206 

cation. The by-products formation strongly depends on the adopted reaction conditions, 207 

also affecting and it influences also the separation and  a purification steps and, conse- 208 

quently, , affecting in this way the process costs. Also for these reasons, the majority of 209 

the available HMF processes proposed up to now for the synthesis of HMF are still at a 210 

very early stage of development and the reaction media and process parameters are the 211 

main focus of the next optimization [47].  212 

Therefore, several studies have been reported, over the past years aiming aimed at 213 

the synthesis of HMF starting from raw biomasses, investigating the influence of homo- 214 

geneous/heterogeneous catalysts, solvent system, heating method and pretreatment step 215 

on the HMF yield. However, up to date, the published reviews are mainly focused on the 216 

synthesis of HMF from model compounds, such as monosaccharides, disaccharides, and 217 
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polysaccharides, [5,7,48–52] and the most recent review regarding the synthesis of HMF 218 

from biomasses dated back to 2018 [53]. Nevertheless, the new achievements in this field 219 

are constantly obtained, thus an in-depth and up-to-date review summarizing the most 220 

recent results on the synthesis of HMF from raw biomass is missing. On this basis, the 221 

aim of this review isthis review aims to emphatically discuss the role of the different re- 222 

action parameters on the HMF yield reached starting from a real substrate, in order to 223 

make sustainable a rational employment of raw or waste biomasses. 224 

2. Synthesis of HMF from raw biomass 225 

Biomasses are mainly composed ofby three biopolymers: hemicellulose (20–35 wt%), 226 

cellulose (30–50 wt%), and lignin (15–20 wt%). Hemicellulose is a heteropolysaccharide, 227 

being consistedconsisting of both pentoses, such as D-xylose and L-arabinose; hexoses, 228 

such as D-glucose, D-galactose, and D-mannose, and uronic acids, such as D-glucuronic 229 

and D-galatturonic acids. Its structure includes  is characterized by several ramifica- 230 

tions, which make it prone to hydrolysis that make hemicellulose an amorphous polymer 231 

easy to be hydrolyzed [54]. As previously reportedInstead, cellulose is the linear homo- 232 

polymer of D-glucose, representing in this wayresulting the most important feedstock 233 

source of hexoses and, therefore, of an ideal candidate for HMF production. The units of 234 

glucose are linked through β--(1,4) glycosidic bonds, which make it  and this confor- 235 

mation makes cellulose a stable and stiff polymer. The D-glucose units of cellulose are 236 

also engaged in the formation of intra- and inter- molecular hydrogen bonds between 237 

among the hydroxyl groups, making the cellulose chains mainly packed in a crystalline 238 

structuregiving crystallinity to its structure, which is responsible for its low solubility in 239 

water and its elevated mechanical and chemical stability. In addition, cellulose is char- 240 

acterized by the presence of less ordered amorphous regionsdomains, that resultting 241 

more easily accessible to water than crystalline ones, thuse.g.  requiring milder hydrol- 242 

ysis conditions than the latter that are amorphous and these portions can adsorb water 243 

and be more easily hydrolyzed than the crystalline area, which is involved under harsher 244 

conditions [55]. Lignin is a three-dimensional highly cross-linked polymer composed 245 

ofby three types of phenylpropanolic monomers (p-cumaryl alcohol, coniferyl alcohol, 246 

and synapyl alcohol), linked through carbon-carbon and ether bonds. Lignin is funda- 247 

mental for conferring good mechanical resistance to the biomass but the ligninits chem- 248 

ical stability, together with the crystallinity of cellulose, makes biomass mostly recalci- 249 

trant towards the conversion [56]. For this reason, in addition to the high instability of 250 

HMF in water under acidic conditions, the synthesis of HMF from waste biomasses is still 251 

a challenge todaychallenging and several strategies have been proposed, aiming at the 252 

optimization of HMF yieldselectivity. Generally, the variables that influence the HMF 253 

production are the presence of a pretreatment step, the type of solvent, the biomass 254 

loading, and the adopted catalytic system. In fact, as it is will be better explained in the 255 

Paragraph 2.2, the pretreatment favors the deconstruction of the lignocellulosic matrix, 256 

thus improving the interaction between the catalyst and the cellulose fraction and hence 257 

increasing the conversion rate of cellulose to HMF [3]. On the other hand, the type of 258 

solvent plays a key role in to direct the selectivity of the process, because some of them 259 

can in some cases inhibiting the side reactions (rehydration of HMF and humins for- 260 

mation), can but also showing synergistic effects with the catalyst or can have having 261 

catalytic effects themselvesby alone , controlling the pathways of the biomass conversion 262 

[3]. On this basis, several solvent systems have been adopted for the synthesis of HMF 263 

from waste biomasses, such as water, organic solvents (both protic and aprotic ones), 264 

biphasic systems involving water as the reaction medium and an organic solvent as the 265 

extracting mediumextraction one, and innovative solvents such as ionic liquids and deep 266 

eutectic solvents. Finally, the properties of the catalyst, in particular mainly in terms of 267 

amount and type of acidity, strongly influence the reaction, directly controlling the 268 

mechanism andhaving key effect on the HMF selectivity. In this regard, both homoge- 269 

neous and heterogeneous systems have been investigated for the production of HMF 270 



Catalysts 2022, 12, x FOR PEER REVIEW 9 of 55 
 

 

from biomasses. Generally, homogeneous catalysts have higher performances and low 271 

cost but their recycle is more difficult than the heterogeneous ones, which, on the other 272 

hand, have a limited contact with a possible substrate, thus resulting in less efficiencyt. In 273 

every caseAnyway, the increase of the biomass loading causes an increase inof HMF 274 

concentration but also a decrease inof its molar yield, due to the higher extent of 275 

by-products formation. 276 

TIn order to highlight the different approaches adopted up to now for the synthesis 277 

of HMF from real biomasses and how they can affect the reaction, the literature refer- 278 

ences have been commented in the following paragraphs, considering the presence of the 279 

a pretreatment step, the type of solvent system, and the employed catalyst. The HMF 280 

yield, unless otherwise specified, has been reported as mol% and calculated as follows: 281 

YHMF (mol%) = [(HMF moles)/(anhydroglucose moles in biomass)] × 100 282 

 283 

2.1. Not pretreated biomass 284 

2.1.1. One One-solvent systems 285 

Table 1 summarizes the available data for the synthesis of HMF from not pretreated 286 

biomasses in one one-solvent systems, in particularincluding both water or and organic 287 

systems.  288 

Table 1. HMF production starting from raw biomasses in one one-solvent systems. 289 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

1 Food waste (4.0%) / H2O 230 15 MW 7 57 

2 
Sugar beet thick 

juice (14.7%) 
H2SO4 (166.7) H2O 180 106 Conv. 27 58 

3 
Mango pulp and 

skin (5.0%) 
H2SO4 (1000.0) H2O 150 20 MW 21 59 

4 
Spruce wood 

(2.4%) 
H2SO4 (5.1) H2O 200 40 Conv. 10 60 

5 Beach wood (2.4%) H2SO4 (5.1) H2O 200 40 Conv. 11 60 

6 

Recycled pulp  

paper towel waste 

(5.0%) 

H2SO4 (3.8) H2O 200 5 MW 6 61 

7 

Macroalgae 

Gracilaria  

verrucosa sp. (6.3%) 

H2SO4 (20.8) H2O 175 35 Conv. 18 62 

8 Poppy stalks (4.8%) CuCl2 (12.5) H2O 200 60 Conv. 12 63 

9 

Microalgae 

Chlorella sp. 

(5.0 %) 

Al2(SO4)3 (1.3) H2O 165 30 Conv. 23 64 

10 Corncob (1.5%) 
ZnCl2 · nH2O (0.5) +  

HCl (75.0) 
H2O 

1°: 80 

2°: 120 

1°:300  

2°:60 
Conv. 30 65 

11 
Softwood chips 

(1.5%) 

ZnCl2 · nH2O (0.5) +  

HCl (75.0) 
H2O 

1°: 80 

2°: 120 

1°:300 

2°:60 
Conv. 22 65 

12 
 Algae Ulva  

lactuca sp. (2.5%) 

ZnCl2 · nH2O (0.8) +  

HCl (122.0) 
H2O 

1°: 80 

2°: 120 

1°:300 

2°:60 
Conv. 25 65 

13 

Algae Porphyridium 

cruentum sp.  

(4.3%)  

ZnCl2 · nH2O (1.4) +  

HCl (217.0) 
H2O 

1°: 80 

2°: 120 

1°:300 

2°:60 
Conv. 35 65 

14 
Vegetable waste 

(5.0%) 
Amberlyst-36 (1.0) H2O 120 5 MW 5 66 

15 

Macroalgae 

Gracilaria verrucosa 

sp. (11.7%) 

 Amberlyst-15 (6.7) H2O 130 120 Conv. 19 67 
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16 
Sugarcane  

bagasse (4.8%) 

D001-cc ion-exchange 

resin (1.0) 
H2O 140 25 MW 9 68 

17 
Sugarcane  

bagasse (4.8%) 

D001-cc ion-exchange 

resin (1.0) 
DMSO 140 25 MW 18 68 

18 Waste fluff (2.0%) BT300S2 (2.0) H2O 200 120 Conv. 64 69 

19 Cotton linter (2.0%) BT300S2 (2.0) H2O 200 240 Conv. 29 69 

20 Corn straw (2.0%) BT300S2 (2.0) H2O 200 60 Conv. 52 69 

21 
Sugarcanne  

bagasse (1.1%) 
SPPTPA3 (5.0) DMSO 140 60 MW 204 70 

22 
Sugarcanne  

bagasse (1.2%) 
SPPTPA3 (5.0) NMP5 140 60 MW 194 70 

23 Corncob (1.3%) SPPTPA3 (4.2) GVL 175 30 Conv. 32 71 

24 
Used clothing 

(0.7%) 
Ca3(PO4)2  (0.1) H2O 200 120 Conv. 10 72 

25 Used paper (0.7%) Ca3(PO4)2 (0.1) H2O 200 120 Conv. 8 72 

26 
Japanese cedar 

(1.5%) 
Ca3(PO4)2 (0.26) H2O 200 120 Conv. 14 72 

27 
Waste cotton stalks 

(3.2%) 
SO42-/ZrO2 (3.3) H2O 230 75 Conv. 27 73 

28 

Microalgae  

Chlorococcum sp. 

(1.0%) 

H-ZSM-5 (1.5) H2O 200 120 Conv. 39 74 

29 
Wood ear  

mushroom (5.0%) 

[NMP][CH3SO3]6  

(5.5) 
DMA7-LiCl 140 2 MW 58 75 

30 
Wood ear  

mushroom (5.0%) 

[DMA][CH3SO3]8  

(5.5) 
DMA7-LiCl 140 2 MW 64 75 

31 
Wood ear  

mushroom (5.0%) 

[BBIM-SO3H][OTf]9  

(5.5) 
DMA7-LiCl 140 2 MW 63 75 

32 
Wood ear  

mushroom (5.0%) 

[BBIM-SO3H][NTf2]10 

(5.5) 
DMA7-LiCl 140 2 MW 69 75 

1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 Wheat straw straw-derived 290 
sulfonated solid acid carbonaceous catalyst. 3 Highly porous polytriphenylamine sulfonated. 4 291 
Calculated as wt%. 5 N-methyl-2-pyrrolidone. 6 N-methyl-2-pyrrolidone methylsulfonate.  292 
7 N,N-dimethylacetamide. 8 N,N-dimethylacetamide methylsulfonate.  293 
9 1-butyl-3-(4-sulfobutyl)imidazolium trifluoromethanesulfonate.  294 
10 1-butyl-3-(4-sulfobutyl)imidazolium bis((trifluoromethyl)sulfonyl)amide. 295 
 296 

It is evident that wWithin the one-solvent systems, water is the that most employed 297 

solvent for the conversion of biomass to HMF in the presence of only one solvent. In fact, 298 

water is abundant, cheap, environmentally compatible, non-toxic, and non-flammable, 299 

thus resulting being the preferred choice from a green chemistry point of view. Moreo- 300 

ver, according to the mechanism reported in the Introductionintroduction Section, water 301 

can promote the hydrolysis of cellulose to glucose, whichthat is the first step of the bio- 302 

mass conversion. Although the employment of an acid catalyst is generally involved, 303 

recently also the autocatalytic conversion of a real feedstock, such asproperly a food 304 

waste, has been also investigated for the synthesis of HMF, working at high temperature 305 

(230 °C) under microwave MW irradiation, reaching the modest HMF yield of 7 mol% 306 

under the optimized reaction conditions (run 1, Table 1) [57]. However, due to the scarce 307 

efficiency of the autocatalytic reaction, this represents an isolated example.  and, Oon 308 

the other hand, a large variety of catalysts have has been tested for the conversion of not 309 

pretreated biomass, such asin particular mineral acids, as  and in particular H2SO4 , 310 

which because it resultsresultsing the most effective for the HMF production starting 311 

from simple sugars [3]. Abdilla-Santes et al. carried out the conversion of a sugar beet 312 

thick juice rich inof sucrose, with a biomass loading of 14.7 wt% reaching the HMF yield 313 

of 27 mol% (run 2, Table 1), higher than that obtained starting from pure sucrose, under 314 
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the same reaction conditions (about 18 mol%), due thanks to a lower formation of 315 

by-products (levulinic acid and humins) [58]. This has been addressed to the presence of 316 

sulfate ions in the thick juice, which. In fact, the authors found that sulfate anion can react 317 

with monoalcohol groups present inof the reaction intermediates stabilizing them of the 318 

reaction stabilizing them [76],  and thus preventing the by-products formation. 319 

Muñoz-Valencia et al. performed the reaction starting from mango pulp and skin under 320 

milder reaction conditions, in terms of sulfuric acid concentration and temperature, with 321 

the support of the microwave MW heating that allowed the reduction of reaction time 322 

(run 3, Table 1) [59]. Mango waste’s sugar profile is mainly characterized composed of by 323 

sucrose and, in lesser amounts, by fructose and glucose, disaccharides and monosaccha- 324 

rides, that can be more easily converted to HMF, reaching the yield of 21 mol%. Although 325 

the promising results were obtained from the sugar beet thick juice and mango’s waste, 326 

the most employed feedstocks are lignocellulosic biomasses. that Anyway, these are 327 

more recalcitrant than the previous ones, towards the conversion and the selective syn- 328 

thesis of HMF due to their complex matrixstructure, thus their conversion requiresre- 329 

quiring generally harsher reaction conditions, mainly in terms of  and in particular 330 

higher acid concentrations, to get satisfactory HMF yields. Therefore, Świątek et al. per- 331 

formed the reaction in a semi-continuous process starting from spruce and beach woods, 332 

reaching the HMF yield of 10 and 11 mol%, respectively, working at 200 °C and em- 333 

ploying a biomass/catalyst weight ratio of 5.1 (runs 4 and 5, Table 1) [60]. Dutta et al. 334 

carried out the conversion of recycled pulp paper towel in a microwave MW reactor 335 

under analogous reaction conditions in terms of temperature and biomass/catalyst 336 

weight ratio but, in this case, the major prevailing products were glucose and levulinic 337 

acid, and only the HMF with a yield of only 6 mol% was obtained (run 6, Table 1) [61]. 338 

Another kind of feedstock that in the last years is attracting great interest is the algal 339 

biomass. In fact, algae grow quickly, and their cultivation does not require the use of fer- 340 

tilizers or other particular careinputs, and their employment can contribute to reducinge 341 

the environmental problem of coastal eutrophication. Algae contain many carbohydrates 342 

and a low amount of lignin, resulting in a cheap and easy hydrolysable feedstock poten- 343 

tially easy to be hydrolyzed. On this basis, Jeong et al. proposed the red algae Gracilaria 344 

verrucosa as the substrate for the HMF synthesis of HMF catalyzed by H2SO4 (run 7, Table 345 

1) [62]. In fact, Gracilaria verrucosa is a promising feedstock for the HMF production being 346 

composed ofby agar, a polymer made up of units of D-galactose and 347 

3,6-anhydrogalactopyranose units, both easily hydrolysable to HMF. The authors opti- 348 

mized the HMF synthesis of HMF through a five-level three-factor central composite ro- 349 

tatable experimental design, reaching the highest yield of 18 mol%. and Remarkably, the 350 

authors highlighted finding that the HMF production of HMF was promoted by short 351 

reaction time/low reaction temperature/low catalyst concentration, being the two latter 352 

parameters more influential than the reaction time.  353 

Not only H2SO4 has been employed as homogeneous catalyst but Aalso inorganic 354 

salts, that differently from the mineral acids are characterized by the presence of 355 

Brønsted and Lewis acid sites, have been employed as homogeneous catalysts. For ex- 356 

ample, different chlorides were adopted tested by Hoşgün for the conversion of poppy 357 

stalks and the author found that CuCl2 strongly catalyzed the reaction, despite beingit is a 358 

divalent chloride (run 8, Table 1) [63]. It In fact, it is well- known that the higher amounts 359 

of chloride ion amount could promote the improve the cellulose conversion, so generally, 360 

trivalent metal chlorides should be preferred over the have a stronger effect on the bio- 361 

mass conversion than  the divalent ones [77]. However, according to Hoşgün, sugars 362 

form with Cu2+ a more stable complex than those with other divalent metals, due to the 363 

Jahn-Teller distortion [78], which is responsible for the particular characteristic activity of 364 

CuCl2. Jeong et al. tested aluminum sulfate as the catalyst for the conversion of the mi- 365 

croalgae Chlorella, which was optimized through the support of theby a Box-Benken de- 366 

sign, where evaluating the reaction temperature, the catalyst amount, and the reaction 367 

time were considered as the independent variables (run 9, Table 1) [64]. The optimized 368 
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reaction conditions, corresponding to low temperature, low catalyst amount and 369 

low/medium reaction time, allowed the achievementing of the maximum HMF yield of 370 

23 mol%. AlsoMoreover, the combination of inorganic salts with mineral acids could be a 371 

even more promising strategy, because it allows the tuning of the Brønsted and Lewis 372 

acidity aciditiesof the homogeneous catalytic system, as in the work ofreported by Bo- 373 

dachivskyi et al. [65]. They These authors carried out the conversion of two lignocellulo- 374 

sic biomasses (corncob and softwood chips) and two algae (Ulva lactuca and Porphyridium 375 

cruentum), which was catalyzed by combining ZnCl2 together withand HCl (runs 10–13, 376 

Table 1). The authors found that the acidity of ZnCl2 strongly depends on the level of 377 

hydration, :in particular, lower hydration states (n=2–3) correspond to stronger acidity, 378 

and whilst higher hydration states (n=3.25–4.5) correspond to milder acidity. For this 379 

reason, ZnCl2·4.25 H2O was efficient in towards the selective dissolution of microcrystal- 380 

line cellulose, selectively providing HMF and avoiding the formation of humins of 381 

humins. However, the addition of HCl allowed the further increase offurther improved 382 

the HMF yield and this combined system (ZnCl2·4.25 + HCl) was tested by the authors on 383 

different biomasses (runs 10–13, Table 1) in two steps, the first one at mild temperature 384 

(80 °C) and the second one at higher temperature (120 °C), in order to hydrolyze the 385 

biomasses to glucose and convert the this latter to HMF, respectively. Under these reac- 386 

tion conditions, the conversion of the softwood chips (run 11, Table 1) was less efficient 387 

with respect tothan those of the other biomasses, due to its recalcitrance, leading to the 388 

HMF yield of 22 mol%. However, in this case, the possible formation of humins has not 389 

been considered. AlsoBesides, the heterogeneous catalysts have been widely adopted for 390 

the HMF synthesis from real feedstocks but, in this case, the interaction of with the cata- 391 

lyst with biomass results less efficient, than the homogeneous systems due to mass 392 

transfer issuethe more difficult contact between the substrate and the active sites of the 393 

catalyst. Regarding the heterogeneous systems, sulfonated solid acid catalysts resulted to 394 

be efficient in towards the HMF synthesis of HMF from biomasses. In this regard, Chen et 395 

al. adopted Amberlyst-36 for the hydrolysis of vegetable wastes under microwave MW 396 

heating, reaching the HMF yield of 5 mol% and proving that HMF could be formed via 397 

direct glucose dehydration, without the intermediate production of fructose , considering 398 

that the Brønsted acid sites are inefficient in the isomerization step of glucose to fructose 399 

(run 14, Table 1) [66]. Jeong et al. used Amberlyst-15 for the conversion of the macroalgae 400 

Gracilaria verrucosa, achieving the promising HMF yield of 19 mol%, probably due to the 401 

high amount of galactose that can be converted to HMF more easily than glucose (run 15, 402 

Table 1) [67]. Li et al. carried out the HMF synthesis of HMF from sugarcane bagasse in 403 

the presence of the commercial D001-cc ion-exchange resin, under microwave MW 404 

heating (runs 16 ad 17, Table 1) [68]. This resin has pores with enough  large sizes that to 405 

enable both biomass and solvent molecules to enter easily into the channels, providing a 406 

large contact area between the substrate and the catalyst active sites and, as conse- 407 

quencethus improving the biomass conversion, a favorable conversion of biomass to 408 

HMF. The authors performed the reaction in water and DMSO, obtaining under the same 409 

reaction conditions the maximum HMF yields of 8 and 18 mol%, respectively, proving 410 

that the organic solvent hampered the HMF degradation and allowed the achieving of a 411 

higher yield. Not only commercial sulfonated heterogeneous catalysts have been adopted 412 

but also synthestized sulfonated catalysts obtained for example from wastes, as reported 413 

in the work of Ozsel et al., who prepared the catalyst by the sulfonation of wheat straw 414 

carbonaceous residue (runs 18–20, Table 1) [69]. The obtained catalyst (BT300S) was 415 

characterized by an elevated acid density (1.76 mmol/g of –SO3H group), resulting active 416 

in towards the hydrolysis reaction. and The synthesized sulfonated catalyst was able to 417 

interact with the carbohydrate substrate mainly through two forces: i) hydrogen bonds 418 

between the –OH groups of carbohydrates and the oxygenated functional groups on the 419 

catalyst surface (–COOH and –OH); ii) van der Waals forces between the CH groups of 420 

carbohydrates and the aromatic rings of the carbon structure of the catalyst. This catalyst 421 

was employed for the conversion of several biomasses (waste fluff, cotton linter, and corn 422 
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straw) at 200 °C, reaching very promising yields at different reaction times, due ascriba- 423 

ble to the different chemical compositions and cellulose crystallinity crystallinities of the 424 

three biomasses. For example, the extension of the reaction time up to 240 min for the 425 

conversion of cotton linter was necessary to reach a high HMF yield, because its hydrol- 426 

ysis wasresulted difficult due to the high degree of cellulose crystallinity of the adopted 427 

biomass (loading of only 2 wt%). This is reflected ion the percentage of cotton linter hy- 428 

drolysis at 200 °C, whichthat was only 27 wt%, lower than those achieved under the same 429 

reaction conditions fromof corn straw and waste fluff, equal to 61 and 43 wt% respec- 430 

tively, when employed under the same reaction conditions at low biomass loading (2 431 

wt%). Mondal et al. prepared a highly porous polytriphenylamine sulfonated catalyst 432 

(SPPTPA), which was and used it for the conversion of sugarcane bagasse in organic 433 

solvents, such as DMSO and N-methylpirrolidone (NMP), under microwave MW irra- 434 

diation, leading to HMF yields of about 20 mol%, probably thanks to the good micro- 435 

wave MW absorbing ability of these solvents (runs 21 and 22, Table 1) [70]. The same 436 

catalyst was also adopted, with better performances, for the conversion of corncob under 437 

conventional heating in the renewable solvent GVL, particularly active in the synthe- 438 

sistowards the of HMF synthesis, being a hydrophilic lactone, generally more suitable 439 

than the hydrophobic ones in this reaction (run 23, Table 1) [71]. FurthermoreBesides, 440 

heterogeneous catalysts having both Brønsted acid/basic sites and Lewis acid sites have 441 

been also adopted for the HMF synthesis from raw biomasses. Mimura et al. performed 442 

the conversion of several wastes and natural cellulose-based materials, in particular used 443 

clothing, used paper, and japanese cedar, proposing the inorganic catalyst Ca3(PO4)2, but 444 

reaching modest HMF yield of 10, 8, and 14 mol%, respectively, despite the low substrate 445 

loadings (0.7–1.5 wt%) (runs 24–26, Table 1) [72]. As reported in Figure 2, the conversion 446 

of cellulose to HMF generally requires: i) hydrolysis of cellulose to glucose, catalyzed by 447 

Brønsted acids; ii) isomerization of glucose to fructose, catalyzed by Lewis acids or 448 

Brønsted bases; iii) conversion of fructose to HMF, catalyzed by Brønsted acids. For this 449 

reason, Ca3(PO4)2 was an active catalyst towards the HMF synthesis from cellulose-based 450 

materials, having both Brønsted acid sites, due to the PO43– groups, and base sites, possi- 451 

bly dueascribed to the Ca–O groups. A hHigher HMF yield, equal to of 27 mol%, was 452 

reached claimed by Mo et al., who carried out the conversion of waste cotton stalks to 453 

HMF with the super acid SO42-/ZrO2, which was stable also after four cycles, giving the 454 

yield of 25 mol% (run 27, Table 1) [73]. The heterogeneous catalysts with both Brønsted 455 

and Lewis acid sites have been adopted also infor the conversion of algae in the aqueous 456 

medium. In fact, Wang et al. carried out the HMF synthesis of HMF starting from the 457 

microalgae Chlorococcum sp., working at low biomass loading (1 wt%) and in the presence 458 

of the commercial H-ZSM-5 zeolite, which led to a good HMF yield (39 mol%), %). This 459 

yield was higher than that achieved adopting with H2SO4 (10 mol%), working under the 460 

same reaction conditions, thus confirming the importance of both types of acid sites for 461 

improving the HMF production (run 28, Table 1) [74]. Moreover, the authors found that 462 

HMF was particularly stable during the conversion of microalgae, which is and they 463 

proved that this could be ascribable to the presence of proteins and lipids in the reaction 464 

mixture deriving from disruption of the adopted biomass. In fact, proteins partially oc- 465 

cupied the acid sites, thus preventing the rehydration of HMF to levulinic and formic 466 

acids, whereas hydrophobic lipids formed a micro-biphasic system with water, moving 467 

away HMF from acid sites [79]. These results are interesting because show that compli- 468 

cated separation and purification steps of microalgae from nutrients are not necessary 469 

and the raw Chlorococcum sp. can be directly employed as feedstock for HMF production. 470 

FinallyLastly, the employment of N,N-dimethylacetamide-Lithium lithium chloride 471 

(DMA-LiCl) medium was reported as an efficient solvent system for the conversion of 472 

wood ear mushrooms, carried out in the presence of different ionic liquids as catalysts. In 473 

fact, lLiterature reports that this medium is effective in towards the biomass dissolution, 474 

of biomass due to the formation of (DMA)nLi+ macrocations. The latter lead to a higher 475 

concentration of Cl– ions that can interact with –OH groups of biomass, promoting the 476 
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disruption of intra and inter-chain H-bonds of polysaccharides [80]. Moreover, the 477 

adopted Brønsted acid ionic liquids also promote the biomass conversion by donating 478 

protons and their effectiveness, depending on their different proton donating abilities, 479 

follows the order: [BBIM-SO3][NTf2] > [DMA][CH3SO3] > [BBIM-SO3][OTf] > 480 

[NMP][CH3SO3] (runs 29–32, Table 1) [75]. At the end of the reaction, HMF was obtained 481 

in high yield (about 60 mol%), and then it was separated through extraction with diethyl 482 

ether extraction. The reaction mixture, containing the spent catalyst and DMA-LiCl, was 483 

recycled and only a slight decrease of HMF yield of about 5 mol% was obtained after 484 

three cycles, proving that the ionic liquids can be effectively recycled. 485 

2.1.2. Ionic liquids (ILs) and deep eutectic solvents (DESs) 486 

The complex structure of lignocellulosic biomass hampers its solvation and conver- 487 

sion in conventional solvents (water and organic systems), so alternative ones, such as 488 

ionic liquids (ILs) and deep eutectic solvents (DES), have recently attracted great interest. 489 

ILs are organic salts typically composed ofby large cations and small anions, which can 490 

destroying the hydrogen bonds network between the polysaccharides, at the same time 491 

improving the solvation and acting as catalysts [81]. However, ILs show some draw- 492 

backs, such as difficult synthesis, low biodegradability, high cost, and low vapor pres- 493 

sure, the latter that makinges unfeasible the HMF recovery through distillation. There- 494 

fore, recent the research has developed a new type of ionic liquids, called DESs. In gen- 495 

eral, DESs are composed ofby a hydrogen bond acceptor, usually a quaternary ammo- 496 

nium salt such as choline chloride (ChCl), and a hydrogen bond donor, such as urea, cit- 497 

ric acid, and glycerol [82]. The DESs deriving originating from the combination of ChCl 498 

with one of these hydrogen bond donors are low costcheap, low vapor pressure, and 499 

eco-friendly, and eco-friendly, thus resulting more promising attractive than ILs for the 500 

HMF synthesis of HMF from real biomasses [83]. Table 2 summarizes the available data 501 

for the HMF synthesis of HMF from not pretreated biomasses in ionic liquids and deep 502 

eutectic solvents. 503 

 504 

 505 

 506 

 507 

Table 2. HMF production from raw biomasses in ionic liquids and deep eutectic solvents. 508 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

33 Wood chips (4.8%) CrCl3·6H2O (1.3) [BMIM]Cl2 120 120 Conv. 41 84 

34 Rice straw (4.8%) CrCl3·6H2O (1.3) [BMIM]Cl2 120 120 Conv. 35 84 

35 
Wheat straw 

(10.0%) 
CrCl3 (1.2) [BMPy]Cl3 130 120 Conv. 50 85 

36 Rice husk (10.0%) CrCl3 (1.0) [BMPy]Cl4 130 60 Conv. 26 86 

37 
Wheat husk 

(10.0%) 
CrCl3 (1.0) [BMPy]Cl4 130 60 Conv. 45 86 

38 
Corn stover 

(10.0%) 
CrCl3 (1.0) [BMPy]Cl4 130 60 Conv. 39 86 

39 
Sugarcane bagasse 

(10.0%) 
CrCl3 (1.0) [BMPy]Cl4 130 60 Conv. 16 86 

40 
Coconut shells 

(10.0%) 
CrCl3 (1.0) [BMPy]Cl4 130 60 Conv. 26 86 

41 
Almond shells 

(10.0%) 
CrCl3 (1.0) [BMPy]Cl4 130 60 Conv. 30 86 

42 June grass (3.8%) CuCl2 (8.3) [Et3NH][HSO4]4 180 41 MW 45 87 

43 
Mixed herb residue 

(4.8%) 
SnCl4· 5H2O (0.3) 

ChCl5/formic 

acid  

(1/8 mol/mol) 

140 30 Conv. 55 88 
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44 

Anemarrhena as-

phodeloides Bunge 

(4.8%) 

SnCl4· 5H2O (0.2) 

ChCl5/formic 

acid  

(1/8 mol/mol) 

140 30 Conv. 77 88 

45 
Caulis Polygoni 

Multiflori (4.8%) 
SnCl4· 5H2O (0.2) 

ChCl5/formic 

acid (1/8 

mol/mol) 

140 60 Conv. 14 88 

46 
Sugarcane bagasse 

(4.8%) 

D001-cc 

ion-exchange resin 

(1.0) 

[BMIM]Cl2 140 25 MW 21 68 

47 
Sugarcane bagasse 

(4.8%) 

D001-cc 

ion-exchange resin 

(1.0) 

[BMIM]OAc6 140 25 MW 25 68 

48 
Babool wood 

(4.8%) 

Sulfonated activated 

carbon (2.0) 
[BMIM]Cl3 120 60 Conv. 33 89 

49 Corn stalk (4.8%) HCSS7 (1.0) [BMIM]Cl2 150 30 Conv. 44 90 

50 Corn stalk (20.0%) Biochar-Mg-Sn (5.0) AMIMBF48 100 180 Conv. 43 91 

51 Corn stalk (20.0%) Biochar-Mg-Sn (5.0) AMIMBr9 100 180 Conv. 49 91 

52 Corn stalk (20.0%) Biochar-Mg-Sn (5.0) AMIMCl10 100 180 Conv. 61 91 

53 Corn husk (4.8%) 
ChCl5/oxalic acid 

(0.05) 

ChCl5/oxalic 

acid  

(1/1 mol/mol)  

80 60 Conv. 14 92 

1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 1-butyl-3-methylimidazolium 509 
chloride. 3 1-butyl-3-methylpyridinium chloride. 4 Triethylammonium hydrogen sulfate.5 Choline 510 
chloride.6 1-butyl-3-methylimidazolium acetate. 7 Hydrothermal carbonized corn stalk sulfonated.  511 
8 1-allyl-3-methylimidazolium tetrafluoroborate.9 1-allyl-3-methylimidazolium bromide.  512 
10 1-allyl-3-methylimidazolium chloride. 513 

 514 

Also Even in the presence of these solvents both homogeneous, in particular inor- 515 

ganic salts, and heterogeneous catalysts, have been adopted for the synthesis of HMF 516 

from biomasses. Regarding the inorganic salts, the most largely adopted one wasCrCl3 517 

has been proposed, whichthat led to leading to good HMF yield of 41, 35, and 50 mol%, 518 

starting from wood chips, rice straw, and wheat straw, respectively, working under 519 

conventional heating (runs 33–35, Table 2) [84,85]. In particularRemarkably, Naz et al. 520 

proved the beneficial role of CrCl3 in increasing thetowards the HMF yield, due to its 521 

Lewis acidic properties, that promoted the isomerization step [85]. Moreover, the au- 522 

thors, comparing different ILs anions, demonstrated that Cl– allowed the highest con- 523 

version being the stronger bond acceptor, thus increasing the acidity of ILs and promot- 524 

ing the dehydration step. In a more recent workMore recently, the same authors inves- 525 

tigated the employment of CrCl3 as the catalyst for the conversion of other biomasses, 526 

underlining the possibility of performing the one-pot delignification and simultaneous 527 

conversion of the cellulose fraction to HMF under the proposed reaction conditions (runs 528 

36–41, Table 2). The authors found that the agricultural residues led togave higher HMF 529 

yields with respect to thethan dry fruit shells and. they They obtained the highest HMF 530 

yield of 45 mol% from the wheat husk and the maximum lignin recovery, of about 65 531 

wt%, from the rice husk [86]. Due to the high polarity of ILs, they these are able tocan 532 

well absorb microwaves MWs, by this way and this can further promote promoting the 533 

rupture breaking of intermolecular hydrogen bonds between polysaccharides, and con- 534 

sequently improving their conversion [81]. Therefore, the microwave MW heating has 535 

been adopted for the HMF synthesis of HMF from biomasses, by combining  in ILs and 536 

in the presence of inorganic salts as catalysts. In particular, a protic ionic liquidIL, the 537 

such as triethylammonium hydrogen sulfate ([Et3NH][HSO4]), was employed as the sol- 538 

vent for the HMF synthesis of HMF from June grass catalyzed by CuCl2, reaching the 539 

HMF yield of 45 mol% (run 42, Table 2) [87]. The mechanism proposed by the authors 540 

involves also [Et3NH][HSO4] as active specie in biomass conversion. In fact, they sup- 541 

posed that the reaction of CuCl2 with the reaction medium led to the formation of a Cu2+ 542 
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hexa-aquo complex, SO4, the amine Et3N, which acted as Brønsted base, and HCl that 543 

boosted the rupture of the glycosidic bond of cellulose thus producing glucose. The latter 544 

can be converted to HMF through the isomerization step to fructose, catalyzed by the 545 

Brønsted base Et3N and/or the Cu2+ hexa-aquo complex, followed by the dehydration of 546 

fructose to HMF, exploiting the thanks to HCl acidity. On the other hand, Yu et al. re- 547 

ported the employment of inorganic salt (SnCl4) as the catalyst in the HMF synthesis of 548 

HMF from herb residues, performed working in DES, composed ofby choline chloride 549 

and formic acid, in which the catalyst resulted soluble at temperature higher than 100 °C 550 

(runs 43–45, Table 2) [88]. The highest HMF yield, equal to of 77 mol%, was ascertained 551 

with Anemarrhena asphodeloides Bunge herb, that includes is composed ofby a higher 552 

amount of soluble carbohydrates, especially fructose and sucrose, with respect to thethan 553 

other investigated biomasses, especially fructose and sucrose, which are easier converted 554 

to HMF than polysaccharides.  555 

Regarding the heterogeneous catalysts, both commercial and ad-hoc synthesized 556 

ones have been used as catalysts in IL-systemss. Li et al. carried out the synthesis of HMF 557 

from sugarcane bagasse, employing D001-cc ion-exchange resin under microwave MW 558 

heating in, in two different ILs, e.g. [Bmim]OAc and [Bmim]Cl under the same reaction 559 

conditions. The authors achieved higher HMF yield in the presence of [Bmim]OAc, than 560 

with [Bmim]Cl due thanks to its more efficient microwave MW energy absorption and 561 

lower viscosity, which enable [Bmim]OAc to make the catalyst more accessible thus im- 562 

proving its accessibility to the sugarcane bagasse, thus promoting itswhich is more prone 563 

to the conversion (runs 46 and 47, Table 2) [68]. Moreover, the HMF yields obtained 564 

performing the reaction working in the two ILs resulted were higher than those achieved 565 

working in water and DMSO (runs 16 and 17, Table 1), confirming the beneficial role of 566 

ILs. In addition to the commercial heterogeneous catalysts, several works reported the 567 

preparation synthesis and the employmentuse of ad-hoc synthesized catalysts for the 568 

conversion of wastes to HMF. An example is the work ofproposed by Tyagi et al., who 569 

prepared a sulfonated activated carbon, which was tested  and adopted it for the HMF 570 

synthesis of HMF from Babool wood in [BMIM][Cl], reaching the maximum yield of 33 571 

mol% under the optimal reaction conditions (run 48, Table 2) [89]. AnalogouslySimilarly, 572 

Yan et al. synthesized a carbonaceous material characterized byincluding sulfonic, acid, 573 

and phenolic groups, through the hydrothermal carbonization of corn stalk followed by 574 

the sulfonation step of the produced hydrochar. The as-prepared catalyst (HCSS) was 575 

tested in for the conversion of corn stalk in [BMIM][Cl], leading to an the best HMF yield 576 

of 44 mol% (run 49, Table 2) [90]. The authors attributed the good catalytic activity of 577 

HCSS to the synergistic effect of all its functional groups. In fact, acid and phenolic 578 

groups on the catalyst surface are able tocan adsorb the cellulose dissolved in IL, whereas 579 

the sulfonic groups can hydrolyze the cellulose. Another example of a synthesized acid 580 

catalyst is reported by Liu et al., who prepared a promising biochar for the production of 581 

HMF from corn stalk, and tested it for the HMF production in ILs. The authors prepared 582 

the biochar through the carbonization of the corn stalk itself and improved its physical 583 

and chemical catalytic properties by the addition of ions, such as Mg2+ and Sn4+, which 584 

enhanced the delignification of corn stalk, thus promoting the dissolution of biomass in 585 

the reaction medium. The authors investigated the influence effect of different anions 586 

(BF4–, Br–, Cl–) composing the employed IL on the HMF production, finding that, under 587 

the same reaction conditions,identifying the highest HMF yield of 61 mol% with the was 588 

reached with chlorideCl–, which strongly enhanced the biomass conversion (runs 50–52, 589 

Table 2) [91]. This is a promising HMF yield, expecially considering that a high substrate 590 

loading (20 wt%) was employed. The adopted catalyst was recycled up to five consecu- 591 

tive runs, showing only a slight decrease inof activity, thus proving to be a stable and 592 

reusable system. FinallyLastly, a recent work investigated the potentialities of DES, 593 

composed ofby choline chloride and oxalic acid, as both solvent and catalyst of the reac- 594 

tion mixture for the conversion of corn husk. The acidic medium was sufficiently active 595 

to promote the conversion of the biomass, but the authors found that the high acid 596 
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strength of the system promoted the formation of humins, leading to a low HMF yield, 597 

equal to 14 mol% (run 53, Table 2) [92].   598 

2.1.3. Biphasic and/or multiple solvent systems 599 

The employment combined use of two or moredifferent solvents generally allows 600 

the formation of a biphasic system, which includes where it is possible to identify a reac- 601 

tion phase, in which the catalyst is confined and the reaction takes placewhere HMF 602 

synthesis occurs, and an extracting phase that removes HMF, which allows the HMF 603 

prompt isolation, thus enhancing its yield limiting the formation of by-products. The 604 

most employed biphasic system is composed ofby water (reaction phase) and an organic 605 

solvent (extracting phase), but also ILs and DESs have been recently adopted as the re- 606 

action phase for the biomass conversion of biomass to HMF. Due to the strong en- 607 

hancement of HMF yield afforded in a biphasic system, this is surely the most adopted 608 

reaction medium. and in tThe following Tables  are summarizesd the available data for 609 

the synthesis of HMF starting from not pretreated biomasses, in presence of mineral and 610 

organic acids (Table 3), inorganic salts and their combinations of them with acids (Table 611 

4), heterogeneous catalysts (Table 5) and other catalytic systems (Table 6). 612 

Table 3. HMF production starting from raw biomasses in biphasic and/or multiple solvent systems 613 
with mineral and organic acids. 614 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

54 
Sugar beet juice 

(3.7%) 
H2SO4 (35.0) 

H2O-NaCl/MeTHF2 

(1/4 v/v) 
150 20 Conv. 963 93 

55 

Microalgae  

Chlorella  

sorokiniana (1.6%) 

H2SO4 (3.6) 
H2O-LiCl/DMSO  

(1/3 v/v) 
150 120 Conv. 52 94 

56 Bamboo (0.6%) HCl (21.4) H2O/MIBK (1/19 v/v) 177 60 MW 42 95 

57 
Bamboo culm 

(0.6%) 
HCl (21.4) H2O/MIBK (1/19 v/v) 177 60 MW 37 96 

58 
Bamboo leaves 

(0.6%) 
HCl (21.4) H2O/MIBK (1/19 v/v) 177 60 MW 35 96 

59 
Macroalgae Ulva 

prolifera (2.0%) 
Formic acid (1.6) 

H2O-NaCl/THF  

(1/1 v/v) 
200 60 Conv. 31 97 

60 Pinewood (2.0%) 
Levulinic acid 

(4.0) 

H2O/MeTHF2  

(1/1 v/v) 
200 60 Conv. 21 98 

61 Straw (1.0%) 
Sulfanilic acid 

(6.0) 

H2O,DMSO/ 

2-butanol, MIBK  

(1/2 v/v) 

150 60 Conv. 41 99 

62 
Barley husk 

(1.0%) 

Sulfanilic acid 

(7.1) 

H2O,DMSO/ 

2-butanol, MIBK  

(1/2 v/v) 

150 60 Conv. 41 99 

1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 2-methyltetrahydrofuran.  615 
3 Calculated respect to the moles of fructose.  616 

 617 

Abdilla-Santes et al. carried out the HMF synthesis of HMF starting from sugar beet 618 

juice (3.7 wt%), in the presence of H2SO4 as the catalyst and the authors investigated the 619 

role of the solvent compositiondifferent biphasic systems. They found that a higher HMF 620 

selectivity was reached using MeTHF than instead of MIBK (82 and 75 mol%, respec- 621 

tively) due to the higher partition coefficient of HMF in the biphasic system MeTHF/H2O 622 

than MIBK/H2O (1.9 and 1.0, respectively), proving the beneficial effect of the more effi- 623 

cient removal of HMF from the acid phase. The authors investigated also investigated the 624 

influence of the salt addition, such as NaCl, claiming that the salting-out effect allowed 625 

the increase of the partition coefficient (from 1.9 to 3.7 for MeTHF/H2O and from 1.0 to 1.8 626 

for MIBK/H2O) and the improvement of HMF yield up to 96 mol% in H2O-NaCl/MeTHF 627 
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system (run 54, Table 3) [93]. Also, Amoah et al. adopted H2SO4 as the catalyst for the 628 

HMF production from the microalgae Chlorella sorokiniana in the H2O-LiCl/DMSO sys- 629 

tem, adopting a low substrate loading (1.6 wt%). DMSO was chosen as the organic phase, 630 

due to its good thermal stability. However, due to its high polarity, it is miscible with 631 

water, giving a monophasic solution that acts as a biphasic one, thus stabilizing the 632 

HMFit and reducing the formation of by-products formation. However, the addition of a 633 

salt, such as LiCl, reduced the mutual solubility of DMSO and H2O, leading to a signifi- 634 

cant improvement of HMF yield up to 52 mol% (run 55, Table 3) [94]. Although the for- 635 

mation of by-products formation was reduced in H2O-LiCl/DMSO, the authors attributed 636 

the achieved good HMF yield also to the contribution of the high amount of lipids pre- 637 

sent in the microalgae Chlorella sorokiniana that, forming a micro-biphasic system, can 638 

further limit the formation of by-products formation. HCl was adopted by Sweygers et al. 639 

for the conversion of bamboo under MW heating in the H2O/MIBK system, employing a 640 

very low substrate loading (0.6 wt%). The authors identified the optimal reaction condi- 641 

tions adopting a statistical model starting from pure cellulose, and these were subse- 642 

quently applied on bamboo, achieving the analogous HMF yield of about 42 mol% (run 643 

56, Table 3) [95]. More recently, the same authors successfully applied the optimized re- 644 

action conditions to produce HMF from bamboo culm and bamboo leaves, reaching 645 

yields of 37 and 35 mol%, respectively (run 57 and 58, Table 3) [96]. In addition to mineral 646 

acids, also organic acids, such as formic and levulinic acids, both deriving both from the 647 

HMF rehydration of HMF, have been also tested as catalysts for the HMF production. 648 

Formic acid was proposed  for the conversion of the macroalgae Ulva prolifera, and it 649 

strongly promoted the depolymerization of polysaccharides and the dehydration of 650 

monosaccharides, thus accelerating the HMF formation and increasing its yield. The 651 

presence of THF suppressed the HMF  rehydration and polymerization, of HMF and the 652 

addition of NaCl to water allowedled to the formation of a biphasic system 653 

(H2O-NaCl/THF), where the organic phase extracted the HMF achieving the highest 654 

HMF yield of about 31 mol% (run 59, Table 3) [97]. On the other hand, levulinic acid was 655 

employed as the catalyst for the conversion of pinewood in the H2O/MeTHF system, 656 

where and the prevailing  acid distribution in the two solvents depended on their ratio. 657 

In fact, the increase inof the H2O/MeTHF ratio reduced the levulinic acid amount in the 658 

organic phase. In addition, the H2O/MeTHF ratio influenced the polarity of the system 659 

and the catalytic behavior, . thus Remarkably, an increase inof water amount accelerated 660 

the cleavage of glycosidic bonds, enhancing the hydrolysis step, but an excessive amount 661 

of water significantly promoted the HMF  rehydration and polymerization, thus  of 662 

HMF causing a decrease of its yield. On this basis, a 1:1 volume ratio was selected as op- 663 

timumoptimal, because it ledleading to the highest HMF yield of 21 mol% (run 60, Table 664 

3) [98]. Other researchers reported the employment of a bifunctional organocatalyst, such 665 

as the sulfanilic acid, for the conversion of biomasses to HMF. In fact, sSulfanilic acid has 666 

both sulfonic and amino groups, e.g. that give it  Brønsted acidity and basicity proper- 667 

ties, thus resulting effective active in towards hydrolysis/dehydration and isomerization 668 

steps, respectively. The authors adopted a complex biphasic system, where the reactive 669 

phase was composed ofby H2O and DMSO, whilst the extracting phase by 2-butanol and 670 

MIBK. DMSO was added to water with the aim of increasingto increase the amount of 671 

β-D-fructofuranose tautomer, which is the real form subjected toundergoes dehydration, 672 

whereas 2-butanol was added to the organic phase in order to enhance the HMF extrac- 673 

tion. Under the best reaction conditions, the authors achieved the HMF yield of 41 mol% 674 

starting from both straw and barley husk, and the recycled catalyst in the aqueous phase 675 

showed to bewas active up to five consecutive runs (runs 61 and 62, Table 3) [99]. How- 676 

ever, it must be underlined that this good yield was achieved by adopting a very low 677 

biomass loading (only 1 wt%), an aspect that weakens the effectiveness of the result. 678 

A larger number of examples have been reported for inorganic salts and their com- 679 

bination with acids, because this catalytic system allowed an easier modulation of 680 
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Brønsted and Lewis acidity, that, as previously commented, is an aspect of paramount 681 

importance in order to reach promising HMF yields (Table 4). 682 

Table 4. HMF production starting from raw biomasses in biphasic and/or multiple solvent systems 683 
with inorganic salts and combinations of them with acids. 684 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

63 
Eucalyptus pulp 

(1.2%) 
Fe2(SO4)3 (1.3) 

H2O/MIBK  

(1/5 v/v) 
200 60 Conv. 32 100 

64 

Mixed spruce, 

pine and fir pulp 

(1.2%) 

Fe2(SO4)3 (1.3)  
H2O/MIBK  

(1/5 v/v) 
200 90 Conv. 29 100 

65 
Eucalyptus pulp 

(1.2%) 
Fe2(SO4)3 (1.3)  

H2O/MIBK  

(1/5 v/v) 
170 20 MW 27 100 

66 

Mixed spruce, 

pine and fir pulp 

(1.2%) 

Fe2(SO4)3 (1.3)  
H2O/MIBK  

(1/5 v/v) 
170 20 MW 25 100 

67 

Macroalgae  

Enteromorpha  

prolifera (2.1%) 

FeCl3 (9.9) 
H2O-NaCl/THF  

(1/1 v/v) 
190 60 Conv. 33 101 

68 Bamboo (4.8%) NaCl (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 18 102 

69 Bamboo (4.8%) MgCl2 (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 18 102 

70 Bamboo (4.8%) CaCl2 (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 20 102 

71 Bamboo (4.8%) AlCl3 (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 22 102 

72 Bamboo (4.8%) CrCl3 (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 27 102 

73 Bamboo (4.8%) ZnCl2 (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 29 102 

74 Bamboo (4.8%) CuCl2 (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 30 102 

75 Bamboo (4.8%) FeCl3 (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 36 102 

76 Bamboo (4.8%) SnCl4 (6.7) 
H2O/sulfolane  

(1/7 v/v) 
200 120 Conv. 41 102 

77 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/DMSO  

(1/1 v/v) 
140 20 MW 17 103 

78 
Unskinned kiwi 

fruit (4.8%) 
SnCl4 (3.5) 

H2O/DMSO  

(1/1 v/v) 
140 20 MW 32 104 

79 
Watermelon flesh 

(4.8%) 
SnCl4 (3.5) 

H2O/DMSO  

(1/1 v/v) 
140 20 MW 39 104 

80 Rice waste (4.8%) SnCl4 (3.5) 
H2O/DMSO  

(1/1 v/v) 
140 20 MW 13 104 

81 Rice waste (4.8%) SnCl4 (3.5) 
H2O/DMSO  

(1/1 v/v) 
140 40 MW 33 104 

82 Rice waste (4.8%) AlCl3 (6.8) 
H2O/DMSO  

(1/1 v/v) 
140 40 MW 29 104 

83 Rice waste (4.8%) CrCl3 (5.7) 
H2O/DMSO  

(1/1 v/v) 
140 40 MW 23 104 

84 Rice waste (4.8%) AlCl3 (6.8) 
H2O/DMSO  

(1/1 v/v) 
140 100 MW 35 105 
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85 Rice waste (4.8%) SnCl4 (3.5) 
H2O/DMSO  

(1/1 v/v) 
140 80 MW 36 106 

86 Rice waste (4.8%) SnCl4 (3.5) 
H2O/acetone  

(1/1 v/v) 
140 20 MW 32 106 

87 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/DMSO  

(1/1 v/v) 
160 20 MW 38 107 

88 
Bread waste 

(4.8%) 
AlCl3 (6.8) 

H2O/DMSO  

(1/1 v/v) 
160 20 MW 33 107 

89 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/DMSO  

(1/1 v/v) 
140 60 MW 35 108 

90 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/THF  

(1/1 v/v) 
140 120 MW 10 108 

91 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/ACN2  

(1/1 v/v) 
140 10 MW 33 108 

92 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/acetone  

(1/1 v/v) 
140 10 MW 33 108 

93 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/acetone  

(1/1 v/v) 
120 50 MW 22 109 

94 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/GVL  

(1/1 v/v) 
120 40 MW 31 109 

95 
Bread waste 

(4.8%) 
SnCl4 (3.5) 

H2O/PC3  

(1/1 v/v) 
120 7 MW 26 109 

96 
Corn waste 

(4.8%) 
SnCl4 (3.5) 

H2O/acetone  

(1/1 v/v) 
140 10 MW 27 110 

97 Taro waste (4.8%) SnCl4 (3.5) 
H2O/acetone  

(1/1 v/v) 
140 10 MW 30 110 

98 
Rice waste 

(10.0%) 
SnCl4 (3.5) 

H2O-NADES4/MIBK 

(1/25 v/v) 
130 120 Conv. 61 111 

99 
Bread waste 

(10.0%) 
SnCl4 (3.5) 

H2O-NADES4/MIBK 

(1/25 v/v) 
130 120 Conv. 55 111 

100 Rice waste (4.8%) AlCl3·6H2O (0.5) 
H2O-ChCl/GVL  

(1/1 v/v) 
140 60 Conv. 19 112 

101 Molasses (12.8%)  AlCl3 (61.5) 
H2O/GVL  

(1/4 v/v) 
160 180 Conv. 24 113 

102 
Sunn hemp fibres 

(2.0%) 
CuCl2 (6.3) 

H2O/[BMIM]Cl5  

(1/4 v/v) 
180 46 MW 34 114 

103 June grass (3.8%) CuCl2 (10.0) 
H2O/[BMIM]Cl5 

(1/3.3 v/v) 
180 36 MW 31 87 

104 
Fir sawdust 

(3.2%) 
CoCl2·6H2O (1.4) 

H2O/isopropanol 

(1/2.3 v/v) 
180 180 Conv. 19 115 

105 

Mixed spruce, 

pine and fir pulp 

(1.2%) 

Fe2(SO4)3 (1.3) + 

HCl (33.3) 

H2O/MIBK  

(1/5 v/v) 
200 80 Conv. 38 100 

106 
Eucalyptus pulp 

(1.2%) 

Fe2(SO4)3 (12.5) + 

HCl (16.7) 

H2O/MIBK  

(1/5 v/v) 
200 30 Conv. 29 100 

107 
Corn stover 

(4.8%) 

AlCl3 (46.9) + HCl 

(41.7)  

H2O/dioxane  

(1/4 v/v) 
200 5 MW 69 116 

108 
Loblolly pine 

(4.8%) 

AlCl3 (46.9) + HCl 

(41.7)  

H2O/dioxane  

(1/4 v/v) 
200 5 MW 60 116 

109 
Switchgrass 

(4.8%) 

AlCl3 (46.9) + HCl 

(41.7)  

H2O/dioxane  

(1/4 v/v) 
200 5 MW 65 116 

110 
Hybrid poplar 

(4.8%) 

AlCl3 (46.9) + HCl 

(41.7)  

H2O/dioxane  

(1/4 v/v) 
200 5 MW 67 116 
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111 Rice waste (4.8%) 
SnCl4 (3.5) +  

maleic acid (31.0) 

H2O/DMSO  

(1/1 v/v) 
140 40 MW 35 106 

112 Rice waste (4.8%) 
SnCl4 (3.5) +  

maleic acid (31.0) 

H2O/acetone  

(1/1 v/v) 
140 10 MW 30 106 

113 Rice waste (4.8%) 
AlCl3 (6.8) +  

maleic acid (31.0) 

H2O/DMSO  

(1/1 v/v) 
140 100 MW 17 105 

114 
Sugarcane  

bagasse (9.0%)  

AlCl3 (6.7) +  

oxalic acid  

dihydrate (1.0) +  

HCl (17.9) 

DMSO/ 

2-butanol, MIBK  

(1/1 v/v) 

130 360 Conv. 43 43 

115 
Raw potato 

(9.0%) 

AlCl3 (6.7) +  

oxalic acid  

dihydrate (1.0) +  

HCl (17.9) 

DMSO/ 

2-butanol, MIBK  

(1/1 v/v) 

130 360 Conv. 40 43 

1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 Acetonitrile. 3 Propylene car- 685 
bonate.4 Natural deep eutectic solvent composed ofby glucose and choline chloride.  686 
5 1-butyl-3-methylimidazolium chloride. 687 

 688 

The salts are able to actcan act as both Brønsted and Lewis acids. In fact, in aqueous 689 

media they dissociate into cations and anions, the first ones are solvated by water, 690 

forming aqueous complex ions that through their hydrolysis release protons through 691 

hydrolysis, whereas the anions react with water to form the respective acid, thus confer- 692 

ring Brønsted acid properties to the salt. Moreover, the cations can form an adduct with 693 

saccharides, thus weakening the intra-molecular bonds of polysaccharides and as con- 694 

sequenceconsequently accelerating their hydrolysis, . and iIn addition, they can act as 695 

Lewis acid promoting the isomerization of glucose to fructose [100]. In this regard, 696 

Mukherjee et al. employed Fe2(SO4)3 as the catalyst for the conversion of eucalyptus pulp 697 

(hardwood) and mixed pulp of spruce, pine, and fir (softwoods) in an H2O/MIBK solvent 698 

system. Under the conventional heating, the authors achieved the HMF yield of 32 and 29 699 

mol% after 60 and 90 min starting from eucalyptus pulp and mixed pulp of spruce, pine, 700 

and fir, respectively, finding that in this case hardwood was easier to hydrolyze than 701 

softwood (runs 63 and 64, Table 4) [100]. The authors attributed the lower catalytic per- 702 

formances of Fe2(SO4)3 in the conversion of softwoods to their higher amount of extrac- 703 

tives than hardwood, which can form complexes with Fe3+ , thus reducing its ability to 704 

bind with cellulose, thus and limiting its depolymerization. Because microwaves MW 705 

have been demonstrated ableare effective towards the cellulose depolymerization to 706 

depolymerize cellulose [117], the authors performed the reaction also under microwave 707 

MW heating, reaching analogous yields tohan those previously reported but at a lower 708 

temperature and after a shorter reaction time, due thanks to the high efficiency of the 709 

microwave MW as heating system (runs 65 and 66, Table 4). However, despite the inter- 710 

esting yields reported in this work, the low adopted substrate loading (1.2 wt%) makes 711 

the process not very appealing. Also, Chen et al. adopted a ferric salt for the synthesis of 712 

HMF. In particular, the authors reported the employment of FeCl3 as the catalyst for the 713 

conversion of the macroalgae Enteromorpha prolifera in H2O-NaCl/THF 1/1 v/v, achieving 714 

that led to the highest HMF yield of 33 mol%, thanks to the extraction of HMF by THF 715 

and the presence of NaCl, which improved the partition coefficient (run 67, Table 4) [101]. 716 

The authors found that the heating of FeCl3 in water led to the formation of a red precip- 717 

itate, mainly composed mainly ofby α-Fe2O3 and β-FeOOH, highlighting that FeCl3 was 718 

unstable and easily hydrolysable. On the other hand, when FeCl3 was heated with bio- 719 

mass, the red precipitate was absent, . therefore Therefore, the authors supposed that 720 

sugars, intermediates, or furans prevented the FeCl3 hydrolysis and that the complex of 721 

Fe3+ with polysaccharides was the active species for the catalysis. Liu et al. not only tested 722 

FeCl3 but also other several chloride salts as catalysts for the conversion of bamboo to 723 

HMF in H2O/sulfolane. The authors found that among all the employed salts, SnCl4 led to 724 



Catalysts 2022, 12, x FOR PEER REVIEW 22 of 55 
 

 

the highest HMF yield of 41 mol% together with the biomass conversion of 93 wt%, due 725 

to the hydrolysis of SnCl4 that provided the appropriate amount of Brønsted and Lewis 726 

acid species (runs 68–76, Table 4) [102]. For this purpose, the presence of water was of 727 

paramount importance in facilitating the salt hydrolysis, but an excess of water promoted 728 

alsoalso promoted the HMF hydration of HMF to rehydration acids, thus a ratio of 1/7 729 

v/v H2O/sulfolane was selected as optimal. The authors highlighted that sulfolane had an 730 

important role in the catalytic activity, limiting the hydrolysis of SnCl4 to HCl and SnO2, 731 

and maintaining stable the Sn4+ aqueous complex, which is the effective Lewis acid spe- 732 

cies. the latter inactive in the dehydration and isomerization steps, maintaining stable the 733 

Sn4+ aqueous complex, which is the effective Lewis acid species. On this basis, the pro- 734 

posed mechanism reported included the hydrolysis of cellulose to glucose, which was 735 

catalyzed by HCl released from the hydrolysis of SnCl4, then the successive isomerization 736 

of glucose to fructose, which was catalyzed by the Sn4+ aqueous complex, and the final 737 

dehydration of fructose to HMF catalyzed by HCl. SnCl4 was surely the most adopt- 738 

edpreferred salt for the HMF synthesis of HMF from raw biomasses and other research- 739 

ers have tested it as the catalyst. For example, Yu et al. investigated the HMF synthesis of 740 

HMF in the presence of SnCl4 under microwave MW heating, starting from different food 741 

wastes, such as bread waste [103,107–109], unskinned kiwi fruit [104], watermelon flesh 742 

[104], rice waste [104,106], corn waste [110] and taro waste [110]. Performing the reaction 743 

under the same conditions (140 °C and 20 min) in the solvent system H2O/DMSO (1/1 744 

v/v), the authors reported different HMF yields depending on the starting biomass (runs 745 

77–81, Table 4) [103,104]. In fact, tThey tested two different types of biomass, the 746 

starch-rich one, such as bread waste and rice waste, and the sugar-rich one, such as un- 747 

skinned kiwi fruit and watermelon flesh, and foundfounding that the lattersecond ones 748 

allowed the achieving ofled to the higher HMF yield of (32 and 39 mol%, respectively). 749 

This was due to the presence in the two sugar-rich biomasses of a higher amount of 750 

fructose, which is easily and quickly converted to HMF. On the other hand, in the two 751 

starch-rich biomasses, despite the metal-catalyzed hydrolysis was efficient, the subse- 752 

quent isomerization was kinetically limited and required a longer reaction time, as evi- 753 

denced by the improvement of HMF yield from 13 (run 80, Table 4) to 33 mol% (run 81, 754 

Table 4), prolonging the reaction time from 20 to 40 min. The authors also investigated 755 

the employment of trivalent saltscatalysts, such as AlCl3 and CrCl3, for the conversion of 756 

rice waste, finding that they were less active than the tetravalent SnCl4 because they 757 

produced a milder acidity being the( pH of the solution equal to 3.3, 2.6 and 1.5 for AlCl3, 758 

CrCl3, and SnCl4, respectively). For this reason, AlCl3 and CrCl3 led to lower HMF yields 759 

with respect to that ascertained with SnCl4 , working under the same reaction conditions 760 

(runs 82 and 83, Table 4) [104] and similar HMF yield was obtained only after a longer 761 

time (100 min) (run 84, Table 4) [105]. On this basis, SnCl4 resulted in the most promising 762 

inorganic salt and the authors focused their attention on its employment in the optimi- 763 

zation of HMF synthesis starting from rice waste. They prolonged the reaction time up to 764 

80 min further improving the HMF yield to 36 mol% and obtained an analogous yield 765 

after a shorter reaction time (20 min), employing acetone instead of DMSO (runs 85 and 766 

86, Table 4) [106]. Analogous conclusions regarding the good catalytic performances of 767 

SnCl4 and the influence of the solvent system on the HMF synthesis were also obtained 768 

also starting from bread waste. The authors performed the conversion of this biomass in 769 

H2O/DMSO at 160 °C with SnCl4 or AlCl3 and compared the achieved catalytic perfor- 770 

mances with those shown by the trivalent AlCl3 (runs 87 and 88, Table 4) [107]. The in- 771 

crease of increment of temperature from 140 to 160 °C allowed the improvement of HMF 772 

yield from 17 (run 77, Table 4) to 38 mol%, and SnCl4 led to better resultswas more effi- 773 

cient than AlCl3, which generated lower HMF yield due to humins formation. In fact, 774 

AlCl3 induced significant polymerization, due to its strong Lewis acidity and binding 775 

ability of Al3+ to the reaction intermediates, of the reaction making them susceptible to the 776 

attack of 2,5-dioxo-6-hydroxyhexanal (DHH), a by-product deriving from HMF degra- 777 

dation and identified as the initiator for humins formation [118]. Moreover, the solid 778 
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residue recovered at the end of the reaction performed with SnCl4 did not contain un- 779 

converted starch, whereas the residue from AlCl3 AlCl3-catalyzed reaction still contained 780 

unexploited starch, underlining the higher efficiency of SnCl4. Regarding the solvent 781 

composition, the authors carried out the conversion of bread waste not only in 782 

H2O/DMSO, but also in H2O/THF, H2O/ACN, and H2O/acetone at 140 °C under micro- 783 

wave MW heating (runs 89–92, Table 4) [108]. They found that the hydrolysis of biomass 784 

was always fast,  in all the investigated solvents but an accumulation of glucose was 785 

observed working with H2O/DMSO and H2O/THF,  they observed an accumulation of 786 

glucose due to its slower isomerization  to fructose in these solvent systemsthat led, as 787 

consequence, to a slower HMF formation. The glucose conversion resulted particularly 788 

slow in H2O/THF, achieving the HMF yield of only 10 mol% after 120 min, probably due 789 

to its low dielectric constant and low dipole moment, that disfavored the microwave MW 790 

absorption and heat transfer. On the other hand, ACN and acetone did not improve the 791 

HMF selectivity but only speeded up the glucose conversion, thus the highest HMF 792 

yields achieved with H2O/DMSO, H2O/ACN, and H2O/acetone, were similar but ascer- 793 

tained after different reaction times (60, 10 and 10 min, respectively) and higher than that 794 

obtained in H2O/THF, where HMF was more susceptible to rehydration. In fact, tThe 795 

authors hypothesized that ACN and acetone were able to arrange near the hydroxyl 796 

groups of sugars and the carbonyl group of HMF, thus protecting them fromby side re- 797 

actions [119,120]. Moreover, the authors investigated the employment of green solvents 798 

in combination with water, such as propylene carbonate (PC), which is a scarcely toxic 799 

and highly biodegradable solvent [121], and γ-valerolactone (GVL), which is a biomass 800 

biomass-derived solvent [122,123]. In this context,, and compared the catalytic activity of 801 

SnCl4 in these solvents was compared with that obtained in H2O/acetone in the conver- 802 

sion of bread waste at 120 °C (runs 93–95, Table 4) [109]. In this work, the authors deeper 803 

deeply investigated the effect of the organic solvents on the catalytic activity and sup- 804 

posed that they, analogously to the sulfolane [102], can slow down the kinetic of SnCl4 805 

hydrolysis could be slowed down, thus suppressing the formation of inactive SnO2. As a 806 

consequence, the Sn4+ effective Lewis acid, which promotes the glucose isomerization, 807 

was maintained and and it cooperatedcooperateding with HCl , responsible for hydrol- 808 

ysis and dehydration steps, to promote the HMF synthesis, thus allowing theo achieve- 809 

ment of promising yields. In addition, they found a positive correlation between the di- 810 

pole moment of the organic solvent and the HMF yield. In particular, the greater the di- 811 

pole moment was, more efficiently the molecule can acts as a ligand to coordinate with 812 

Sn4+, thus suppressing the salt hydrolysis to the inactive SnO2 and improving the HMF 813 

yield. FinallyLastly, the authors tested the promising solvent system H2O/acetone in the 814 

conversion of other biomasses, such as corn waste and taro waste, reaching the highest 815 

HMF yield starting from taro (30 mol% respect to 27 mol%), probably due to the higher 816 

amount of available sugars in this biomass (runs 96 and 97, Table 4) [110]. SnCl4 was also 817 

adopted by Zuo et al. for the conversion of wastes in the aqueous-assisted natural deep 818 

eutectic solvent (A-NADES) as the reaction medium, composed ofby water and the nat- 819 

ural deep eutectic solvent formed by glucose and choline chloride, with MIBK as the ex- 820 

traction medium [111]. The addition of water to this natural deep eutectic solvent was 821 

very important, because allowed the reduction of viscosity and improved the fluidity and 822 

thermal conductivity, thus. By this way, water enhancing enhances the conduction of the 823 

reaction, and hampered hampers the coordination of SnCl4 with choline chloride, which 824 

is responsible for the reduction of its catalytic activity. Moreover, the addition of water 825 

played an important role in the hydrolysis of SnCl4 , leading to the formation of the 826 

strong Lewis acid complex (Sn(OH)x(H2O)yn+) and HCl. On the other hand, the authors 827 

supposed that the choline chloride present in the A-NADES was able to inhibit the HMF 828 

rehydration to levulinic and formic acids, thanks to the action contribution of both anion 829 

and cation of choline chloride, that can adsorb water, forming hydration ions and thus 830 

limiting the degradation pathways of HMF and leading to higher HMF yield. However, 831 

the produced HMF formed strong hydrogen bonds with choline chloride, making diffi- 832 
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cult its separation from the reaction phasemedium. Therefore, , thus the employment of 833 

MIBK was important in order to have the in situ extraction, which allowed a timely and 834 

convenient recovery of HMF. Thanks to all these peculiarities of the reaction system, very 835 

promising HMF yields were achieved starting from rice waste and bread waste, equal to 836 

61 and 55 mol%, respectively (runs 98 and 99, Table 4). It must be underlined that these 837 

performances were reached working with a biomass loading of 10 wt%, which is much 838 

higher with respect to the loading generally reported in the literature. Moreover, at the 839 

end of the reaction, the A-NADES, containing the catalyst SnCl4, was easily separated 840 

from MIBK and reused in many subsequent runsmany times and. Remarkably, the cata- 841 

lytic activity decreased after the fifth cycle, due to the accumulation of humins that could 842 

influence the interaction between glucose and choline chloride, thus lowering the HMF 843 

yield. However, when the A-NADES enriched in humins was purified through filtration 844 

and centrifugation, the catalytic activity was restored. Choline chloride was also adopted 845 

in a ternary reaction system together with H2O and GVL for the HMF synthesis of HMF 846 

from rice waste catalyzed by AlCl3·6H2O that provided both Brønsted and Lewis acidity 847 

necessary for hydrolysis/dehydration and isomerization mechanisms, respectively [112]. 848 

This ternary system afforded the highest HMF yield of 19 mol%, due to the stability 849 

conferred by the synergistic effect of choline chloride and GVL (run 100, Table 4). In fact, 850 

the chlorine atom of choline chloride can combine with the hydroxymethyl group of 851 

HMF, thus increasing its stability, whilst GVL extracts HMF from the aqueous phase, 852 

thus limiting the formation of by-products and increasing the HMF yield. The authors 853 

also investigated the recyclability of the reaction system, considering that AlCl3·6H2O and 854 

choline chloride were dissolved in the aqueous phase without any transfer to GVL dur- 855 

ing the reaction. For this purpose, at the end of the reaction, the aqueous and organic 856 

phases were separated, fresh rice waste and GVL were added to the aqueous solution 857 

containing AlCl3·6H2O and choline chloride to perform the reaction and this procedure 858 

was repeated six times. With the increase progress of the reaction recycles, the HMF yield 859 

decreased from 19 to 9 mol% after the sixth cycle, due to the damaging of the catalyst 860 

quality, or probably dueto the loss of catalyst loss during the recycles. 861 

Finally, iIn addition to SnCl4 and AlCl3, which are the most adopted salts for the 862 

conversion of biomass to HMF, also other chloride salts, such as CuCl2 and CoCl2, were 863 

also tested as catalysts. In this regard, Paul et al. employed CuCl2 for the conversion of 864 

the sunn hemp, a non-edible, herbaceous, fast-growing, sub-tropical annual bioenergy 865 

crop [114]. This biomass seemed promising for the synthesis of HMF, due to its low 866 

amount of lignin and high cellulose contents, but its conversion was , however, chal- 867 

lenging, due to high crystallinity and high polymerization degree of cellulose, that lim- 868 

ited the cleavage of the glycosidic bond. This problem was overcome by employing a 869 

combination of water and the ionic liquid [BMIM]Cl as the reaction medium and CuCl2 870 

as the catalyst. All these components formed a supramolecular complex with cellulose, 871 

that was subsequently hydrolyzed by water to produce glucose and then HMF, the latter 872 

with the yield of 34 mol% after 46 min (run 102, Table 4), thanks to the employment 873 

ofunder the MW microwave heating. Roy et al. carried out the conversion of june grass to 874 

HMF under microwave MW heating and the same temperature of 180 °C, reaching the 875 

HMF yield of 31 mol% (run 103, Table 4) [87]. Pan et al. employed CoCl2 as the catalyst 876 

for the HMF synthesis of HMF from fir sawdust, reaching the highest yield of 19 mol% at 877 

180 °C after 3 h in the solvent system H2O/isopropanol solvent system (run 104, Table 4) 878 

[115]. Interestingly, most of the Co2+ was present in the aqueous phase and could be eas- 879 

ily recovered by precipitation. The amount of aromatic compounds formed during the 880 

reaction and deriving from the decomposition of lignin was very low, indicating that 881 

CoCl2 selectively catalyzed the conversion of polysaccharides, leaving the almost pure 882 

lignin as the residual hydrochar. The authors valorized alsoalso valorized this 883 

by-product through the pyrolysis process, obtaining some light hydrocarbons (mainly 884 

benzene and toluene), phenols and vanillin, pyrolysis gas, and nanoparticles of biochar 885 

stabilized with Co, usable for the elimination of pollutants. 886 
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In addition to the employment of only inorganic salts, also their combination with 887 

homogeneous acids has been investigated, aimed at for the conversion of biomass to 888 

HMF because generally this strategy allows a more quickquickerly depolymerization of 889 

cellulose. Mukherjee et al. added diluted HCl to Fe2(SO4)3 for the HMF synthesis from 890 

eucalyptus pulp (hardwood) and mixed spruce, pine, and fir pulp (softwood), already 891 

converted with Fe2(SO4)3 alone (runs 63 and 64, Table 4) [100]. Starting from mixed 892 

spruce, pine, and fir pulp, the presence of HCl allowed the improvement of HMF yield, 893 

equal to 38 mol% after 80 min (run 105, Table 4), with respect to 29 mol% achieved with 894 

only Fe2(SO4)3 (run 64, Table 4). On the other hand, starting from eucalyptus pulp, a 895 

higher amount of humins was formed and the HMF yield of 29 mol% (run 106, Table 4), 896 

slightly lower than that reached with Fe2(SO4)3 alone (32 mol%, run 63, Table 4), was as- 897 

certained after shorter reaction time (30 min instead of 60 min). These results confirm that 898 

longer reaction times and harsher reaction conditions were necessary to depolymerize 899 

softwood pulp. AlsoBesides, Mittal et al. employed HCl as homogeneous acid, in com- 900 

bination with AlCl3 as the inorganic salt [116]. The authors carried out the conversion of 901 

several biomasses in the H2O-dioxane solvent system under the same reaction conditions 902 

and under exploiting microwave MW heating, . reaching sSimilar HMF yields were 903 

achieved starting from corn stover, switchgrass, and hybrid poplar (65–69 mol%) and 904 

slightly lower yield (60 mol%) from loblolly pine (runs 107–110, Table 4). Probably, this 905 

was due to the higher amount of glucans in loblolly pine than the other tested biomasses, 906 

whose hydrolysis which produces through its hydrolysis higher initial sugar concentra- 907 

tion resultingresulted in the increased formation of humins and other degradation 908 

products, such as levulinic acid. The authors investigated the influence of the 909 

H2O/dioxane volume ratio, finding that the value of 1/4 v/v was the optimal because at 910 

least 20% (v/v) of the reaction solvent should be water, in order to have an effective hy- 911 

drolysis of cellulose fraction to glucose. Yu et al. investigated the influence of the maleic 912 

acid on the conversion of rice waste, carried out in the presence of SnCl4 as the inorganic 913 

salt [106]. In this case, the addition of a homogeneous organic acid did not improve the 914 

HMF yield, and the authors supposed that maleic acid played a complementary role in 915 

the catalysis, simply giving malic acid through its hydration, which could disrupt the 916 

hydrogen bond in starch, thus making it more accessible to the hydrolysis of glycosidic 917 

bonds. For this reason, maleic acid only speeded up the conversion, having reduced the 918 

time required to obtain HMF, with yields similar tolike those previously reported in the 919 

presence ofobtained with SnCl4 by alone, working in H2O/DMSO and H2O/acetone 920 

(compare runs 111 and 112 with 85 and 86 Table 4, respectively). On the contrary, when 921 

maleic acid was added to AlCl3, the rate of HMF production from rice waste was lower, 922 

reaching, under the same reaction conditions (140 °C, 100 min), the yield of 17 mol% (run 923 

113, Table 4) instead of 35 mol% (run 84, Table 4), together with lower sugars conversion 924 

[105]. However, maleic acid allowed the improvement of HMF selectivity, thanks to the 925 

moderation of the Lewis acidity through the formation of malic acid, which acted as the 926 

ligand of Al3+. FinallyLastly, Kumar et al. tested a complex catalytic system composed 927 

ofby an inorganic salt (AlCl3), an organic acid (oxalic acid dihydrate), and a mineral acid 928 

(HCl), or the production of to produce HMF starting from sugarcane bagasse and raw 929 

potato, and supposed that each component catalyzed a specific step of the reaction [43]. 930 

In particular, oxalicOxalic acid dihydrate might provide the acidity for the hydrolysis of 931 

cellulose to glucose, AlCl3 might act as Lewis acid promoting the isomerization of glucose 932 

to fructose and HCl might catalyze the dehydration of fructose to HMF. However, this 933 

particular acid system was not effective in most commonly used solvents, such as water, 934 

THF, and DMF, but only in the biphasic solvent system [DMSO/2-butanol, MIBK]. In this 935 

solvent, , leading to HMF yields of 43 and 40 mol% were claimed starting from sugarcane 936 

bagasse and raw potato, respectively, and working at a 500-g scale, larger than that of 937 

laboratory one, with a biomass loading of 9 wt% (runs 114 and 115, Table 4).  938 

Inorganic salts, by alone or in combination with homogeneous acids, represent are 939 

the most common catalytic systems used up to now for the conversion of biomass to 940 
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HMF, but also heterogeneous acid catalysts have been also proposed, despite the less ef- 941 

ficient interaction between solid substrate and solid catalyst. The available data for HMF 942 

synthesis from not pretreated biomass catalyzed by heterogeneous acids in the biphasic 943 

medium are summarized in Table 5. 944 

Table 5. HMF production starting from raw biomasses in biphasic and/or multiple solvent systems 945 
with heterogeneous catalysts. 946 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

116 
Vegetable waste 

(5.0%) 

Amberlyst-36 

(1.0) 
H2O/DMSO (1/1 v/v) 135 5 MW 17 66 

117 

Salvia  

miltiorrhiza  

residue (0.7%) 

PDVB-SO3H2 

(2.0) 
H2O/GBL (1/4 v/v) 170 30 Conv. 14 124 

118 Corn stalk (2.4%) PTSA-POM3 (2.0) H2O/GVL (1/10 v/v) 190 100 Conv. 20 125 

119 

Microalgae 

Chlorococcum sp.  

(1.0%) 

HZSM-5 (1.5) H2O/MIBK (3/2 v/v) 200 120 Conv. 44 74 

120 

Microalgae 

Chlorococcum sp.  

(1.0%) 

HZSM-5 (1.5) 
H2O-NaCl/THF  

(3/2 v/v) 
200 120 Conv. 48 74 

121 
Wheat straw 

(2.7%) 

FePO4·2H2O 

(10.0)  

H2O-NaCl/THF  

(1/3 v/v) 
160 150 Conv. 18 126 

122 
Wheat straw 

(2.7%) 

FePO4·2H2O (5.0) 

+ NaH2PO4 (50.0) 

H2O-NaCl/THF  

(1/3 v/v) 
160 60 Conv. 44 126 

123 
Wheat straw 

(2.7%) 

SnCl2-PTA/β 4 

(1.7) 

H2O-NaCl/THF  

(1/3 v/v) 
180 120 Conv. 33 127 

124 
Corn stover 

(1.3%) 

SO3H-NG-C 5 

(2.0) 
H2O/GVL (1/6.5 v/v) 190 80 Conv. 30 128 

125 
Bread waste 

(4.3%) 

Sulfonated  

biochar (1.0) 
H2O/DMSO (1/3 v/v) 180 20 MW 38 129 

126 
Bread waste 

(4.3%) 

H3PO4-activated 

biochar (2.5)  
H2O/DMSO (1/3 v/v) 180 30 MW 38 130 

127 Rice waste (4.3%) 
H3PO4-activated 

biochar (2.5)  
H2O/DMSO (1/3 v/v) 180 20 MW 24 130 

128 
Corn stalk 

(20.0%) 

Biochar-Mg-Sn 

(5.0) 

Isopropanol/ 

AMIMCl 6 (n.a.7)  
100 180 Conv. 82 91 

129 
Corn stalk 

(20.0%) 

Biochar-Mg-Sn 

(5.0) 

DMSO/AMIMCl 6 

(n.a.7) 
100 180 Conv. 81 91 

130 
Corn stalk 

(20.0%) 

Biochar-Mg-Sn 

(5.0) 

DMC 8/AMIMCl 6 

(n.a.7) 
100 180 Conv. 76 91 

131 
Corn stalk 

(20.0%) 

Biochar-Mg-Sn 

(5.0) 

THF/AMIMCl 6 

(n.a.7) 
100 180 Conv. 75 91 

132 
Corn stalk 

(20.0%) 

Biochar-Mg-Sn 

(5.0) 

MIBK/AMIMCl 6 

(n.a.7) 
100 180 Conv. 71 91 

133 Peanut shell (3.8) PSC 9 (0.6) 

EMIMCl10/ 

ChCl11-DMSO  

(1/1 v/v) 

150 60 Conv. 11 131 

134 
Water hyacinth 

(3.8) 
PSC 9 (0.6) 

EMIMCl10/ 

ChCl11-DMSO  

(1/1 v/v) 

150 60 Conv. 6 131 

135 Stalk (3.8) PSC 9 (0.6) 

EMIMCl10/ 

ChCl11-DMSO  

(1/1 v/v) 

150 60 Conv. 15 131 
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1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 Polydivinylbenzene sulfonat- 947 
ed. 3 Copolymer p-toluenesulfonic acid and paraformaldehyde. 4 SnCl2 on zeolite H/β-supported 948 
phosphotungstic acid.5 Sulfonated N-doped porous carbon. 6 1-allyl-3-methylimidazolium chlo- 949 
ride.7 “n.a.” stands for “not available”. 8 Dimethyl carbonate.9 Sulfonated peanut shells catalyst. 10 950 
1-ethyl-3-methylimidazolium chloride.11 Choline chloride. 951 

 952 

Chen et al. compared studied the catalytic activity of the commercial Amberlyst-36 953 

in towards the conversion of vegetable wastes, performed incomparing H2O (run 14, Ta- 954 

ble 1) and in H2O/DMSO (run 116, Table 5), as the solvents. finding They found that a 955 

higher HMF yield , equal to (17 mol%), was achieved in the latter biphasic solvent, sys- 956 

tem due togetting a higher HMF selectivity [66]. In fact, the hydrogen bonds between the 957 

Brønsted acid sites of Amberlyst-36 and the polar aprotic solvent DMSO were weaker 958 

than with water, thus the protonation of glucose was more pronounced due to the acces- 959 

sibility of a larger number of protons to its hydroxyl groups, which represents the 960 

rate-limiting step of the glucose conversion. Moreover, HMF was solvated by DMSO, 961 

thus suppressing the nucleophilic attack at its carbonyl group and slowing the rehydra- 962 

tion to levulinic and formic acids. Also, Zhang et al. employed a sulfonated polymer, 963 

e.g.the polydivinylbenzene sulfonated, for the HMF synthesis of HMF [124]. In this case, 964 

the authors synthesized the catalyst and reached negligible HMF yields starting from 965 

cottonseed hull and sugarcane bagasse, whereas the a modest yield of 14 mol% was ob- 966 

tained starting from salvia miltiorrhiza residue (run 117, Table 5), a Chinese herbal 967 

medicine, due thanks to the presence of starch in this biomass, which was easier hydro- 968 

lysable than cellulose. However, the authors obtained a modest yield working with a 969 

very low substrate loading (0.7 wt%), thus these results are scarcely promisingscarcely 970 

promising. Analogously, Xu et al. prepared the copolymer between p-toluenesulfonic 971 

acid and paraformaldehyde, and tested itwhich was proposed in for the conversion of 972 

corn stalk, reaching the HMF yield of 20 mol% working in the solvent system H2O/GVL 973 

(run 118, Table 5) [125]. In addition to commercial and ad-hoc synthesized organic poly- 974 

mers, also inorganic heterogeneous catalysts have been used, such as zeolites, have been 975 

used, as reported in the work of Wang et al., who performed the conversion of the mi- 976 

croalgae Chlorococcum (only 1 wt%) in the presence of HZSM-5 as the catalyst [74]. Two 977 

different biphasic systems were investigated, e.g. H2O/MIBK and H2O-NaCl/THF, and 978 

the highest HMF yield of 48 mol% was achieved inwith the latter system, because THF 979 

has hadshowed a higher extraction efficiency than MIBK (runs 119 and 120, Table 5). The 980 

catalyst showed a slight decrease of in activity after six recycle runs, leading to the HMF 981 

yield of 37 mol%, due tocaused by the deposition of humins and proteins deposition on 982 

the catalyst surface, but the activity was almost completely restored after a calcination 983 

treatment at 500 °C for 4 h. The promising solvent system H2O-NaCl/THF solvent system 984 

was also adopted by Xia et al. for the conversion of wheat straw in the presence of 985 

FePO4·2H2O, by alone or in combination with NaH2PO4, reaching the HMF yields of 18 986 

and 44 mol%, respectively (runs 121 and 122, Table 5) [126]. FePO4·2H2O was able to cat- 987 

alyze the cellulose conversion of cellulose to HMF, showing both Brønsted acidity, de- 988 

riving from its hydrolysis and release of protons, and but also Lewis acidity, deriving 989 

from the formation of soluble hydroxylated iron species, . but the addition of the ade- 990 

quate amountAnyway, the proper addition of NaH2PO4 allowed the improvement of the 991 

HMF yield, due to the introduction of other Brønsted acid sites, which further promoted 992 

the cellulose hydrolysis and the fructose dehydration toimproved the HMF synthesis. At 993 

the end of the reaction, the authors valorized the solid residue, containing the catalyst, 994 

unconverted cellulose, and lignin, through catalytic pyrolysis, obtaining a bio-oil rich 995 

inof acetic acid, furans (2,5-dimethylfuran and 2-methylfuran, originating from the hy- 996 

drogen transfer of HMF catalyzed by FePO4·2H2O) and aromatic compounds (p-cresol, 997 

phenol, guaiacol). Together with bio-oil, the pyrolysis process treatment gave as product 998 

also a solid residue composed ofby bio-char, containing elements such as P and Na, and 999 

FePO4·2H2O, thus the authors proposed the recovered residue as materialwhich was 1000 
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employed for the production of phosphate fertilizers. The wheat straw was also con- 1001 

verted in H2O-NaCl/THF by an ad-hoc prepared catalyst, such as the SnCl2 on zeolite 1002 

H/β-supported phosphotungstic acid (SnCl2-PTA/β), in H2O-NaCl/THF, and reaching the 1003 

HMF yield of 33 mol% (run 123, Table 5) [127]. The catalytic activity was synergistically 1004 

influenced by acid and textural properties. Regarding the acid ones, the introduction of 1005 

PTA and SnCl2 strongly increased the acid density and the acid sites strength of the cat- 1006 

alytic system. In addition, and higher amount of SnCl2 led also to a higher ratio of Lew- 1007 

is/Brønsted acid sites, which were all of them beneficial properties for the conversion of 1008 

cellulose to glucose,  and for theits isomerization to fructose and the HMF production of 1009 

HMF. Regarding the textural properties, the increase of SnCl2 amount allowed led to the 1010 

increase of the pore diameter and the decrease of the pore volume of the catalyst, thus 1011 

gradually shortening the pore channels of SnCl2-PTA/β gradually shortened. The shorter 1012 

channels contributed to the improvement of the catalytic performances, because the 1013 

contact of the substrate with the active sites was easier, and the diffusion of the produced 1014 

HMF was faster, preventing its degradation. The authors evaluated alsoalso evaluated 1015 

the catalyst stability, performing the a thermal calcination at 450 °C before each of the 1016 

four recycle runs. The HMF yield decreased from 33 to 19 mol%, due ascribed to the 1017 

partial collapse of the pores, the slight losst of SnCl2 and the relevant losst of PTA after 1018 

the recycles. However, the catalyst was reactivated thanks to the reimpregnation of SnCl2 1019 

and PTA, reaching the HMF yield of 24 mol%, indicating that, despite the collapse of the 1020 

pores, the restored amount of SnCl2 and PTA in the catalytic system was sufficient to re- 1021 

store almost completely the starting activity. 1022 

In addition to polymers and inorganic materials, also carbonaceous acid catalysts 1023 

have been prepared and employed in for the conversion of biomass to HMF in two or 1024 

even more solvents. Yang et al. synthesized a sulfonated N-doped porous carbon 1025 

(SO3H-NG-C), which was adopted for  and adopted it in the conversion of corn stover 1026 

performed in H2O/GVL, reaching the HMF yield of 30 mol% (run 124, Table 5) [128]. GVL 1027 

showed to be a very promising solvent for the HMF production, because it limited un- 1028 

desired reactions, keeping the product stability and, being . Moreover, being a polar 1029 

aprotic solvent, GVL enhanced the reactivity of protons, stabilizing them by solvation, 1030 

thus and promoting the biomass hydrolysis of biomass. Moreover, water had a funda- 1031 

mental role in the reaction, influencing the –SO3H ionization and, as consequenceconse- 1032 

quently, the catalytic activity of the solid acid. For this reason, the HMF yield was im- 1033 

proved from 17 to 30 mol% when water was added to GVL, confirming the beneficial role 1034 

of water in towards the activation of hydrolysis of the cellulose glycosidic bonds of cel- 1035 

lulose. At the end of the reaction, the authors recovered a solid composed of theby cata- 1036 

lyst and unconverted corn stover and used directlydirectly used it for the next runs. The 1037 

HMF yield strongly decreased after each run, due to the presence of corn stover residue, 1038 

that inhibited the catalyst activity, and due to the leaching of the sulfonic acid leaching 1039 

after five cycles. Cao et al. prepared a sulfonated biochar through the slow pyrolysis of 1040 

forestry food waste (Acacia confusa and Celtis sinensis) and employed itthe prepared cat- 1041 

alyst for the HMF synthesis in H2O/DMSO of HMF starting from bread waste. in 1042 

H2O/DMSO solvent system reaching Tthe HMF yield of 38 mol%, together with a low 1043 

amount of by-products (levulinic and formic acids), were reached duethanks  to the 1044 

presence of DMSO that limited the collateral reactions (run 125, Table 5) [129]. The cata- 1045 

lyst recovered at the end of the reaction was washed with water, ethanol and acetone, 1046 

dried, and reused in further four cycle consecutive runs. The HMF yield dropped to 4 1047 

mol% after the fourth run, due to the sulfonic acid leaching that caused the decrease of 1048 

the catalyst acidity. thus, in order to To solve this problem, the authors regenerated the 1049 

catalyst by treatment with H2SO4, which allowed the almost complete restore of the 1050 

highest HMF yield and after that the HMF yield was almost restored. The same authors 1051 

proposed another carbonaceous catalyst, obtained by the H3PO4 treatment of biochar de- 1052 

rived from the pyrolysis of the pinewood sawdust, for the conversion of bread waste and 1053 

rice wastes. reaching Tthe highest HMF yield of 38 mol% was obtained starting from the 1054 



Catalysts 2022, 12, x FOR PEER REVIEW 29 of 55 
 

 

first biomass, probably duethanks to the enhanced porosity and starch accessibility 1055 

available thanks togiven by the previous roasting process (runs 126 and 127, Table 5) 1056 

[130]. Liu et al., once having identified AMIMCl as the best ionic liquid for realizing the 1057 

conversion of corn stover with biochar-Mg-Sn (run 52, Table 2), investigated also con- 1058 

sidered the role of an different organic solvents, as extraction medium, such as isopro- 1059 

panol, DMSO, DMC, THF, and MIBK, as the HMF extraction medium, reaching the 1060 

highest HMF yield , equal toof 82 mol% working with isopropanol (runs 128-132, Table 5) 1061 

[91]. The authors attributed the this higher HMF yield obtained in this reaction system- 1062 

improvement to the synergistic role ofsynergy between the isopropanol/AMIMCl solvent 1063 

medium and the catalyst. In fact, they supposedThey proposed that the Mg2+ ions in of 1064 

the catalyst react with isopropanol, giving active hydrogen and isopropyl radicals. The 1065 

first attacks the C–O and C–C bonds of polysaccharides in corn stover, promoting its 1066 

degradation. Also, tThe ionic liquid AMIMCl is also involved in the mechanism, through 1067 

the formation of electron donor-electron acceptor complexes between its charged species 1068 

and the oxygen and/ hydrogen atoms of cellulose. In particular, the cation of AMIMCl 1069 

binds to oxygen atoms, whereas the Cl– binds to the hydrogen ones, leading to the breaks 1070 

breakage of inter-molecular and intra-molecular hydrogen bonds of cellulose, thus facil- 1071 

itating its hydrolysis. Finally, Aas already found in previous works, Sn4+ is able tocan 1072 

convert biomass into fructose and HMF. It is important to underline that the elevated 1073 

HMF yields reported in this work acquire further value considering that they have been 1074 

obtained starting from the high biomass loading of 20 wt%. Recently, Chang et al. pre- 1075 

pared the a sulfonated peanut shells catalyst (PSC) by the treatment of treating the pul- 1076 

verized peanut shells with sulfuric acid, and this catalyst was tested and employed it as a 1077 

heterogeneous catalyst for the HMF synthesis of HMF from peanut shells, water hya- 1078 

cinth, and stalk, reaching the HMF yields of 11, 6 and 15 mol%, respectively (runs 1079 

133–135, Table 5) [131].  1080 

Finally, other systems, such as DES, which can be simultaneously employed at the 1081 

same time as solvent and catalyst, and heteropolyacids, have been tested proposed as 1082 

catalysts for the conversion of not pretreated biomass to HMF in biphasic medium. , and 1083 

the The available data are summarized in Table 6. 1084 

 1085 

Table 6. HMF production starting from raw biomasses in biphasic and/or multiple solvent systems 1086 
with other catalysts. 1087 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

136 Corn husk (1.8%) DES2 (0.05) 
DES 2/ethyl acetate  

(1/2.3 v/v) 
100 120 Conv. 13 92 

137 Corn husk (1.8%) DES2 (0.05) 
DES 2/MIBK  

(1/2.3 v/v)  
100 120 Conv. 9 92 

138 Corncob (1.8%) DES2 (0.05) 
DES 2/MIBK  

(1/2.3 v/v)  
100 120 Conv. 11 92 

139 
Macroalgae Ulva 

lactuca (1.8%) 
DES2 (0.05) 

DES 2/MIBK  

(1/2.3 v/v)  
100 120 Conv. 7 92 

140 

Microalgae  

Porphyridium 

cruentum (1.8%) 

DES2 (0.05) 
DES 2/MIBK  

(1/2.3 v/v)  
100 120 Conv. 9 92 

141 
Corn stover 

(2.2%) 

ChH2PW12O40 

(0.3) 
H2O/MIBK (1/10 v/v) 140 600 Conv. 28 3 132 

142 Pinewood (2.2%) 
ChH2PW12O40 

(0.3) 
H2O/MIBK (1/10 v/v) 140 600 Conv. 12 3 132 

143 
Husk of  

xanthoceras 

ChH2PW12O40 

(0.3) 
H2O/MIBK (1/10 v/v) 140 600 Conv. 13 3 132 
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(2.2%) 

144 Corn stover (3.2) Ch5-AgPW4 (1.3) H2O/MIBK (2/3 v/v) 170 180 Conv. 26 133 

145 Rice straw (3.2) Ch5-AgPW4 (1.3) H2O/MIBK (2/3 v/v) 170 180 Conv. 20 133 

146 Bagasse (3.2) Ch5-AgPW4 (1.3) H2O/MIBK (2/3 v/v) 170 180 Conv. 19 133 
1 “Conv.” and “MW” stand for “Conventional” and “Microwave”.2 The deep eutectic solvent (DES) 1088 
is composed by choline chloride/oxalic acid. 3 Calculated as wt%. 4 Chitin-AgH2PW12O40 containing 1089 
5 wt% chitin. 1090 

 1091 

Bodachivskyi et al., in addition to the conversion of corn husk only in DES alone 1092 

(run 53, Table 2), tested the employment of an different organic extraction solvents ex- 1093 

traction, such as ethyl acetate and MIBK, adopting and applied the biphasicis las com- 1094 

plexsystem in to the conversion of also other biomasses (corncob, macroalgae Ulva lactuca 1095 

and microalgae Porphyridium cruentum), all employed with ain all cases keeping the same  1096 

loading of only 1.8 wt% (runs 136–140, Table 6) [92]. Complete cellulose conversion was 1097 

ascertained only starting from the algae, underlining that polysaccharides in the terres- 1098 

trial substrate are more resistant to the hydrolysis than those present inof marine sources. 1099 

However, despite the complete cellulose conversion, analogous HMF yields, in the range 1100 

of 7–13 mol%, were reached starting from terrestrial and marine feedstocks, probably due 1101 

to the larger amount of by-products obtained with the latter.  1102 

Another class of emerging catalysts for the conversion of biomasses to value prod- 1103 

ucts is represented by the heteropolyacids [134]. On this basis, Zhang et al. synthesized 1104 

an heteropolyacid catalyst starting from choline chloride and H3PW12O40, obtaining giv- 1105 

ing ChH2PW12O40 that that was employed as catalyst in for the conversion of corn stover, 1106 

pinewood and husk of xanthoceras to HMF, working in H2O/MIBK solvent system (runs 1107 

141–143, Table 6) [132]. The catalyst was insoluble in water at room temperature, but 1108 

became soluble at a temperature higher than 60 °C, thus so performing when the reaction 1109 

was performed at 140 °C, the ChH2PW12O40 acted as a homogeneous catalyst. In particu- 1110 

lar, accordingAccording to the authors, ChH2PW12O40 could be self-assembled as micellar 1111 

spheres of polar H2PW12O40– outside and Ch+ inside, providing a sort of nanoreactors. 1112 

During the hydrolysis, cellulose could be adsorbed by hydrophilic H2PW12O40– that con- 1113 

centrated cellulose around the catalyst, which promoted the conversion to HMF. Subse- 1114 

quently, the formed HMF was stabilized by the hydrophobic Ch+ and extracted by MIBK 1115 

that, together with the low Brønsted acidity of ChH2PW12O40, allowed the enhancement 1116 

of HMF yield, limiting the formation of levulinic and formic acids. Analogously, Lai et al. 1117 

prepared the catalyst treating the heteropolyacid H3PW12O40 with AgNO3, leading toget- 1118 

ting the exchange of a proton of the heteropolyacid with Ag+, and chitin, which intro- 1119 

duced Lewis acid sites and increased the stability of the catalyst, respectively [133]. The 1120 

authors employed the prepared catalyst in the synthesis of HMF from 3.2 wt% of corn 1121 

stover, rice straw, or bagasse, reaching, under the same reaction conditions, the HMF 1122 

yields of 26, 20 and 19 mol%, respectively (runs 144–146, Table 6).  1123 

2.2. Pretreated biomass 1124 

As previously mentionedintroduced, the biomass pretreatment generally causes the 1125 

rupture of the complex network between its components (cellulose, hemicellulose, and 1126 

lignin) and the reduction of cellulose crystallinity, thus favoring its conversion into HMF, 1127 

and increasing the its yield. The principal available pretreatment techniques are divided 1128 

classified into physical, chemical, and biological ones. Among the physical pretreat- 1129 

ments, ball-milling leads to the decrease of the particles sizes and cellulose crystallinity, 1130 

due to the breakage of hydrogen bonds in cellulose, together with the increase of the 1131 

number of β-1,4-glycosidic bonds accessible to the catalyst [135]; ultrasonic and micro- 1132 

wave MW pretreatments allow the destruction destructof the crystalline structure of 1133 

cellulose, thus improving the hydrolysis efficiency but these last ones are characterized 1134 

bytechnologies require the high cost of equipment, limiting so their application on 1135 

large-scale is rather limited [136,137]; finally instead, the steam-explosion leads to the 1136 
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rupture destruction of the biomass complex matrixtexture through the decompression of 1137 

steam [138]. On the other hand, the chemical pretreatments include the hydrothermal 1138 

one, which is generally carried out at 150–260 °C, releasing sugars [139]; the use of dilute 1139 

acid, which provides the employment ofemploys inorganic acids (e.g. H2SO4, HCl, 1140 

H3PO4) or , due to corrosive problems, of organic acids (e.g. oxalic acid, peracetic acid) for 1141 

the hydrolysis of polysaccharides to sugars [140]; alkali pretreatments, aiming at the lig- 1142 

nin dissolution of lignin in NaOH, KOH or Ca(OH)2 aqueous solutions, by destroying in 1143 

this way the network structure of biomass and weakening the hydrogen bonds between 1144 

cellulose and hemicellulose [141]. FinallyLastly, in the biological pretreatments require 1145 

the use of appropriate microorganisms, which release ligninolytic and hydrolytic en- 1146 

zymes, are adopted. In By this way, the depolymerization of lignin and the hydrolysis of 1147 

polysaccharides take place without the generation of wastes and under low energy de- 1148 

manding conditions. butHowever, in comparison, compared with the other pretreat- 1149 

ments, the biological ones require a strict control of the reaction parameters and very 1150 

long reaction times [142]. All these pretreatments strategies have been adopted for the 1151 

synthesis of HMF from real biomasses and in the following paragraphs the most relevant 1152 

literaturresults are commented. 1153 

2.2.1. One-solvent systems 1154 

The conversion of pretreated biomasses in one-solvent systems involved involves 1155 

the employment of water as the reaction medium and both homogeneous and heteroge- 1156 

neous catalysts, as evidenced by the literature results reported in Table 7. 1157 

Table 7. HMF production starting from raw pretreated biomasses in one-solvent systems. 1158 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

147 Sugar beet pulp 2 (5.0%) / H2O 193 51 Conv. 10 143 

148 
Polyester/cotton mixed 

fabric waste 3 (1.0%) 
Citric acid (1.0) H2O 225 60 Conv. 124 144 

149 Eucalyptus 5 (1.0%) InCl3 (7.3) H2O 200 120 Conv. 14 145 

150 
Seaweed Gracilaria dura 6 

(4.8%) 
KHSO4 (250.0) H2O 110 540 Conv. 61 146 

151 Corn stover 7 (1.0%) 
AlCl3 (3.8) +  

Maleic acid (4.3) 
H2O 180 20 MW 16 147 

152 Used clothing 3 (0.7%) Ca3(PO4)2  (0.1) H2O 200 120 Conv. 31 72 

153 Used paper 3 (0.7%) Ca3(PO4)2 (0.1) H2O 200 120 Conv. 22 72 

154 Japanese cedar 3 (1.5%) Ca3(PO4)2 (0.26) H2O 200 120 Conv. 36 72 

155 
Microalgae  

Chlorococcum 3 (1.0%) 
H-ZSM-5 (1.5) H2O 200 120 Conv. 47 74 

156 Corncob 8 (10.0%) HSO3-ZSM-5 (3.3) H2O 150 300 Conv. 24 148 

157 Corn stalk 9 (1.6%) SO42–/ZrO2 (5.0) H2O 230 120 Conv. 60 149 
1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 Hydrothermal extraction of 1159 
pectin. 3 Ball-milled pretreated.4 Calculated as wt%. 5 Extraction of cellulose. 6 Extraction of agarose. 1160 
7 Fractionated. 8 Solvent extraction. 9 Delignification. 1161 

 1162 

Analogously toAs for the not pretreated biomass, also in this case the autocatalytic 1163 

reaction for the HMF synthesis of HMF in water has been investigated. Pińkowska et al. 1164 

optimized the conversion of pectin-free sugar beet pulp, through the support of a Doeh- 1165 

lert statistical design, achieving the highest HMF yield of 10 mol% (run 147, Table 7) 1166 

[143]. However, the autocatalytic reaction does not provide the sufficient acidity to 1167 

promote the HMF production of HMF, thus the employment of an acid catalyst is re- 1168 

quired. Therefore, Kawamura et al. carried out the conversion of ball-milled polyes- 1169 

ter/cotton mixed fabric waste, at the loading of only 1 wt%, and in the presence of citric 1170 

acid as the catalyst. reaching The authors claimed the highest HMF yield of 12 wt%, to- 1171 

gether with 14 wt% of glucose, without the co-production of levulinic acid, proving that 1172 
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the adopted reaction conditions were sufficiently mild to not produce avoid the relevant 1173 

formation of by-products (run 148, Table 7) [144]. Wei et al. extracted the cellulose frac- 1174 

tion from dewaxed eucalyptus by the treating it with nitric acid and ethanol, and ob- 1175 

taining at the end a white fiber, . This was subsequentlysubjected to hydrolysis hydro- 1176 

lyzed at low substrate loading (1 wt%), working in the presence of catalyzed by the salt 1177 

InCl3 as the catalyst, and leading obtaining to thethe HMF yield of only 14 mol%, due to 1178 

the promoted rehydration pathway under the adopted reaction conditions (run 149, Ta- 1179 

ble 7) [145]. A higher HMF yield, equal to 61 mol%, was reported by Kholiya et al., who 1180 

prepared an agarose aqueous solution from the seaweed Gracilaria dura. The authors 1181 

supposed that only the 3,6-anhydrogalactopyranose unit of agarose was converted to 1182 

HMF in the presence of KHSO4 as the catalyst, whereas the other agarose units of agarose 1183 

moiety gave humins, and galactose was stable in the aqueous phase (run 150, Table 7) 1184 

[146]. KHSO4 showed both Brønsted acidity, which contributed to the break of glycosidic 1185 

bonds and to the dehydration of 3,6-anhydrogalactopyranose units to HMF, and but also 1186 

Lewis acidity, responsible for the isomerization step. Moreover, the authors investigated 1187 

tThe recyclability of KHSO4 was investigated, by extracting HMF with an organic solvent 1188 

and recycling the KHSO4 aqueous solution in nine consecutive runs, each time by adding 1189 

newly extracted agarose. Surprisingly, the HMF yield increased with the increase of cy- 1190 

cles, probably due to theas a consequence of salt out process, occurring during the recy- 1191 

cles. In fact, the extracted agarose also contains potassium, sodium, and other metal ions 1192 

whose concentrations increased with the increase of the recycle tests, thus contributing to 1193 

the salt out process that enhances the HMF selectivity and yield. In addition to the only 1194 

use of inorganic salts alone, also their combination with organic acid has been also in- 1195 

vestigated for the conversion of pretreated biomass, as in the work ofreported by Jin et 1196 

al., who prepared formylated cellulose through the treatment of corn stover with formic 1197 

acid, and adopted it as the feedstock of the HMF production. They employed AlCl3 and 1198 

maleic acid as the catalytic system, working under microwave MW heating, but obtain- 1199 

ing and obtained the HMF yield of only 16 mol%, despite the low substrate loading of (1 1200 

wt%), due to the high hydrophobicity, crystallinity and thermal stability of the prepared 1201 

formylated cellulose (run 151, Table 7) [147]. However, the reached HMF yield was 1202 

higher than those ascertained starting from α-cellulose and microcrystalline cellulose, 1203 

which were botin both cases h about 10 mol%. Mimura et al. introduced the ball-milling 1204 

pretreatment for the conversion of used clothing, used paper, and Japanese cedar, in the 1205 

presence of the heterogeneous catalyst Ca3(PO4)2, allowing the a marked improvement of 1206 

HMF yields from 10, 8, and 14 mol% (runs 24–26, Table 1) to 31, 22 and 36 mol% (runs 1207 

152–154, Table 7), respectively, but still working at low substrate loadings (0.7–1.5 wt%) 1208 

[72]. In fact, the ball-milling contributed to the decrease of cellulose particles and to the 1209 

increase of the amorphous fraction of cellulose, at the expense of the crystalline one, thus 1210 

increasing the superficial contact area between substrate and catalyst and enhancing the 1211 

reactivity of the substrate, being the amorphous fraction easier hydrolysable. A slight 1212 

improvement of the HMF yield from 39 (run 28, Table 1) to 47 mol% was also obtained 1213 

reported by Wang et al., who ball-milled the microalgae Chlorococcum and converted it in 1214 

the presence of H-ZSM-5 as the catalyst, adopting the low biomass loading of 1 wt% (run 1215 

155, Table 7) [74]. On the other hand, also other pretreatments have been adopted. In this 1216 

regard, Hoang et al. pretreated the corncob with a mixture of ethanol and acetone for 6 h 1217 

in order to remove the extractives, and then the residue was adopted as the feedstock for 1218 

the HMF synthesis. of HMF catalyzed byA ad-hoc prepared sulfonic acid ac- 1219 

id-functionalized mesoporous ZSM-5 zeolite (HSO3-ZSM-5) was synthesized and tested 1220 

for this reaction, reaching the unsatisfactory HMF yield of 24 mol%, due to the high 1221 

formation of humins and rehydration acids (run 156, Table 7) [148]. Finally, also the del- 1222 

ignification pretreatment was investigated for the conversion of biomass in water. In fact, 1223 

this could represent a very promising approach to activate the cellulose conversion and 1224 

enhance the HMF synthesis, because in this way cellulose isresults becomes more acces- 1225 

sible to the acid sites of the catalyst. This pretreatment was adopted by Zhang et al., who 1226 
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delignified the corn stover employing with sodium chlorite at 75 °C for 2 h and converted 1227 

the pretreated biomass, with the low loading of 1.6 wt%, in the presence of the solid su- 1228 

per acid SO42–/ZrO2 [149]. The authors found that the sodium chlorite amount strongly 1229 

affected both the cellulose digestibility conversion and to HMF yield, leading toobtaining 1230 

the highest HMF yield of 61 mol% when the concentration of sodium chlorite in the pre- 1231 

treatment was 6 wt% (run 157, Table 7). Moreover, the adopted catalyst resulted stable 1232 

and recyclable in further five consecutive cycles allowing the achievement of the HMF 1233 

yield of 55 mol% at the end of the fifth cycle. 1234 

2.2.2. Ionic liquids (ILs) and deep eutectic solvents (DESs) 1235 

The employment of ionic liquidsILs and deep eutectic solventsDESs as the reaction 1236 

medium is not limited to the conversion of not pretreated biomasses but it they have been 1237 

adoptedcan be proposed also for the pretreated ones, as evidenced by the literature re- 1238 

sults reported in Table 8. 1239 

Table 8. HMF production starting from raw pretreated biomasses in ionic liquids and deep eutectic 1240 
solvents. 1241 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

158 
Wood dust 2 

(n.a. 3) 
H2SO4 (20.0 4) 

ChCl 5/citric acid 

(2/1 mol/mol) 
130 5 Conv. 24 6 150 

159 
Wood chips 7 

(4.8%) 
CrCl3·6H2O (1.3) [BMIM]Cl 8 120 120 Conv. 79 84 

160 
Rice straw 7 

(4.8%) 
CrCl3·6H2O (1.3) [BMIM]Cl 8 120 120 Conv. 76 84 

161 

Waste  

cottonseed  

hull 9 (4.0%) 

CuCl2·2H2O (5.0) 

[EMIM]Ac 10 + 

[BMIM][TOS] 11 

(1/6 v/v) 

120 150 Conv. 42 151 

162 

Waste  

cottonseed  

hull 9 (4.0%) 

H4[Si(W3O10)4]·xH2O 

(5.0) 

[EMIM]Ac 10 + 

[BMIM][TOS] 11 

(1/6 v/v) 

120 150 Conv. 40 151 

163 
Apple waste 12 

(6.3%) 

D001-cc 

ion-exchange resin 

(1.0) 

[BMIM]Cl 8 140 60 Conv. 45 152 

164 
Orange waste 12 

(6.3%) 

D001-cc 

ion-exchange resin 

(1.0) 

[BMIM]Cl 8 140 60 Conv. 42 152 

165 

Sugarcane  

bagasse 13 

(4.8%) 

D001-cc 

ion-exchange resin 

(1.0) 

[BMIM]OAc 14 140 25 MW 66 68 

166 
Wheat straw 9 

(2.0%) 
ChCl 5/p-TSA (0.02) 

ChCl 5/p-TSA  

(n.a. 3) 
80 30 Conv. 72 153 

167 
Rice husk 9 

(2.0%) 
ChCl 5/p-TSA (0.02) 

ChCl 5/p-TSA  

(n.a. 3) 
80 30 Conv. 68 153 

168 Bagasse 9 (2.0%) ChCl 5/p-TSA (0.02) 
ChCl 5/p-TSA  

(n.a. 3) 
80 30 Conv. 70 153 

1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 Acid pretreatment (H2SO4 at 4 1242 
wt%) followed by steam explosion and enzymatic hydrolysis. 3 “n.a.” stands for “not available”.  1243 
4 Calculated respect to glucose present in the hydrolyzate deriving from pretreatment steps. 5 Cho- 1244 
line chloride. 6 Calculated with respect to the moles of glucose. 7 Basic pretreatment.  1245 
8 1-butyl-3-methylimidazolium chloride. 9 Isolation of cellulose by acid treatment.   1246 
10 1-ethyl-3-methylimidazolium acetate. 11 1-butyl-3-methylimidazolium tosylate. 12 Ultrason- 1247 
ic-[BMIM]Cl pretreatment. 13 Ultrasonic-[BMIM]OAc pretreatment.  1248 
14 1-butyl-3-methylimidazolium acetate. 1249 

 1250 
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Chen et al. prepared a glucose- rich hydrolyzate from wood dust through an acid 1251 

pretreatment followed by a steam steam-explosion and enzymatic hydrolysis, and 1252 

adopted this hydrolyzate as feedstock for the HMF synthesis of HMF in DES composed 1253 

ofby choline chloride/citric acid [150]. The latter wasresulted a promising DES system, 1254 

where choline chloride acted as a hydrogen bond acceptor and citric acid was chosen as a 1255 

hydrogen bond donor, due to its high biodegradability. Despite the high viscosity of the 1256 

DES, the adopted temperature of 130 °C allowed the reduction of the hydrogen bond 1257 

strength, thus reducing the viscosity of the solvent and leading to an efficient HMF 1258 

production. In fact, in the presence of H2SO4 as the catalyst, the HMF yield of 24 mol% 1259 

was achieved (run 158, Table 8), which was similar tolike that obtained starting from 1260 

pure glucose under the same reaction conditions. Nguyen et al. pretreated wood chips 1261 

and rice straw with an alkaline solution (NaOH) that could cause the structural change of 1262 

lignin, swelling, and partial de-crystallization of cellulose and as well as the partial re- 1263 

moval of hemicellulose, thus making the cellulose more prone to the conversion. The 1264 

pretreated biomasses were then subjected to hydrolysis catalyzedcatalytically hydro- 1265 

lyzed by the salt CrCl3·6H2O in the ionic liquid [BMIM]Cl, leading toobtaining analogous 1266 

HMF yields of 79 and 76 mol% starting from wood chips and rice straw, respectively 1267 

(runs 159 and 160, Table 8) [84]. On the other hand, Ge et al. performed an acid pre- 1268 

treatment with sulfuric acid solution, aiming at the isolation of cellulose from waste cot- 1269 

ton seed hull [151]. Successively, the authors employed two different catalysts for the 1270 

HMF synthesis of HMF from the isolated cellulose, in particular, the salt CuCl2·2H2O and 1271 

the heteropolyacid H4[Si(W3O10)4]·xH2O in the solvent system composed by the ionic liq- 1272 

uids [EMIM]Ac and [BMIM][TOS], reaching the HMF yields of 42 and 40 mol%, respec- 1273 

tively (runs 161 and 162, Table 8). In fact, in particular, wWhen CuCl2·2H2O was em- 1274 

ployed as the catalyst, the two ionic liquids, [EMIM]Ac and [BMIM][TOS], had a syner- 1275 

gistic role, the first having a strong dissolving ability of towards the isolated cellulose, 1276 

whilst the second one beinbeing able to form a complex with CuCl2 ([CuCl2(TOS)]–) active 1277 

in the glucose conversion of glucose to HMF. Ji et al. adopted the ionic liquid [BMIM]Cl 1278 

in the pretreatment of food wastes, such as apple waste and orange wastes, with the 1279 

support ofassisted by ultrasound sonication [152]. This approach allowed the decrease of 1280 

crystallinity index, due to the synergistic effect of ionic liquid, able to destroy the hy- 1281 

drogen bonds between the cellulose chains leading to cellulose dissolution and rupture of 1282 

the crystal structure, and ultrasounds, which promoted the accessibility of the ionic liq- 1283 

uid into the biomass through the generation of shear forces, shock waves and cavitation 1284 

phenomenon could promote the penetration of ionic liquid into the biomass. In fact, tThe 1285 

authors found that ultrasounds strongly enhanced the dissolution of cellulose, destroy- 1286 

ing the dense structure of the not pretreated biomass, which became rough and irregular, 1287 

showing  with cracks and pores after as a consequence of the pretreatment. The pre- 1288 

treated biomass was subsequently converted under conventional heating in the same 1289 

ionic liquid, because [BMIM]Cl was a very powerful solvent for towards the cellulose 1290 

dissolution of cellulose, adopting commercial heterogeneous acid resins as catalysts. In 1291 

particular, tThe best results were ascertained with the macroporous strong acid ac- 1292 

id-exchange resin D001, which allowed theobtaining HMF yields of 45 and 42 mol% 1293 

starting from apple waste and orange waste, respectively (runs 163 and 164, Table 8). 1294 

These promising obtained results could be related to both the internal and externalex- 1295 

plained by considering the textural properties structure of the D001 resin, which is 1296 

characterized by large pore diameter, high surface area, and easy and fast exchange of 1297 

protons, all favorable properties that for promote promoting the interaction between the 1298 

substrate and the acid active sites. Moreover, the catalyst resulted stable and recyclable, 1299 

keeping almost constant the HMF yield after five consecutive runs. The same authors 1300 

adopted the ultrasound pretreatment also for the conversion of sugarcane bagasse, using 1301 

the ionic liquid [BMIM]OAc as the solvent for both the pretreatment and the reaction 1302 

step, due to its promising performance already evidenced in the conversion of not pre- 1303 

treated sugarcane bagasse catalyzed by the D001 resin that led to the HMF yield of 25 1304 
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mol% (run 47, Table 2) [68]. The introduction of this pretreatment strongly enhanced the 1305 

HMF yield and the authors found that ultrasound frequency positively influenced the 1306 

reaction. In particular, the increase of ultrasound frequency from 20 to 40 kHz promoted 1307 

the disruption of cellulose structure, resulted resulting in a significant increase of HMF 1308 

yield from 36 to 66 mol% (run 165, Table 8) because the disruption of cellulose structure 1309 

and its dissolution were promoted at a higher frequency. Finally, DESs were investigated 1310 

in the dual role of solvent and catalyst for the HMF synthesis of HMF starting from cel- 1311 

lulose extracted from wheat straw, rice husk, and bagasse [153]. In particular, the DES 1312 

composed ofby choline chloride/p-toluenesulfonic acid gave the highest HMF yields with 1313 

respect to the other tested DESs (choline chloride/oxalic acid and choline chloride/citric 1314 

acid) due to its higher acidic properties, . allowing the achievementing of By this way, 1315 

HMF yields equal to 72, 68 and 70 mol% were achieved from wheat straw, rice husk and 1316 

bagasse cellulose, respectively (runs 166–168, Table 8). Moreover, the recyclability of the 1317 

system was tested for up to four cycles by adding fresh cellulose isolated from the wheat 1318 

straw without any considerable loss in the activity, thus proving that the system kept the 1319 

efficiency almost constant. 1320 

2.2.3. Biphasic and/or multiple solvent systems 1321 

As previously observed described for the conversion of not pretreated biomasses, 1322 

also in for the pretreated ones the use of two or more solvents represents the most 1323 

adopted approach. Both homogeneous and heterogeneous catalysts have been employed: 1324 

the literature results for the homogeneous catalytic systems are reported in Table 9. 1325 

Table 9. HMF production starting from raw pretreated biomasses in biphasic and/or multiple sol- 1326 
vent systems with homogeneous catalysts (mineral acids, inorganic salts and a combination of 1327 
them). 1328 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

169 
Melon rind 2 

(2.7%)  
H2SO4 (10.2) 

H2O-NaCl/THF 

(1/3 v/v) 
180 30 Conv. 14 154 

170 
Melon rind 2 

(2.7%)  
H2SO4 (10.2) 

H2O-NaCl/THF 

(1/3 v/v) 
180 30 MW 13 154 

171 
Eucalyptus 3 

(1.0%) 
InCl3 (7.3) 

H2O-NaCl/THF 

(1/3 v/v) 
200 120 Conv. 43 145 

172 
Eucalyptus 3 

(1.0%) 
AlCl3 (12.1) 

H2O-NaCl/THF 

(1/3 v/v) 
200 120 Conv. 40 145 

173 
Eucalyptus 3 

(1.0%) 
FeCl3 (9.8) 

H2O-NaCl/THF 

(1/3 v/v) 
200 120 Conv. 38 145 

174 Bagasse 3 (1.0%) InCl3 (7.3) 
H2O-NaCl/THF 

(1/3 v/v) 
200 120 Conv. 46 145 

175 
Birch wood 4 

(2.2%) 
Salts (0.3) 

Seawater/THF  

(1/6 v/v) 
200 300 Conv. 43 155 

176 
Beech wood 4 

(2.2%) 
Salts (0.3) 

Seawater/THF  

(1/6 v/v) 
200 300 Conv. 44 155 

177 
Pine wood 4 

(2.2%) 
Salts (0.3) 

Seawater/THF  

(1/6 v/v) 
200 300 Conv. 46 155 

178 
Corn stalks 4 

(2.2%) 
Salts (0.3) 

Seawater/THF  

(1/6 v/v) 
200 300 Conv. 50 155 

179 
Molasses 5 

(12.8%)  
AlCl3 (61.5) 

H2O/GVL  

(1/4 v/v) 
160 180 Conv. 28 113 

180 
Corn straw 6 

(1.0%) 
Al2(SO4)3 (2.8) 

H2O-NaCl/GVL 

(1/4 v/v) 
165 50 Conv. 30 156 

181 
Rice straw 6 

(1.0%) 
Al2(SO4)3 (2.8) 

H2O-NaCl/GVL 

(1/4 v/v) 
165 50 Conv. 35 156 

182 Cow dung 6 Al2(SO4)3 (2.8) H2O-NaCl/GVL 165 50 Conv. 35 156 
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(1.0%) (1/4 v/v) 

183 

Poplar  

sawdust 6 

(1.0%) 

Al2(SO4)3 (2.8) 
H2O-NaCl/GVL 

(1/4 v/v) 
165 50 Conv. 66 156 

184 
Corn waste 7 

(4.8%) 
SnCl4 (3.5) 

H2O/acetone  

(1/1 v/v) 
140 10 MW 27 110 

185 
Taro waste 7 

(4.8%) 
SnCl4 (3.5) 

H2O/acetone  

(1/1 v/v) 
140 10 MW 32 110 

186 
Corn straw 8 

(2.5%) 
SnCl4 (0.7) 

DES 9/DMSO  

(1/1 v/v) 
140 60 Conv. 28 157 

187 

Waste coffee 

grounds 2 

(2.4%) 

Al(NO3)3·9H2O (2.7) 

+ H2SO4 (8.5) 

H2O/DMSO  

(3/2 v/v) 
n.a. 10 20 MW 14 11 158 

188 

Spent coffee 

grounds 12 

(5.0% 13) 

AlCl3 (79.0) +  

HCl (465.0)  

H2O-NaCl/GVL 

(1/2 v/v) 
170 20 Conv. 8 11 159 

189 
Pistachio hull 12  

(5.0%13) 

AlCl3 (79.0) +  

HCl (465.0)  

H2O-NaCl/GVL 

(1/2 v/v) 
170 20 Conv. 8 11 159 

190 
Potato peels 14 

(4.0%) 

1°: LiBr (0.2) +  

H2SO4 (8.2) 

2°: AlCl3 (2.0 15) 

1°: H2O 

2°: H2O/2-butanol  

(1/3 v/v) 

1°:140 

2°:160 

1°:60 

2°:180 
Conv. 54 160 

191 
Corn stover 16 

(1.0%) 

AlCl3 (3.8) +  

Maleic acid (4.3) 

H2O/acetonitrile  

(2/1 v/v) 
180 20 MW 31 147 

192 

High fructose 

corn syrup 17 

(2.2%) 

CaCl2 (1.1) +  

Gluconic acid (1.2) 

H2O/MeTHF  

(1/4 v/v) 
150 120 Conv. 82 161 

193 

High fructose 

corn syrup 17 

(2.2%) 

CaCl2 (0.2) +  

Gluconic acid (1.2) 

H2O/MeTHF  

(1/4 v/v) 
150 10 MW 86 161 

1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 Solvent extraction. 3 Extraction 1329 
of cellulose. 4 Lignin depolymerization. 5 Tricalcium phosphate with hydrochloricidric acid treat- 1330 
ment. 6 Ball-milling with Al2(SO4)3. 7 Supercritical CO2 extraction. 8 Ultrasound pretreatment.  1331 
9 Choline chloride/oxalic acid (1/1 mol/mol). 10 ”n.a.” stands for “not avalibale”. 11 Calculated as 1332 
wt%. 12 Fractionation, enzymatic hydrolysis, and glucose isomerization. 13 Fructose concentration 1333 
employed for the HMF synthesis at the end of the pretreatment steps. 14 Ultrasound extraction of 1334 
antioxidants. 15 Calculated respect to glucose formed in the first step. 16 Fractionation. 17 Enzymatic 1335 
oxidation. 1336 

 1337 

 To the best of our knowledge, only the work of Lucas-Torres et al. reported the 1338 

use of mineral acid as the catalyst for the conversion of pretreated biomass in the biphasic 1339 

system [154]. The authors valorized the melon rind through the extraction of fatty acids 1340 

and polar compounds, such as antioxidant polyphenols, with cyclohexane and ethanol, 1341 

respectively. The solid residue recovered at the end of this pretreatment was converted to 1342 

HMF adopting H2SO4 as the catalyst under both conventional and microwave MW 1343 

heating systems in H2O-NaCl/THF, obtaining analogous results with the two heating 1344 

approaches (runs 169 and 170, Table 9). However, modest HMF yields (14 mol%) were 1345 

obtained under the adopted reaction conditions, because H2SO4 was efficient in for the 1346 

hydrolysis of cellulose to give glucose but not very effective insuitable for the conversion 1347 

of glucose to HMF. A large number ofMany papers reported the employmentdescribed 1348 

the use of inorganic salts as catalysts. Wei et al. adopted the H2O-NaCl/THF solvent for 1349 

the conversion of extracted cellulose from dewaxed eucalyptus catalyzed by InCl3 [145]. 1350 

The authors found that the adoption use of a biphasic system strongly improved the 1351 

HMF yield from 14 mol%, achieved in water (run 149, Table 7), to 43 mol% (run 171, Ta- 1352 

ble 9), ascribable to the continuous separation of HMF from the aqueous phase to the 1353 

organic phase. Comparing the catalytic performances of InCl3 with other chlorides, such 1354 
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as AlCl3 and FeCl3 (runs 172 and 173, Table 9), the authors proved that InCl3 resulted as 1355 

the best one, due to the combined effect of In3+, acting as Lewis acid in the isomerization 1356 

of glucose to fructose, and the partially hydrolyzed In-OH group, acting as Brønsted acid 1357 

in the dehydration of fructose to HMF. InCl3 was also employed also in thefor the con- 1358 

version of pretreated bagasse under the same reaction conditions, leading to the HMF 1359 

yield of 46 mol% (run 174, Table 9). FinallyLastly, the whole reaction medium was easily 1360 

recycled. In factFor this purpose, the organic phase, containing THF and HMF, was dis- 1361 

tilled in order to recover the product and recycle THF in subsequent runs together with 1362 

the aqueous phase containing the catalyst InCl3 deriving from the previous run. During 1363 

the recycles, the HMF yield gradually decreased, due to the loss of InCl3. However, de- 1364 

spite the interesting HMF yields ascertained by Wei et al., the low adopted biomass 1365 

loading (1 wt%) makes the process not very attractiveng at a larger scale. Taking into 1366 

consideration from these examples that the presence of the inorganic salt resulted im- 1367 

portant in order to improve the separation between water and THF and also to enhance 1368 

the hydrolysis of biomass, Guo et al. did not use pure water as the reaction medium, but 1369 

seawater that naturally contains a large amount of salts and proposed the full valoriza- 1370 

tion of several lignocellulosic biomasses, such as birch wood, beech wood, pine wood 1371 

and corn stalks [155]. In fact, tThe first step is provided the depolymerization of lignin to 1372 

alkyl methoxy phenols, which was catalyzed by Pd/C and Yb(OTf)3 , and performed in 1373 

methanol at 200 °C for 2 h with 20 bar of H2. At the end, the solid residue contained Pd/C, 1374 

hemicellulose, and cellulose, whilst in the liquid phase there wereincluded methylated 1375 

C5 sugars, lignin monomers, and Yb(OTf)3. These latter were separated through rotary 1376 

vapor, aimed at the removaling of the solvent, followed by water extraction with water, 1377 

for the recovery of methylated C5 sugars and Yb(OTf)3, and extraction with ethyl acetate, 1378 

for the recovery of lignin monomers. Yb(OTf)3 was separated from methylated C5 sugars 1379 

and reused in the next run, whereas the lignin monomers were converted into aromatic 1380 

hydrocarbons through hydrodeoxygenation reaction, adopting Ru/Nb2O5 as catalyst and 1381 

2-propanol as hydrogen donor. In this approach, the valorization of lignin can be con- 1382 

sideredis proposed as the pretreatment step, because from the depolymerization of lig- 1383 

ninleading to a solid residue rich in hemicellulose and cellulose, containing also con- 1384 

taining the heterogeneous adopted catalyst Pd/C, was recovered. This residue was con- 1385 

verted to furfural and HMF in a biphasic system seawater/THF, leading to HMF yield of 1386 

43, 44, 46, and 50 mol%, starting from birch wood, beech wood, pine wood, and corn 1387 

stalks, respectively (runs 175–178, Table 9). The proposed acid-free process allowed not 1388 

onlywas effective to achieve of interestingfor the production of HMF in good yields, also 1389 

enabling but also the recovery of Pd/C as solid residue, which was  to be recycled in the 1390 

delignification step. At the end, the organic phase, containing furfural and HMF, was 1391 

separated from the aqueous phase, containing salts, and the latter was directly recycled 1392 

in subsequent runs, keeping constant unaltered the HMF yield up tofor three cycles. 1393 

However, despite the full valorization of biomasses and the interesting HMF yields, the 1394 

process isresults complex, expensive, and not so safe, due to the employment of a noble 1395 

metal (Pd/C) and hydrogen in the first step. 1396 

Besides THF, also GVL was largely investigated as an organic solvent in the biphasic 1397 

system, being more promising than THF, thanks to its renewable origin. An example is 1398 

reported in the work of Tian et al., who, due to the highlighted low HMF yield reached 1399 

starting from molasses (run 101, Table 4), ). For this reason, they pretreated this biomass 1400 

with tricalcium phosphate and hydrochloric acid, with the aim of removingto remove 1401 

inorganic salts and organic impurities, thus slightly enhancing the HMF yield up to 28 1402 

mol%, working  carrying out the reaction in H2O/GVL under the same experimental 1403 

conditions and the same promising promising biomass loading of 12.8 wt% (run 179, 1404 

Table 9) [113]. Shen et al. pretreated several biomasses through the ball-milling in the 1405 

presence of Al2(SO4)3 and subsequently, the mixture of pretreated biomass and the inor- 1406 

ganic saltthe resulting mixture was placed intreated in the biphasic system 1407 

H2O-NaCl/GVL, to carry out the hydrolysis catalyzed by, Al2(SO4)3 acted as catalyst [156]. 1408 
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The presence of Al2(SO4)3 during the ball-milling step allowed a greater destruction of 1409 

cellulose and, generating more cracks in the surface than the simple ball-milling because 1410 

the salt entered into the crystalline region of cellulose and broke the hydrogen bonds, 1411 

thus reducing the size of biomass particles and destroying the cellulose crystal structure. 1412 

Thanks to this pretreatment, the biomasses were successfully converted to HMF, leading 1413 

to yields of about 30, 35, 35, and 66 mol%, starting from corn straw, rice straw, cow dung, 1414 

and poplar sawdust, respectively, employed at the loading of only 1 wt% (runs 180–183, 1415 

Table 9). Yu et al. have deeply investigated the synthesis of HMF starting from biomasses 1416 

catalyzed by inorganic salts in the biphasic system [103–108,110]. They  and in one of 1417 

their works also performed the pretreatment with supercritical CO2, aiming at the ex- 1418 

traction of saturated and unsaturated fatty acids from corn and taro wastes [110]. This 1419 

pretreatment step, in addition to allowing the separation and the potential exploitation of 1420 

waxes and fatty acids, could also improve the solubility of polysaccharides solubility, 1421 

improving in this way theenabling a better contact between catalyst and substrate. 1422 

However, only limited changes in the biomass structure were observed after the pre- 1423 

treatment, and HMF yields similar tolike those previously reported for the not pretreated 1424 

biomasses (runs 96 and 97, Table 4), were obtained (runs 184 and 185, Table 9), ). A pos- 1425 

sible explanation of this evidence could be that probably because the release of CO2 in 1426 

this case was not fast enough to disrupt the biomass structure and to solubilize polysac- 1427 

charides. Different inorganic salts were also investigated in natural deep eutectic solvents 1428 

(NATDES). by Lu et al.  who found that the DES composed of choline chloride/oxalic 1429 

acid DES and SnCl4 were respectively the most promising solvent and catalyst for the 1430 

synthesis of HMF from corn straw pretreated by ultrasound [157]. The sonication at 40 1431 

kHz produced cavitation, leading as consequence thegetting a local increase of temper- 1432 

ature and pressure, thus which was effective for destroying the structure of biomass and 1433 

increasing the superficial area, thus improving the that enhanced the extraction of cellu- 1434 

lose. However, the high viscosity of NATDES hampered the progress of the conversion of 1435 

hexose to HMF, resulting in the imperative the addition of a co-solvent, such as DMSO, 1436 

that lowered the viscosity of the reaction medium, helped NATDES to dissolve ligno- 1437 

cellulose and improved sugars conversion, leading to the highest HMF yield of 28 mol% 1438 

(run 186, Table 9). 1439 

As previously observed for the conversion of not pretreated biomasses, the The 1440 

combination of inorganic salts with mineral and organic acids has been also proposed for 1441 

the conversion of the pretreated ones. Ganado et al. pretreated the waste coffee grounds 1442 

through an extraction with water for the recovery of valuable extractives, such as caffeine 1443 

and chlorogenic acid, and subsequently converted the solid residue to HMF in a 1444 

H2O/DMSO system, working in the presence of Al(NO3)3·9H2O and H2SO4 as catalytic 1445 

system [158]. The authors performed the reaction under microwave MW heating and 1446 

optimized the HMF yield thanks to the support of Box-Behnken design experimentex- 1447 

perimental design, reaching the highest HMF yield of 14 wt% (run 187, Table 9). Spent 1448 

coffee grounds, together with pistachio hull, were also adopted proposed as substrates 1449 

by Pereira et al. [159]. The authors fractionated the wastes through an organosolv pro- 1450 

cess, employing H2SO4 as catalyst and water-MIBK, water-ethanol, or water-acetone as 1451 

the solvent, thus obtaining a water- solubilized fraction predominantly deriving from 1452 

hemicellulose, a cellulose- enriched solid residue and a lignin lignin-enriched organic 1453 

phase. The cellulose- enriched solid residue was subsequently then enzymatically hy- 1454 

drolyzed to glucose in the presence of cellulase from Aspergillus niger, . Gglucose was 1455 

then isomerized to fructose in the presence of glucose isomerase from Streptomyces 1456 

murinus and finally fructose was converted to HMF adopting AlCl3 and HCl as the cata- 1457 

lytic system in the sustainable biphasic solvent H2O-NaCl/GVL giving comparable HMF 1458 

yields of only 8 wt% starting from both spent coffee grounds and pistachio hull (runs 188 1459 

and 189, Table 9). On the other hand, in order to achieve the complete exploitation of the 1460 

biomass, the authors investigated alsoalso investigated the valorization of the other two 1461 

obtained fractions. In particular, the water- solubilized fraction containing hemicellulose 1462 
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sugars, was fermented in the presence of the oleaginous yeast Metshnikowia pulcherrima to 1463 

produce bio-oil, whereas the high heating value of lignin- enriched organic phase was 1464 

evaluated, to with the aim of proposeing this fraction as a liquid fuel. Analogously, aAlso 1465 

Ebikade et al. investigated the complete exploitation of the waste potato peels, carrying 1466 

out first ultrasonic-assisted extraction of antioxidants, followed by the conversion of the 1467 

cellulosic fraction to HMF, and finally the pyrolysis of lignin to biochar [160]. The con- 1468 

version of the cellulosic fraction was performed in two steps. In the first one, the ex- 1469 

tracted potato peels were hydrolyzed in 25 wt% LiBr and 0.05 M H2SO4 solution, to 1470 

produce glucose. The glucose yield of about 90 mol% was achieved under the best reac- 1471 

tion conditions and then it was converted to HMF in the same reactor adding AlCl3 as the 1472 

Lewis catalyst and 2-butanol as the organic solvent, in order to create a biphasic system 1473 

thus reducingthat reduced the formation of by-products formation. This second step was 1474 

optimized through the support of a Box-Behnken design, considering temperature, reac- 1475 

tion time, and AlCl3 concentration as the independent variables, reaching the highest 1476 

HMF yield of 54 mol% (run 190, Table 9). For the recycling test, the aqueous phase con- 1477 

taining LiBr, H2SO4, and AlCl3 was separated from the organic one and reused in two 1478 

subsequent reactions, leading to the HMF yield of 50 mol% in after the third recycle, 1479 

underlining that only a slight decrease of activity occurred, probably due to the partial 1480 

loss of LiBr in the organic phase confirmed by the ICP-MS analysis. The solid residue 1481 

recovered at the end of the HMF synthesis was pyrolyized and the obtained biochar 1482 

proved to be effective in removing pesticides from water and employable also as a soil 1483 

enrichment. AlCl3 was also adopted in combination with an organic acid, such as maleic 1484 

acid, for the conversion to HMF of formylated cellulose (loading of only 1 wt%), obtained 1485 

from the pretreatment of corn stover with formic acid [147]. In particular, the combined 1486 

employment of acetonitrile together withand water as the reaction medium strongly 1487 

promoted the HMF formation, because the organophilic formyl group present in the 1488 

formylated cellulose had stronger interaction with the organic solvent with respect 1489 

torather than with the only water alone, thus promoting the conversion of the formylated 1490 

cellulose to glucose and increasing the HMF yield from 16 (run 151, Table 7) to 31 mol% 1491 

(run 191, Table 9). Noteworthy, Lin et al. generated in situ the organic acid by the enzy- 1492 

matic oxidation of high fructose corn syrup, thus converting glucose to gluconic acid 1493 

[161]. However, this is a weak acid and did not provide sufficient protons to catalyze the 1494 

fructose conversion to HMF. Therefore, thus,in order to improve the dissociation con- 1495 

stant of gluconic acid, the authors added a salt, because it is well-known that strong 1496 

electrolytes improve the dissociation degree of a weak electrolyte. In particular, CaCl2 1497 

showed to be very effective for this purpose, allowing the complete fructose conversion 1498 

when associated with gluconic acid. On the other hand, low fructose conversion was 1499 

reached when the salt was adopted alone, thus confirming the synergistic effect of the 1500 

two catalysts. The authors carried out the reaction in the biphasic system H2O/MeTHF 1501 

and achieved the HMF yield of 82 mol% after 120 min under conventional heating (run 1502 

192, table 9) and 86 mol% after only 10 min under the microwave MW heating (run 193, 1503 

Table 9), working at the same temperature of 150 °C and adopting a low biomass loading 1504 

(2.2 wt%). 1505 

Pretreated biomasses were also converted into HMF working in a biphasic medium 1506 

in the presence of heterogeneous catalytic systems (Table 10). 1507 

Table 10. HMF production starting from raw pretreated biomasses in biphasic and/or multiple 1508 
solvent systems with heterogeneous catalysts. 1509 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

194 

Food and  

beverage 

waste-derived 

high fructose 

Amberlyst-36 (1.0) 
H2O/DMSO  

(1/1 v/v) 
140 40 MW 71 3 162 
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syrup 2 (3.8%) 

195 
Apple waste 4 

(4.0) 

Sn-Amberlyst-15 

(0.3) 

H2O/MIBK  

(1/1 v/v) 
120 120 Conv. 29 163 

196 
Melon rind 5 

(2.7%)  

Montmorillonite 

KSV (1.0) 

H2O-NaCl/THF 

(1/3 v/v) 
180 30 Conv. 22 154 

197 
Melon rind 5 

(2.7%) 

Montmorillonite 

KSV (1.0) 

H2O-NaCl/THF 

(1/3 v/v) 
180 30 MW 28 154 

198 

Microalgae 

Dunaliella  

salina 5 (4.6%) 

H-ZSM-5 (6.0) 
H2O-NaCl/THF  

(1/1.7 v/v) 
180 60 Conv. 39 164 

199 
Corncob 5 

(10.0%) 
HSO3-ZSM-5 (3.3) 

H2O/DMSO  

(1/3 v/v) 
150 300 Conv. 63 148 

200 
Corncob 5 

(10.0%) 
HSO3-ZSM-5 (2.5) 

H2O/THF  

(1/3 v/v) 
160 300 Conv. 63 148 

201 
Rice straw 6 

(1.0%) 
APG-SO3H 7 (2.0) 

H2O-NaCl/GVL 

(1/4 v/v) 
180 480 Conv. 31 165 

202 
Banana plant 

waste 8 (2.0%)  
Al2O3-TiO2-W (2.5) 

H2O-NaCl/THF  

(1/3 v/v) 
175 180 Conv. 76 166 

203 
Banana plant 

waste 8,6 (2.0%)  
Al2O3-TiO2-W (2.5) 

H2O-NaCl/THF  

(1/3 v/v) 
175 60 Conv. 80 166 

204 
Yellow dent 

corn 6 (30.0%) 

Activated carbon 

(3.9) + Maleic acid 

(73.8) + AlCl3 (32.1)  

H2O/DMSO/ 

acetonitrile  

(2/2/1 v/v)  

180 3 Conv. 85 167 

205 
Pineapple  

peels 9 (2.0%) 

Sulfonated activated 

carbon (2.0)  

H2O/[BMIM]Cl 10  

(4/1 v/v) 
120 60 Conv. 50 168 

206 
Banana peels 9 

(2.0%) 

Sulfonated activated 

carbon (2.0)  

H2O/[BMIM]Cl 10 

(4/1 v/v) 
120 60 Conv. 45 168 

207 
Catalpa 6,9 

(2.4%) 

Sulfonated activated 

carbon (1.0) +  

AlCl3 (1.2) 

H2O/[BMIM]Cl 10 

(n.a. 11) 
120 60 Conv. 86 169 

208 
Indian Rose-

wood 6,9 (2.4%) 

Sulfonated activated 

carbon (1.0) +  

AlCl3 (1.2) 

H2O/[BMIM]Cl 10 

(n.a. 11) 
120 60 Conv. 70 169 

209 
Chinaberry 6,9 

(2.4%) 

Sulfonated activated 

carbon (1.0) +  

AlCl3 (1.2) 

H2O/[BMIM]Cl 10 

(n.a. 11) 
120 60 Conv. 62 169 

210 
Babool 6,9  

(2.4%) 

Sulfonated activated 

carbon (1.0) +  

AlCl3 (1.2) 

H2O/[BMIM]Cl 10 

(n.a. 11) 
120 60 Conv. 75 169 

211 
Corncob 9 

(3.2%) 
MCMP 12-Al (30.3)  

H2O/ 

[moMIM][PF6] 13  

(1/3 v/v) 

200 180 Conv. 52 170 

212 
Corncob 9 

(3.2%) 

MCMP 12-Al (30.3) +  

MCMP 12-Cr (30.3) +  

MCMP 12-Mg (30.3) 

H2O/ 

[moMIM][PF6] 13  

(1/3 v/v) 

200 180 Conv. 68 170 

1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 Enzymatic hydrolysis, impu- 1510 
rity removal, and enzymatic isomerization of glucose to fructose. 3 Calculated respect to fructose.  1511 
4 Milling, filtration on ceramic candle filter, neutralization with Na2CO3. 5 Solvent extraction.  1512 
6 Ball-milling. 7 Sulfonic acid functionalized attapulgite. 8 Extraction of cellulose. 9 Acid pretreat- 1513 
ment. 10 1-Butyl-3-methylimidazolium chloride. 11 “n.a.” stands for “not available”. 12 Magnet- 1514 
ic-chitosan metalloporphyrin particles. 13 1-Methyl-3-n-octylimidazolium-hexafluorophopshate. 1515 

 1516 

Yu et al. employed industrial food (potato chips and oatmeal products) and bever- 1517 

age wastes (fruit juice, sport drink, and soft drink) as feedstock. This mixture was pre- 1518 

viously subjected to enzymatic hydrolysisenzymatically pretreated by , catalyzed by 1519 
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glucoamylase and sucrase enzymes, in order to obtain glucose syrup, which was purified 1520 

by passing through an adsorption chromatography column, and then the obtained 1521 

product was and further isomerized to fructose by a glucose isomerase enzyme [162]. The 1522 

as-obtained fructose syrup was further purified through an adsorption chromatography 1523 

column and converted to HMF in a biphasic system H2O/DMSO system, employing the 1524 

commercial acid resin Amberlyst-36 as the catalyst. Under the optimal reaction condi- 1525 

tions, the ascertained HMF yield was equal to 70 mol% (run 194, Table 10), and it was 1526 

maintained almost constant also after four recycles, indicating that there was negligible 1527 

deactivationconfirming the stability of the catalyst. Recently, Tempelman et al. employed 1528 

the commercial resin Amberlyst-15 exchanged with SnCl2 (Sn-Amberlyst-15) as the cat- 1529 

alyst for the conversion of another food waste, such as apple waste, to HMF [163]. In this 1530 

case, the authors milled the apple fruit wastesstarting feedstock, which was filtered them 1531 

on a ceramic candle filter under vacuum, and the filtrate was neutralized by a the filtrate 1532 

with Na2CO3 aqueous solution. After this pretreatment, MIBK , which acted as (extraction 1533 

solvent), and the catalyst Sn-Amberlyst-15 (catalyst), were added to the aqueous solution, 1534 

and the reaction was carried out at 120 °C for 2 h, leading to theleading to  HMF yield of 1535 

29 mol% ((run 195, Table 10). In additionAlso, Lucas-Torres et al. investigated the con- 1536 

version HMF production from of thethe food waste melon rind, which was pretreated by 1537 

solvent extraction, as starting feedstock for HMF production [154]. The authors obtained 1538 

higher yields in the presence of the heterogeneous catalyst montmorillonite KSV (runs 1539 

196 and 197, Table 10) rather than with the mineral acid H2SO4 (runs 169 and 170, Table 9) 1540 

working under the same reaction conditions both under conventional and microwave 1541 

heating in the biphasic system H2O-NaCl/THF. In fact, H2SO4 was mainly effective in the 1542 

cellulose hydrolysis to glucose, but it was scarcely active in towards the further conver- 1543 

sion of glucose to HMF, whereas montmorillonite KSV resulted effective also in this last 1544 

stepfor this last step. Moreover, in the presence of montmorillonite KSV, the highest 1545 

HMF yield (28 mol %) was obtained under microwave MW heating, further confirming 1546 

due to the efficiency of this alternative heating system. The biphasic system 1547 

H2O-NaCl/THF was adopted for the conversion of the microalgae Dunaliella salina into 1548 

HMF, catalyzed byin the presence of the commercial zeolite H-ZSM-5 as the catalyst 1549 

[164]. Before the hydrothermal conversion, the microalgae was subjected to extraction- 1550 

extracted with by hexane in order to remove lipophilic compounds, such as carotenoids 1551 

and triglycerides, and then it was directly converted to HMF, leading to the , leading to 1552 

the yield of 39 mol% (run 198, Table 10). In the work of Hoang et al., the zeolite H-ZSM-5 1553 

zeolite was sulfonated (HSO3-ZSM-5) and employed as the catalyst for the HMF synthe- 1554 

sis of HMF from corncob, previously extractedafter extractive removal with a mixture of 1555 

ethanol and acetone [148]. Compared with the water medium (run 156, Table 7), both the 1556 

adopted biphasic systems H2O/DMSO and H2O/THF allowed the increment improve- 1557 

ment of the HMF yield from 24 (in water) up to 63 mol% (runs 199 and 200, Table 10), 1558 

thanks to the enhancement of the biomass solubilization in the presence of the organic 1559 

solvent and to the suppression of both HMF rehydration to acids and HMF polymeriza- 1560 

tion to humins. In particularRemarkably, the medium H2O/DMSO system resulted was 1561 

more particularly effective than H2O/THF, allowing the achievement ofgiving the same 1562 

HMF yield of the H2O/THF system, but at a lower temperature. On the other hand, 1563 

DMSO has a very high boiling point (189 °C, at atmospheric pressure), making more dif- 1564 

ficult its recovery from the solvent reaction mixture. On this basis, H2O/THF was chosen 1565 

by the authors for further investigationsfurther considered for the study of , such as the 1566 

catalyst recyclability: after five subsequent runs, the HMF yield of 51 mol% was reached, 1567 

showing that there was no significantconfirming the absence of significant catalyst deac- 1568 

tivation. Moreover, tThe proposed process isresults interesting, thanks to the adopted 1569 

good biomass loading of (10 wt%), which is higher than the majoritymost of those re- 1570 

ported up to now. Sun et al. proposed a green and facile strategy for the preparation of 1571 

sulfonic acid acid-functionalized attapulgite (APG-SO3H) via the a wet mechanical 1572 

ball-milling method, employing 3-mercaptopropyltrimethoxysilane as the source of –SH 1573 
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groups. These that were grafted on the clay and subsequently oxidized to –SO3H with 1574 

H2O2 at room temperature [165]. The as synthesized catalyst was employed in the HMF 1575 

synthesis from ball-milled rice straw (only 1 wt%), in a H2O-NaCl/GVL system. Atta- 1576 

pulgite is a natural clay mineral widely adopted as catalyst support, due to its character- 1577 

istics, such as low cost and high specific surface area. Moreover, being an alumi- 1578 

num-magnesium silicate clay, the magnesium of this clay could promote the isomeriza- 1579 

tion of glucose to fructose, whereas the sulfonic groups could promoted the hydrolysis of 1580 

cellulose to glucose and the hydrolysis of fructose to HMF, thus, thus the prepared 1581 

APG-SO3H catalyst system resulted was an efficient catalyst allowing the achievement of 1582 

the HMF yield of 31 mol% (run 201, Table 10). The effectiveness of the ball-milling pre- 1583 

treatment in for the improvement of HMF synthesis production was also demonstrated 1584 

by Flores-Velázquez et al. [166]. The authors extracted the cellulose from a banana plant 1585 

waste through soft alkaline and acid treatments, thus obtaining recovering pure cellulose 1586 

free of hemicellulose and lignin. The as-preparedThis cellulose was converted to HMF in 1587 

the H2O-NaCl/THF biphasic system, employing Al2O3-TiO2-W (with 5 wt% of tungsten) 1588 

as the catalyst, obtaining the highest HMF yield of 76 mol% at 175 °C after 180 min (run 1589 

202, Table 10). However, when the cellulose was subjected to ball-millingmilled, its con- 1590 

versionit was possible to was speed up its conversion to HMF, and theachieving a 1591 

maximum HMF yield of 80 mol% was obtained after only 60 min working at 175 °C (run 1592 

203, Table 10). This study proved, thus proving that the rupture depolymerization of the 1593 

long cellulose chains to give shorter ones positively affected the HMF production. The 1594 

ball-milling pretreatment was also adopted by Overton et al. for the conversion of yellow 1595 

dent corn at high loading (30 wt%), working in the solvent mixture 1596 

H2O/DMSO/acetonitrile medium, together with in the presence of activated carbon, ma- 1597 

leic acid, and AlCl3 [167]. In particular, tThe activated carbon allowed the increase of 1598 

HMF yield up to 85 mol% (run 204, Table 10), thanks to its ability in by adsorbing the 1599 

impurities formed duringoriginating from the dehydration of fructose, that can reduce 1600 

the efficiency of the isomerization step and lead to the higher formation of by-products , 1601 

as already found by Dumesic et al. [171]. This result is very promising not only for the 1602 

high achieved HMF yield but also for the highest adopted substrate loading (30 wt%) 1603 

reported up to now in the literature, in agreement with the “high gravity” approach, that 1604 

allows the production of concentrated HMF streams. However, the substrate is largely 1605 

employed also in the food supply chain, thus its exploitation for the HMF synthesis of 1606 

HMF on large scale could result poorly socially sustainable. On the other hand, Tyagi et 1607 

al. prepared a sulfonated activated carbon catalyst, and adopted it as the catalyst which 1608 

was adopted for the conversion of acid- pretreated pineapple and banana peels to HMF 1609 

in the H2O/[BMIM]Cl solvent system [168]. The reaction conditions were optimized with 1610 

a statistical model and under the best reaction conditions, the highest HMF yields of 50 1611 

and 45 mol% were achieved starting from pineapple and banana peels, respectively (runs 1612 

205 and 206, Table 10). In another work, the same authors proved that the addition of an 1613 

electrolyte, such as AlCl3, to the sulfonated activated carbon strongly improved the HMF 1614 

yield starting from acid-pretreated hardwood biomasses [169]. The In fact, AlCl3, having 1615 

Lewis properties acidity of AlCl3 can facilitate the isomerization step, thus enhancing the 1616 

HMF yield. Among the investigated hardwood biomasses, the maximum disruption of 1617 

the crystalline matrix was observed for Catalpa wood and the highest HMF yield, equal 1618 

to 86 mol% (run 207, Table 10), was obtained starting from this biomass, whereas HMF 1619 

yields of 70, 62 and 75 mol% were ascertained from indian Rosewood, Chinaberry and 1620 

Babool, respectively (runs 208–210, Table 10). At the end of the reaction, ethyl acetate was 1621 

added to the mixture, in order to separate HMF from the aqueous phase, composed by of 1622 

[BMIM]Cl and AlCl3, and the last ones was reused in successive runs after evaporation 1623 

under vacuum, to remove moisture. The HMF yield gradually decreased from 86 to 26 1624 

mol%, ascertained inafter the sixth recycle runs, thus proving that a sort of degradation 1625 

inworsening of the activity of [BMIM]Cl and AlCl3 activities took place after each cycle. 1626 

Also Yuan et al. performed the conversion of the acid- pretreated biomass corncob to 1627 
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HMF [170]. The authors carried out the reaction in the solvent system H2O/[moMIM][PF6] 1628 

solvent system, with magnetic-chitosan metalloporphyrin particles (MCMP-M) as cata- 1629 

lyst. It was composed ofby Fe3O4, which represented the magnetic core, covered by a 1630 

chitosan surface linked to metalloporphyrins, where the metallic specie acted as the acid 1631 

site. The employment of this type of catalyst had an evident positive effect on the corncob 1632 

hydrolysis. In particular, the MCMP-Al exhibited the best catalytic performances, leading 1633 

to thea HMF yield of 52 mol% (run 211, Table 10), but the mixed catalytic system in- 1634 

volving MCMP-Al, MCMP-Cr, and MCMP-Mg allowed the further improvement of the 1635 

HMF yield up to 68 mol%, under the same reaction conditions (run 212, Table 10). 1636 

Noteworthy, these catalysts had magnetic properties, thus they can be easily separated 1637 

from the reaction medium by the application of an external magnetic field and recycled 1638 

in subsequent runs. In this regard, both the ionic liquid and the catalytic system were 1639 

recycled in subsequent runs and after the seventh recycle the catalytic efficiency started 1640 

to decrease after the seventh recycle, probably due to the destruction of the magnet- 1641 

ic-chitosan metalloporphyrin particles structure with the repeated runs. 1642 

FinallyLastly, very recently also DES and ILs have been employed as the catalyst for 1643 

the conversion of pretreated biomasses in two or more solvents, as reported in Table 11. 1644 

Table 11. HMF production starting from raw pretreated biomasses in biphasic and/or multiple 1645 
solvent systems with ionic liquid and deep eutectic solvent as catalyst. 1646 

Entry  
Feedstock  

(wt%) 

Catalyst  

(wtbiomass/wtcatalyst) 
Solvent 

T 

(°C) 

t  

(min) 
Heat 1 

YHMF 

(mol%) 
Ref 

213 
Sugarcane  

bagasse 2 (8.5%) 
DES 3 (0.1) H2O/DES 3 (n.a. 4) 110 240 Conv. 57 172 

214 

Camelia oleifera 

fruit shell 5  

(1.6%) 

[BMIM]HSO4 6 (0.2) 
H2O/1,4-dioxane  

(1/10 v/v) 
180 20 MW 21 173 

1 “Conv.” and “MW” stand for “Conventional” and “Microwave”. 2 Pretreatment with DES (cho- 1647 
line chloride/lactic acid) at 100 °C for 4 h. 3 The deep eutectic solvent (DES) is composed by choline 1648 
chloride/lactic acid. 4 “n.a.” stands for “not available”. 5 Extraction of lipophilic compounds.  1649 
6 1-butyl-3-methylimidazolium hydrogen sulfate. 1650 

 1651 

Ji et al. performed the lignin removal of lignin and, partially, also of that of the 1652 

hemicellulose from sugarcane bagasse, through an acid pretreatment with acidby a DES, 1653 

composed ofby choline chloride and lactic acid [172]. The high efficiency of the acid DES 1654 

in for this pretreatment was due assessed to the organic acid that can break the hydrogen 1655 

bond and van der Waals forces between cellulose and hemicellulose and the benzyl ether 1656 

bonds between lignin and polysaccharides, thus causing partial hydrolysis of hemicel- 1657 

lulose and as well as cellulose and lignin removal. Moreover, Cl– in choline chloride can 1658 

contribute to the rupture cleavage of the β-O-4 bonds in of the lignin structure [174], thus 1659 

improving the lignin  dissolution of lignin. The acidic properties of the adopted DES 1660 

make it active also inare effective for promoting the HMF synthesis of HMF starting from 1661 

the cellulose- rich residue obtained from sugarcane bagasse. However, the highest HMF 1662 

yield (57 mol%; run 213, Table 11) was ascertained when the DES was employed together 1663 

with the proper amount of water, because this allowed the desirable reduction of viscos- 1664 

ity. On the other hand, Huang et al. employed the ionic liquid [BMIM]HSO4 for the con- 1665 

version of Camelia oleifera fruit shell feedstock, previously deprived subjected to solvent 1666 

extraction of the lipophilic compounds by organic extraction [173]. The authors carried 1667 

out the reaction under microwave MW heating in a biphasic system composed ofby 1668 

[BMIM]HSO4 and water as the reactive phase, and 1,4-dioxane as the extractive 1669 

phaseone. Under the best reaction conditions, they obtained furfural as the major product 1670 

and HMF as the co-product, due to the higher recalcitrance towards hydrolysis of cellu- 1671 

lose  towards the hydrolysis than hemicellulose, reaching the highest furfural and HMF 1672 

yields of 68 and 21 mol% (run 214, Table 11), respectively. The authors also tested the 1673 
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recyclability of the catalyst by adding fresh feedstock to the phase composed ofby ionic 1674 

liquid and water, and almost constant yields were obtained after three recycle runs.  1675 

3. Strategies and future perspective to wake up the “sleeping giant”  1676 

HMF has been referred in the literatureconsidered as a “sleeping giant” because of 1677 

its enormous potential as a platform-chemical, but also to the drawbacks related to its 1678 

selective synthesis (by-products formation) and its scarce stability, these last oneswhich 1679 

hampering the HMFits production on larger scale [175]. Moreover, in order to develop 1680 

the bio-refinery process, the industrial HMF production should become a feasible possi- 1681 

bility starting from real biomasses, rather than  and not from model compounds, such as 1682 

monosaccharides, whichthat are more expensive and contribute to makinge the process 1683 

not economically sustainable. Nevertheless, the employment of the real biomass as the 1684 

starting feedstock is even more challenging, due to its complex matrix and the issue of 1685 

the HMF separation and/ purification represents a crucial aspect, up to now still scarcely 1686 

investigated in the literature. In fact, if starting from model compounds the criticism is 1687 

due primarily to the formation of by-products, whereas if starting from real biomasses 1688 

also the other components, mainly hemicellulose and lignin, can release in the solution 1689 

other compounds, such as C5 sugars, furfural and soluble lignin [176], thus further com- 1690 

plicating the HMF work-up. On this basis, biomasses rich in C6 sugars, such as paper 1691 

waste, bread waste, rice waste, sugar beet juice and, high fructose corn syrup 1692 

[58,61,72,93,103–109,111,112,129,130,161,162], could represent very promising feedstocks 1693 

at for the industrial scale, being easier to be hydrolyzedhydrolysable, and releasing few- 1694 

erproducing lesser amounts of other products compounds than the conversion of ligno- 1695 

cellulosic feedstocks than a lignin-rich biomass, whose degradation not only involves 1696 

hemicellulose and lignin but also protein and lipids,depending on the biomasstheir 1697 

composition. The easy hydrolysis of these C6 sugar-rich biomasses is confirmed by the 1698 

absence of works that performed any pretreatment steps starting from them.  is con- 1699 

firmed by the absence of works that performed any pretreatment steps starting from 1700 

them, except for In this context, only Lin et al. [161] who carried out a previous enzymatic 1701 

oxidation step on the high fructose corn syrup, but only with the purpose to generate in 1702 

situ the catalyst, namely gluconic acid from the oxidation of glucose. Noteworthy, it is 1703 

fromstarting from these C6 -sugar- rich biomasses, in particular starting from sugar beet 1704 

juice, that the highest HMF yield equal toof 96 mol% was obtained in the 1705 

H2O-NaCl/MeTHF system, employing H2SO4 as the catalyst in the biphasic system 1706 

H2O-NaCl/MeTHF (run 54, Table 3) [93]. However, the high fructose corn syrup is pref- 1707 

erably used in within the food supply chain, thus its employment as starting material for 1708 

the HMF synthesis is of HMF could be not socially sustainable. For this reason, generally, 1709 

the research is focusing on the possibility of adopting lignocellulosic or algal wastes as 1710 

starting feedstock, thus not competingavoiding the competition with the food supply 1711 

chain [177]. However, starting from lignocellulosic biomass usually a pretreatment step 1712 

aiming at the fractionation of biomass into its components is necessary to optimize the 1713 

HMF synthesis, facilitating its separation/purification and also valorizing each biomass 1714 

component, thus making sustainable the whole process. In factIn fact, only valorizing all 1715 

thethe valorization of each biomass components  can justify the adding addition of the a 1716 

pretreatment step, which can could require expensive and energy-intensity equipment, 1717 

such as a ball mill and ultrasound/microwave reactors, and other chemicals, such as al- 1718 

kali/acid solutions and/or enzymes, could be economically advantageous. In addition to 1719 

the by-products that can originate during the reaction, also Even the adopted catalyst can 1720 

could complicate the separation and purification of HMF, in particularparticularly when 1721 

it is homogeneous, such such as mineral and organic acids and/or inorganic salts. For this 1722 

reason, the heterogeneous catalysts often represent an effective alternative, due to their 1723 

easier separation and recyclinge. Nevertheless, when biomasses are adopted as the star- 1724 

ing feedstock the efficiency of the heterogeneous catalysts is generally lower than that of 1725 

homogeneous ones due to the limited interactions between the catalyst active sites and 1726 
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the substrate, both being in the solid state. Moreover, the recovery separation and recy- 1727 

clinge of the heterogeneous catalyst is not so easy when employed inwhen employed in 1728 

the conversion of lignocellulosic biomass, because at the end of the reaction it is recov- 1729 

ered at the end of the reaction inas the solid residue, together with the unconverted bi- 1730 

omass and humins that can be formed during the process. Therefore, often in the litera- 1731 

ture, this This problem is not often faced and the only few works that reported the recy- 1732 

clability of the heterogeneous catalyst, involve involving a calcination step at tempera- 1733 

tures higher than 400 °C, that allows the burning of the carbonaceous material joined 1734 

together with the catalyst. However, this procedure is feasible only for thermally stable 1735 

catalysts, such as commercial and modified zeolites [74,127], but not for polymeric resins 1736 

that are not stable at the required temperature. Moreover, the employed heterogeneous 1737 

catalysts are often ad-hoc synthesized systems,  in order to tune the acid properties, in 1738 

terms of total acidity, Brønsted/Lewis acid ratio and their strength, that have a crucial 1739 

role in the HMF production, thus but resulting expensive and hardly scalable at a larger 1740 

scale. On this basis, the homogeneous catalysts, in particular the inorganic salts, which 1741 

are commercial, cheap and show both Brønsted and Lewis acidities, are more promising 1742 

than the heterogeneous systems for the synthesis of HMF from biomasses, despite the 1743 

problem of their separation and recycle. Remarkably,It is remarkable that this problem 1744 

can be resolved thanks to the proper choice of the reaction mediamedium. In fact, bipha- 1745 

sic systems water/organic solvent systems allow the confinement of the homogeneous 1746 

catalyst in the aqueous phase where the reaction takes place and the continuous selective 1747 

extraction of HMF in the organic phase [178]. Thus, these systems contribute to: i) im- 1748 

prove the selectivity of the reaction, preventing the HMF degradation of HMF, which is 1749 

particularly activated active in the aqueous medium; ii) isolate HMF from the other 1750 

components of the reaction mixture, allowing an easier purification step; iii) recycle the 1751 

homogeneous catalyst contained present in the aqueous phase by further addition of 1752 

adding in the subsequent runs fresh biomass and organic solvent 1753 

[99,112,145,146,155,160,169]. TIn order to make sustainable the process, The The choice of 1754 

the organic solvent is a key aspect for improving the sustainability of this process. be- 1755 

cause it, in addition toThe ideal solvent should have a low miscibility with water and , 1756 

should be characterized by a low boiling point, making in this way feasible the its sepa- 1757 

ration recovery from HMF by under vacuum evaporationdistillation. Moreover, the 1758 

bestthis solvent should be also safe and preferably of renewable originsource. On this 1759 

basis, MIBK, GVL and MeTHF represent promising renewable organic solvents charac- 1760 

terized by lower boiling points than that of the largely adopted DMSO and they are safer 1761 

than THF, which can generate peroxides resulting potentially dangerous [179]. Moreo- 1762 

ver, in order to improve the separation between the aqueous and organic phases, often 1763 

the “salting-out” phenomenon has been exploited by the addition of a salt, generally 1764 

NaCl, to water [178]. Other solvent systems have been proposed for the synthesis of HMF 1765 

from biomasses, such as ILs and DESs. They are promising, resulting  being particularly 1766 

active in towards the deconstruction of the lignocellulosic biomass matrix and acting 1767 

themselves as the catalyst of the reaction. However, ILs have complicated synthesis, high 1768 

viscosity, low vapor pressure, low biodegradability and high cost. On the other hand, 1769 

DESs are low-costcheap and biodegradable but, analogously to ILs, they have low vapor 1770 

pressure and high viscosity, the latter causing mass transfer limitations [179]. Neverthe- 1771 

less , the main drawback of their employment is represented by their difficult separation 1772 

from HMF, due to their high boiling points, that make impossible their removal by 1773 

dunder vacuum evaporationistillation. strategy In addition,and the strong interactions 1774 

established between HMF and ILs/DESs and HMF that make difficult also itsthe extrac- 1775 

tion with organic solvents [18079].  On this basis, despite ILs and DESs are claimed as 1776 

green solvents, their greenness is rather questionable and their employment as the sol- 1777 

vent for the synthesis of HMF from real biomasses is not advantageous. Another aspect 1778 

scarcely considered in the synthesis of HMF from biomasses but that could be of para- 1779 

mount importance in the separation and purification of HMFwork-up operations is re- 1780 
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lated to the adopted loading of starting biomass. In fact, the exploitation proposal of a 1781 

“high-gravity” approach, which means the adoptionindicating the preference of elevated 1782 

biomass loadings (generally higher than 20 wt%), could allow the production of concen- 1783 

trated HMF streams, thus reducing as a consequence the solvent separation costs 1784 

[47,134]. However, it is well-known that a high biomass loading leads to a bigger higher 1785 

concentration of by-products, thus causing a decrease inof HMF yields, and also toas well 1786 

as mass transfer problems due to a more difficult mixing of the reaction slurry [1810]. For 1787 

these reasons, generally biomass loadings below 10 wt% have been adopted generally 1788 

proposed in the literature, aiming aimed at the optimization of HMF selectivity. Never- 1789 

theless, if from one site the optimized HMF yields could be promising, the HMF concen- 1790 

trations are still scarcely interesting from an industrial perspective because make the 1791 

HMF separation and purification steps economically onerous. Therefore, more in-depth 1792 

studies should be carried out in the future, in order to find the best compromise between 1793 

yield and concentration of HMF. Finally, this review underlines that aAlso the heating 1794 

system influences the reaction selectivity. In fact, the microwave MW heating is more ef- 1795 

ficient than the conventional one, and it allows to shorten the heating time, thus reducing 1796 

the energy demand and improving the HMF selectivity. However, it is well-known that 1797 

the scale-up of the microwave MW heating at an industrial scale faces some unsolved 1798 

issues, problems, such as the technological difficulty difficulties in constructing the re- 1799 

actor in order to have a geometry that allows the homogeneous penetration of micro- 1800 

waves MW penetration into the reaction medium, which implies high equipment cost. To 1801 

solve the latterthis problem, the few industrial processes that exploit the microwave MW 1802 

heating have preferred a continuous reactor rather than a batch one, thus reducing the 1803 

volumes to be treated [1821]. This solution could be also considered for the production 1804 

ofto produce HMF from biomass, regardless of the adopted heating system. In fact, uUp 1805 

to now, the research has focused mainly on the adoption of batch reactors but the possi- 1806 

bility of carrying out the reaction in flow reactor could allow the optimization of the HMF 1807 

residence time in the reactor, thus limiting the HMF degradation to by-products and 1808 

maximizing its yield. In conclusion, the optimization of HMF production from real bio- 1809 

mass should be investigated in an integrated way, considering not only the reaction 1810 

conditions but also the type of biomass, the solvent, the catalyst, the heating system, and 1811 

the reactor configuration. 1812 

4. Conclusions 1813 

HMF is one of the most important platform-chemicals obtainable being produced 1814 

from the C6 fraction of biomass, and being it is a valuable precursor of several renewable 1815 

monomers, solvents, and fuels. However, its synthesis faces several problems, such as the 1816 

by-products formation and its instability, which up to now have hampered its produc- 1817 

tion at an industrial scale. Moreover, in order to develop a real sustainable bio-refinery 1818 

process, the industrial HMF production should be performed starting directly from bi- 1819 

omasses and notrather than from model compounds, such as monosaccharides and pol- 1820 

ysaccharides, but this approach choice still represents a demanding challenge. For this 1821 

purpose, several works have investigated proposed the HMF synthesis of HMF starting 1822 

from different biomasses, such as food, agricultural and industrial wastes and algae, ap- 1823 

plying developing different strategies, in terms of kind of catalyst, solvent, heating sys- 1824 

tem and eventually pretreatment step. All the process information reported up to now in 1825 

the literature for the HMF synthesis from biomasses have been summarized and detailed 1826 

described in the present review that aims at providing a comprehensive and critical up- 1827 

date of the state-of-the-art. In particular, the study of the literature allowed us to con- 1828 

clude that a possible feasible process should involve the employment of C6 rich- biomass 1829 

as the starting feedstock, inorganic salts as the catalyst, and a biphasic system as the 1830 

solvent medium, preferentially constituted by water and a renewable organic solvent, 1831 

such as MIBK, GVL or MeTHF. On the other hand, the presence /and type of pretreat- 1832 

ment step strongly depends on the characteristics of the starting biomass and it could be 1833 
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advantageous only if each biomass component is then properly valorized. The applica- 1834 

tion of microwave heating could be interesting, but technical problems should be over- 1835 

come before their its adoption at an industrial scale. Furthermore, in a scale-up perspec- 1836 

tive, the starting biomass loading represents a critical aspect, because the “high-gravity” 1837 

approach should be preferred in order to obtain concentrated HMF streams, but a com- 1838 

promise with the HMF yield, which drops at elevated biomass loadings, should be found 1839 

in the finalas a consequence of a dedicated optimization study. Under this perspective, 1840 

the highest yield (85 mol%) obtained from the conversion of ball-milled yellow dent corn 1841 

catalyzed by [activated carbon + maleic acid + AlCl3] mixture in H2O/DMSO/acetonitrile 1842 

medium, iresults very promising because a substrate loading of 30 wt%, higher than the 1843 

majority reported up to now in the literature, was employed. However, if the process 1844 

conditions can be considered sustainable and both elevated HMF yield and concentration 1845 

can be obtained, the employment of this substrate is not socially sustainable, because it is 1846 

largely adopted in within the food supply chain. Thus, iIn conclusion, the present hot 1847 

topic needs of further investigations for the optimization of HMF production, where only 1848 

an integrated analysis of the HMF process could surely allows the to better identification 1849 

ofy the optimal conditions at an industrial scale. 1850 
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