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Abstract: The preparation of high-value-added platform compounds from biomass materials provides
an important method for solving fossil energy shortages. Known as the “sleeping giant”, 5-HMF is
one of the most important biomass platform compounds with promising applications. At present, raw
materials for the preparation of 5-HMF mainly comprise sugar compounds and non-food biomass.
The current systems for preparing 5-HMF are disadvantaged by poor selectivity and a low conversion
rate. This paper focuses on the catalytic mechanisms and catalytic systems for the synthesis of 5-HMF
from different biomass feedstocks and reviews a series of existing techniques for the preparation of
5-HMF. Catalytic systems for the synthesis of 5-HMF from different feedstocks are also discussed in
depth, providing theoretical support for its subsequent in-depth study. The development of efficient
catalysts and catalytic systems for the conversion of polysaccharide raw materials into 5-HMF
is anticipated.
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1. Introduction

Resource shortages and environmental pollution have become two prominent barri-
cades for the development of human society. With the dramatic increase in demand for
fuels, bulk chemicals and other products [1], traditional petrochemical resources, that is,
their basic raw materials, are becoming increasingly scarce and non-renewable, and their
biodegradability has caused serious ecological pollution. Therefore, the search for clean,
renewable resources is urgent [2]. As a natural, clean, renewable, zero-carbon energy source
that is widely available, abundant and inexpensive, biomass has the potential to trans-
form into a variety of important, high-value-added fuels and chemicals that can replace
traditional fossil energy sources [3,4]. The search for more efficient ways to use biomass
resources is currently attracting widespread interest from academia and industry.

Importantly, 5-Hydroxymethylfurfural is an important biomass platform compound
known as the “sleeping giant” [5]. The main physical characteristics of HMF are shown
in Table 1. HMF contains a furan ring, an aldehyde group and a hydroxymethyl group,
which is chemically active and can be transformed into various downstream derivatives
such as 5-hydroxymethyl furfural acid (HMFC), 5-formyl furfural acid (FFCA), levulinic
acid (LA), 2,5-furandicarboxylic acid (FDCA), 2,5-diformyl furan (DFF), furfuryl alcohol,
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ethylene glycol (EEG), ethoxymethyl furfural, etc. through reactions such as oxidation,
hydrogenation, hydration, decarbonylation and etherification. These chemicals have great
market potential as precursors for bioplastics, biofuel additives, functional polymers and
macromolecules (Figure 1) [6].

Table 1. Physical properties of HMF.

Physical Properties Items Values

Molecular weight 126.11
Colour Yellow
State Solid

Odour The odour of chamomile flowers
Density 1.243 at 25 ◦C

Boiling point 114–116 ◦C at 1 hPa
Melting point 31.5 ◦C

Solubility Soluble
Refractive index 1.5627 at 18 ◦C

Flash point 79 ◦C
UV absorption maximum 283 nm
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A variety of synthetic routes for HMF have been reported in recent years [7–10].
Relevant review studies have mainly focused on catalysts, catalytic systems and solvent
effects, and a few reports have comprehensively reviewed the conversion of HMF from the
perspective of different biomass-derived feedstocks, especially non-food biomass, inulin
and watermelon rind.

Feedstock for the preparation of 5-HMF can be divided into two types according
to the preparation method. One is converted from saccharides, whereby sugar can be
dehydrated directly to form HMF, glucose needs to be isomerised to fructose and then
dehydrated to produce HMF, and polysaccharides such as inulin and cellulose need to
be hydrolysed to produce monosaccharides first, which are then dehydrated to prepare
HMF. The second type is non-food biomass such as agricultural waste (straw, bagasse, etc.),
wood, forestry processing waste, etc. [11]. This type of biomass can be used to prepare
HMF directly using the one-pot method. Current commonly used catalytic systems can
be classified into homogeneous and non-homogeneous phases. The most commonly used
homogeneous catalysts are inorganic acid catalysts [12], such as H2SO4 and HCl. Due to
the problems of large corrosion damage to equipment and difficulties in recycling and
disposal of homogeneous catalysts, researchers have begun to explore non-homogeneous
solid acid catalysts, such as zeolite molecular sieves, carbon-based solid acids and ion
exchange resins. Compared with the homogeneous phase, the non-homogeneous phase
has the advantages of good catalytic ability, high stability and less damage to equipment.
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Therefore, researchers should focus more on the catalytic conversion of non-food biomass
by solid acids with a high catalytic effect in the future.

Moreover, 5-HMF is a promising biomass-based chemical feedstock, and studying the
catalytic system for its synthesis is of great significance. This paper reviews the research
progress on the catalytic system for the synthesis of 5-HMF from different biomass feed-
stocks, discusses in detail the conversion mechanisms of monosaccharides and polysaccha-
rides into 5-HMF, extends the discussion on studies on the one-pot conversion of non-food
biomass into HMF and finally explores the separation and purification treatments of HMF
after its production, providing theoretical support for its subsequent in-depth research.

2. Catalytic System for HMF Synthesis from Different Raw Materials

This paper focuses on the synthesis of HMF based on different biomass feedstocks.
The reaction system for the conversion of C6 monosaccharides to HMF as feedstock is
presented first, followed by the catalytic system for the conversion of polysaccharides to
HMF as feedstock. Finally, the catalytic system for the conversion of non-food biomass to
HMF as feedstock is also presented.

Glycoconjugates are the most abundant and dominant components of biomass re-
sources. The sugars can be divided into polysaccharides (cellulose and starch) and monosac-
charides (glucose and fructose). Generally, 5-HMF can be prepared via the acid-catalysed
dehydration of carbohydrates such as fructose, glucose, inulin and cellulose, in increasing
order of difficulty. HMF can be produced from both glucose and fructose. Fructose is an
isomer of glucose, and the structure of fructose hexoketose requires less energy to produce
HMF than the hexose structure of glucose. Glucose is more stable and can be converted into
fructose via enolisation; however, this process requires energy uptake, and glucose read-
ily polymerises into oligosaccharides, which also readily cross-link with HMF. Therefore,
producing HMF from glucose is more difficult than from fructose, but glucose is less costly.

2.1. Monosaccharide-Based Catalytic Systems

Monosaccharides mainly include C5 and C6 sugars. The dehydration of raw mate-
rial monosaccharides via acid catalysts has been considered to produce a large number
of products. HMF is among these products, mainly formed by the dehydration of C6
monosaccharides. This part discusses the catalytic conversion of two C6 monosaccharides,
fructose and glucose, as raw materials and the conversion of glucose, which often produces
a harmful by-product of polymerisation, that is, humic substances.

2.1.1. Fructose as a Raw Material

HMF was first isolated from the decomposition of fructose oxalic acid in an aqueous
solution. It was not until the middle of the twentieth century that the reaction mechanism
of fructose-catalysed dehydration for the preparation of HMF was proposed, and until
now, the dehydration mechanism was inconclusive. There are two possible mechanisms,
as shown in Figure 2. In the first, fructose removes one molecule of water to form an
allylic structural compound, and then removes two molecules of water to form HMF. In the
second, fructose molecules remove two molecules of water in the form of a straight chain
and then one molecule of water to form a ring-shaped HMF [13].

Catalysts are essential in the conversion of sugars to HMF. Except for fructose, which
can be produced under subcritical conditions (513 K and 3.35 MPa) to produce lower yields
of HMF [14], remaining sugars require the presence of an acidic catalyst to produce a good
HMF yield [15]. In initial studies, liquid acids were the first catalysts to be recognised as
having catalytic functions. Asghari et al. [16] and Salak et al. [17] compared the catalytic
performance of several common inorganic (phosphoric acid, etc.) and organic (oxalic acid,
etc.) acids for the conversion of HMF from fructose at reaction pressures of 473–590 K and
1.55–11.28 MPa and at reaction times of 75–180 s. The results showed that the catalytic
performance of fructose was very good in the conversion of HMF to fructose. The catalytic
performance of HMF conversion from fructose at 473–590 K, 1.55–11.28 MPa and 75–180 s
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reaction time showed that the highest catalytic activity was obtained when the reaction was
carried out with an aqueous phosphoric acid solution at pH = 2.0 and 513 K. However, it
was also found that the reaction was carried out in the presence of saline salt. Moreover, the
conversion of fructose at 513 K for 10 s in a hydrochloric acid system yielded more than 64%
HMF. Chheda et al. [18] used inorganic acids such as hydrochloric acid, sulphuric acid and
phosphoric acid, obtaining 89%, 91% and 53% of HMF using fructose, xylose and glucose as
substrates, respectively, in a water/DMSO system with 7:3 MIBK-butanol as the extractant
at 140 ◦C and a pH of 1–2. Hansen et al. used the microwave hydrothermal method to
convert 27 wt % fructose using 0.10 M hydrochloric acid as a catalyst at 200 ◦C for 60 s to
obtain HMF in a 53% yield, with 95% conversion of fructose [19]. However, liquid acids
are gradually eliminated due to the inconvenience in the recovery of the reaction and the
disposal of the waste liquid, and they can cause corrosion to the reaction equipment. Room-
temperature ionic liquids have attracted much attention in recent years due to their unique
properties, and from Table 2, it can be seen that high HMF yields were achieved when ionic
liquids were used as catalysts. However, using ionic liquids as catalysts increases the cost
of the reaction. Therefore, developing an efficient IL catalyst system for the production
of 5-HMF from fructose with a greener and simpler synthesis method that can be reused
several times remains a challenge of great practical significance.
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Compared to homogeneous liquid acids, non-homogeneous solid acids have the
advantages of easy separation from the reaction system, easy recycling and reuse after
recovery and suitability for industrial production, among others. Non-homogeneous
catalysts include zeolite molecular sieves, composite metal oxides, heteropolyacids, acidic
ion-exchange resins, carbon-based solid acids, etc. [20]. As seen from Table 2, when using
non-homogeneous catalysts, HMF achieved moderate-to-high yields, and catalysts could
be recycled, remaining active. Additionally, we found that the reaction could be carried
out under mild conditions when using ionic liquids as solvents. Although many catalytic
systems have been developed, there is still a great need to explore efficient catalysts for the
synthesis of HMF from carbohydrate dehydration under mild reaction conditions.

Table 2. Preparation of HMF from fructose as a raw material.

Saccharides Catalyst Solvent Temperature/◦C Time/min Yield/% Ref.

Fructose [BMIM]OH DMSO 160 480 91.6 [21]
Fructose [CMIm]Cl DMSO 120 120 95.7 [22]
Fructose LF DMSO 393K 90 ~90 [23]
Fructose N3P3Cl6 [Bmim]Cl 80 20 92.8 [24]
Fructose CM-SO3H [BMIM]Cl 80 30 83.5 [25]
Fructose P-TiO2 water-THF 175 30 98.6 [26]
Fructose C16-SO3H-γ-Al2O3-650 ◦C DMSO/H2O 110 240 84 [27]
Fructose GO DMSO 120 240 60.8 [28]
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2.1.2. Glucose as a Raw Material

The conversion of glucose to HMF is more difficult compared to fructose, as glucose
is difficult to convert to HMF in acidic aqueous media, and it is generally necessary to
first convert glucose to fructose [29], a process that requires the involvement of alkaline or
Lewis acids to complete isomerisation. This is followed by dehydration in the presence of
Brønsted’s acid to produce HMF [30]. There are two reaction mechanisms in the isomerisa-
tion of glucose to fructose: cyclic and acyclic dehydration (as shown in Figure 3). Fructose
in acyclic dehydration is mainly converted through an enol-type intermediate converted
by glucose, which generates 5-HMF via two-step sequential dehydration and one-step ring
closure to eliminate water molecules. On the other hand, in cyclic dehydration, glucose
is converted to fructose through an isomerisation reaction, and fructose is used as an
intermediate in the form of a furano-keto sugar, of which the hemiacetal on the carbon
atom in the second position is first dehydrated to form the tertiary carbon-positive ion
and is subsequently dehydrated in two more sequential steps on a furan ring to generate
5-HMF [31]. It is clear from the relevant literature that researchers are more supportive
of the cyclic route process because of the presence of the cyclic intermediates found in
the process, as demonstrated using NMR spectroscopy and isotopic labelling methods
by Amarasekara et al. [32]. Antal et al. [33] demonstrated that HMF can be generated
from several cyclic furan intermediates by the dehydration of fructose. Moreau et al. [34]
predicted that the enediol pathway is essential in the formation of HMF, and enediols are
thought to be intermediates in the isomerisation reaction of glucose to fructose. Fructose is
then converted to HMF by keto-enol isomerisation with the loss of three water molecules.
It is worth noting that the presence of active functional groups in sugars causes many side
reactions under acidic conditions, such as hydroxyaldol condensation, reversal reaction,
molecular isomerisation, cleavage, water and other reactions, during which polymers and
putrescine are readily generated, and the obtained HMF is prone to further hydrolysation
to form acetylpropionic acid and formic acid (shown in Figure 4), which leads to a decrease
in the yield of HMF.
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Previously, the main catalysts used for the conversion of glucose to HMF were homo-
geneous catalysts, including acidic catalysts such as Lewis acid and Brønsted acid; soluble
metal salts such as AlCl3 [35], LaCl3 [36], InCl3 [37], CrCl3 [38], SnCl4 [39] and FeCl3 [40];
and inorganic acids such as hydrochloric acid, sulfuric acid and phosphoric acid. Among
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metal salts, chromium salts were able to achieve higher yields in the catalytic conversion of
glucose. However, when inorganic acids and metal salts were used as catalysts, there were
problems such as corrosion of equipment, hazardous operation and difficulty in recycling;
hence, researchers turned their attention to non-homogeneous catalysts. Feng et al. [41]
catalysed the conversion of glucose to HMF using 2-SZ-5-HM-550 as a catalyst at 195 ◦C
and reacted in biphasic solvents such as a NaCl solution and DMSO for 90 min, obtaining
a 61.14% yield of HMF. Some studies on the catalysis of glucose with non-homogeneous
catalysts are shown in Table 3. Due to the numerous advantages of solid catalysts, in
line with the requirements of green chemistry, the use of solid catalysts to catalyse the
preparation of 5-HMF from sugars has gradually become a research hot spot, and the search
for the development of solid acid catalysts with high activity will be an important research
direction in the future.

Table 3. Glucose-based HMF preparation.

Saccharides Catalyst Solvent Temperature/◦C Time/min Yield/% Ref.

Glucose RCP160M H2O-NMP-NaCl/MIBK 120 480 84.92 [42]
Glucose Cu-Cr/ZSM-5 DMSO 140 240 50.4 [43]
Glucose SPPS ILs 140 240 87.2 [44]
Glucose Sn-Mont THF/DMSO 160 180 53.5 [45]
Glucose AlCl3 + [NMP]Br DMA 120 120 57 [46]

2.1.3. High-Fructose Corn Syrup

High-fructose corn syrup (HFCS), an enzymatically produced product, was first
introduced in the United States in 1967 and is used primarily as a liquid sweetener in the
food and beverage industry because it is inexpensive and easy to handle [47]. The demand
for HFCS is reflected in the amount of HFCS used, which ranged from 0.5 pounds per
capita in 1970 to 62.4 pounds per capita in 1997 and was still as high as 59.0 pounds per
capita in 2005 [48].

Jeong et al. [49] achieved an 80% yield of HMF by mixing industrially produced high-
fructose corn syrup (HFCS-90) as a raw material and cation exchange resin Amberlyst-15 as
a catalyst in 1,4-dioxane at 100 ◦C for 3 h. Rao et al. [50] catalysed HFCS (HFCS-90/55/42)
with 15P-TiO2, achieving 50%, 48% and 45% HMF yields, respectively. Lin et al. [51]
catalysed high-fructose corn syrup (HFCS-55) with biooxidative in situ production of
gluconic acid as a catalyst, obtaining HMF yields as high as 85%. Given the current high
consumption of HFCS in beverages, which can easily lead to obesity or other related
diseases, limiting its application in the food industry, the use of HFCS to produce HMF
could create a useful alternative market for current HFCS producers [52].

2.2. Polysaccharide-Based Catalytic Systems

Glucose and fructose are mainly derived from food crops, and their use as feedstock
for conversion may have an adverse impact on global food supplies. Research into the
more widely sourced and cheaper cellulose-based polysaccharide compounds as feedstocks
for the synthesis of HMF is currently more promising for application. Whichever biomass
resource is used as a feedstock for HMF production, unique catalytic strategies have to be
explored to form efficient catalytic systems.

Polysaccharides are polymeric sugar macromolecular carbohydrates consisting of
glycosidically bonded sugar chains with at least over 10 monosaccharides. In a broad sense,
they can be divided into homogeneous polysaccharides and inhomogeneous polysaccha-
rides. Homogeneous polysaccharides are polysaccharides formed by the condensation of
one type of monosaccharide molecule. The most abundant homogeneous polysaccharides
in nature are cellulose, starch and glycogen, which are all composed of glucose. In addition
to these, there is inulin, a polyfructose that has a low degree of polymerisation, is easily
hydrolysed and is found mainly in the roots of plants in the Asteraceae family. Compared
with the preparation of HMF from monosaccharides, polysaccharides have the challenges
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of low conversion and poor selectivity, so it is necessary to design suitable catalysts and
select suitable catalytic systems.

2.2.1. Cellulose-Based Raw Materials

Cellulose is the most abundant biomass resource on Earth, mainly in the form of
wood and crop residues. Cellulose is a straight-chain macromolecule consisting of glucose
molecules linked by β-1,4-glycosidic bonds, and it is generally believed that the conversion
from cellulose to HMF occurs via three steps (as shown in Figure 5): (i) hydrolysis of
cellulose to glucose, (ii) isomerisation of glucose to fructose and (iii) fructose dehydration
reaction to obtain 5-HMF. The acid-catalysed hydrolysis of cellulose to glucose [13] consists
of three steps: (i) protonation at the glycosidic oxygen, (ii) cleavage at the glycosidic bond
and (iii) nucleophilic attack by water.

Catalysts 2024, 14, x FOR PEER REVIEW  7  of  15 
 

 

2.2. Polysaccharide‐Based Catalytic Systems 

Glucose and fructose are mainly derived from food crops, and their use as feedstock 

for conversion may have an adverse  impact on global  food supplies. Research  into the 

more widely  sourced and cheaper  cellulose‐based polysaccharide  compounds as  feed‐

stocks for the synthesis of HMF is currently more promising for application. Whichever 

biomass resource is used as a feedstock for HMF production, unique catalytic strategies 

have to be explored to form efficient catalytic systems. 

Polysaccharides  are polymeric  sugar macromolecular  carbohydrates  consisting of 

glycosidically bonded  sugar  chains with at  least over 10 monosaccharides.  In a broad 

sense, they can be divided into homogeneous polysaccharides and inhomogeneous poly‐

saccharides. Homogeneous polysaccharides are polysaccharides formed by the conden‐

sation of one type of monosaccharide molecule. The most abundant homogeneous poly‐

saccharides in nature are cellulose, starch and glycogen, which are all composed of glu‐

cose. In addition to these, there is inulin, a polyfructose that has a low degree of polymer‐

isation, is easily hydrolysed and is found mainly in the roots of plants in the Asteraceae 

family. Compared with the preparation of HMF from monosaccharides, polysaccharides 

have the challenges of  low conversion and poor selectivity, so  it  is necessary to design 

suitable catalysts and select suitable catalytic systems. 

2.2.1. Cellulose‐Based Raw Materials 

Cellulose  is  the most abundant biomass  resource on Earth, mainly  in  the  form of 

wood and crop residues. Cellulose is a straight‐chain macromolecule consisting of glucose 

molecules linked by β‐1,4‐glycosidic bonds, and it is generally believed that the conver‐

sion from cellulose to HMF occurs via three steps (as shown in Figure 5): (i) hydrolysis of 

cellulose to glucose, (ii) isomerisation of glucose to fructose and (iii) fructose dehydration 

reaction to obtain 5‐HMF. The acid‐catalysed hydrolysis of cellulose to glucose [13] con‐

sists of three steps: (i) protonation at the glycosidic oxygen, (ii) cleavage at the glycosidic 

bond and (iii) nucleophilic attack by water. 

 

Figure 5. Conversion of cellulose to HMF. 

Cellulose is structurally stable and not susceptible to chemical and physical changes; 

therefore, the hydrolysis of cellulose is usually carried out in the presence of a catalyst. 

The main homogeneous catalysts reported so far to catalyse the conversion of cellulose to 

HMF include traditional inorganic acids and metal salts. Inorganic acids were first used 

as catalysts in the study of cellulose dehydration to generate HMF due to their numerous 

and common types. In such cases, the HMF yields were high, but inorganic acids were 

gradually eliminated due to the serious corrosion of equipment. Some studies on the prep‐

aration of HMF from cellulose as a raw material are shown in Table 4. From Table 4, it can 

be seen that the yield of HMF when non‐homogeneous catalysts are used as catalysts is 

not very high, and the exploration of efficient and green, recyclable, non‐homogeneous 

catalysts still has a long way to go. 

Table 4. Preparation of HMF from cellulose‐based feedstock. 

Saccharides  Catalyst  Solvent  Temperature/°C  Time/min  Yield/%  Ref. 

MCC (microcrystalline 

cellulose) 
HCl  ZnCl2aq  150  40  80.6  [53] 

Microcrystalline cellulose  RuCl3  NaClaq‐butanol  220  30  83.3  [54] 

Cellulose  CrCl3∙6H2O  TBAC  140  90  43.7  [55] 

Figure 5. Conversion of cellulose to HMF.

Cellulose is structurally stable and not susceptible to chemical and physical changes;
therefore, the hydrolysis of cellulose is usually carried out in the presence of a catalyst.
The main homogeneous catalysts reported so far to catalyse the conversion of cellulose to
HMF include traditional inorganic acids and metal salts. Inorganic acids were first used
as catalysts in the study of cellulose dehydration to generate HMF due to their numerous
and common types. In such cases, the HMF yields were high, but inorganic acids were
gradually eliminated due to the serious corrosion of equipment. Some studies on the
preparation of HMF from cellulose as a raw material are shown in Table 4. From Table 4, it
can be seen that the yield of HMF when non-homogeneous catalysts are used as catalysts
is not very high, and the exploration of efficient and green, recyclable, non-homogeneous
catalysts still has a long way to go.

Table 4. Preparation of HMF from cellulose-based feedstock.

Saccharides Catalyst Solvent Temperature/◦C Time/min Yield/% Ref.

MCC (microcrystalline
cellulose) HCl ZnCl2aq 150 40 80.6 [53]

Microcrystalline cellulose RuCl3 NaClaq-butanol 220 30 83.3 [54]
Cellulose CrCl3·6H2O TBAC 140 90 43.7 [55]
Cellulose HPW/Nb2O5 Acetone/H2O 200 30 20.6 [56]

Microcrystalline cellulose HfO(PO4)2 NaCl-H2O/THF 190 240 69.8 [57]
Cellulose γ-AlOOH (BmimCl) + DMSO 160 120 58.4 [58]

Microcrystalline cellulose NBO H2O 230 120 7 [59]

2.2.2. Starch-Based Raw Materials

Starch is a glucan made of glucose linked by α-glycosidic bonds. Compared with
cellulose, the α-glycosidic bonds in starch are more easily utilised by hydrogenolysis, which
is promising for application in the field of biomass conversion, and the lower cost of starch
compared to monosaccharides and disaccharides is conducive to the industrial produc-
tion of HMF. The synthesis of HMF from starch requires the following three processes:
(i) degradation of starch to monosaccharides, (ii) isomerisation of glucose to fructose and
(iii) dehydration of fructose to form HMF.

The original catalytic system used inorganic acids and bases and metal salts as catalysts.
Chheda et al. [60] catalysed starch with HCl in a biphasic system with a conversion rate
of up to 43%. Yang et al. [35] tested the conversion of starch by AlCl3 6H2O in a biphasic
H2O/THF solvent containing NaCl additive, with yields up to 50%. Chun et al. [61]
found that the addition of HCl to starch in the presence of the ionic liquid [OMIM]Cl was
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able to increase the yield of HMF. Moreover, when cassava starch was dissolved in 0.5 M
HCl, the addition of a certain amount of CrCl2 increased the HMF yield on average by
two times, reaching as high as 73% yield. Yi et al. [62] examined the effect of chromium
fluoride on the yield of 5-hydroxymethylfurfural in ionic liquids using a two-step method
and found that when the concentration of CrF3 was 1%, the yield of HMF could reach
52.6%. Moreover, when using a combined addition of CrF3 and CrBr3, the HMF yield
was 1.3 times higher, presumably due to a synergistic effect between the two catalysts.
Recently, solid catalyst systems more conducive to industrial-scale production have been
developed. Zhang et al. [63] used gC3N4-loaded UiO-66-type MOF catalysts to catalyse
starch in an IL system, with an HMF yield of 33.9%. Cao et al. [64] prepared aluminium
ion-exchanged calcium montmorillonites with different concentrations, applied them to the
preparation of HMF and found that two types of acid sites existed in the resulting catalysts.
The two types of acid sites were Lewis acid for glucose isomerisation and Brønsted acid
sites for fructose dehydration; finally, 60.1% HMF was obtained by catalysing starch using
Al-mont-10 as a catalyst. Atanda et al. [26] used phosphorylated TiO2 to catalyse starch
from rice and potatoes at 180 ◦C, obtaining an 80 to 85% yield of HMF. At this stage, glucose
isomerisation, starch solubility, glycosidic bond hydrogenolysis, etc. are all urgent issues to
be solved in the industrial application of starch to HMF, and the development of catalytic
systems that can catalyse the degradation of polysaccharides as well as efficiently catalyse
the isomerisation of glucose and the dehydration of fructose is a good direction for research.

2.2.3. Inulin as a Raw Material

Inulin is an indigestible oligosaccharide, a biopolymer composed of fructose and a
small amount of glucose with a degree of polymerisation between 2 and 70, which is mainly
found in plants such as inulin tubers and chicory roots [65]. Raw chicory root can be
used for direct conversion to HMF due to its high inulin content (70–75% by dry weight).
In particular, about 80–90% of the total carbohydrate content of chicory root consists of
inulin-type fructans, and these fractions can be used for the synthesis of HMF [66]. Inulin
is first hydrolysed to fructose, and fructose is then dehydrated to produce HMF, both of
which can be catalysed by an acid catalyst so that HMF can be produced using a one-pot
method, reducing the loss of intermediate steps [67]. Therefore, inulin-rich plant materials
can be used as an excellent biofeedstock for the production of HMF [68].

Heo et al. [68] summarised a number of studies on the production of HMFs from
inulin and found that the product yields of HMFs obtained from inulin-rich plant materials
were generally higher than those of other carbohydrate-rich plant sources. Perez et al. [69]
summarised the yields of HMF in ChoCl/citric and ChoCl/oxalic with inulin as the raw
material and the yields of HMF in the presence of homogeneous and non-homogeneous
catalysts, which were relatively good. Cao et al. [64] carried out the catalytic conversion
of inulin with Al-mont-10 inulin with a final HMF yield of 81.6%. Yang et al. [70] carried
out the catalytic conversion of inulin with pre-treated hydrated niobium pentaoxide in
a water-THF biphasic system at 433 K, with a final HMF yield of 54%. However, when
inulin was hydrolysed by inulin exo-enzymes, the HMF yield could reach up to 74%,
which may be due to the slow hydrolysis of inulin in this non-homogeneous catalytic
system, which in turn affects HMF production. Hu et al. [22] achieved an 88.4% HMF
yield of inulin at 120 ◦C using dimethyl sulfoxide as a solvent and the acidic ionic liquid
1-hydroxypropyl-3-methylimidazolium chloride ([CMIm]Cl) as a catalyst. As seen from
Table 5, moderate-to-high HMF yields can generally be achieved when using inulin as a
raw material.
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Table 5. Preparation of HMF from inulin as a raw material.

Saccharides Catalyst Solvent Temperature/◦C Time/min Yield/% Ref.

Inulin Sn-CP/HCl H2O/DMSO 170 240 55.9 [71]
Inulin (enzymatically

hydrolysed) NA-p Water-2-butanol 433K 80 74 [70]

Inulin CM-SO3H [BMIM][Cl] 80 60 59.2 [25]
Inulin GO DMSO 160 100 58.2 [28]
Inulin GO THF-H2O 160 100 61.2 [28]
Inulin SCFC DMSO 393K 180 80.1 [72]
Inulin SBBA [bmim]HSO4 120 300 88 [73]

2.3. Catalytic Systems for Non-Food Biomass Feedstocks

Of the previously discussed feedstocks, glucose and fructose, in particular, mainly
originate from food crops, and their use as feedstocks for conversion could have a negative
impact on the global food supply. China is a large agricultural country with abundant
biomass resources, and wheatgrass, straw, dead twigs, leaves, bagasse and household
wastepaper generated from agricultural production contain a large amount of lignocellu-
lose that can be utilised. Hence, the direct conversion and utilisation of these non-edible
cellulose sources is at the core of the development of biomass energy and has been the
focus of the work of many researchers. Therefore, food wastes, such as starch-rich food
waste [74], straw [75], fruit peels [76], sugar beets [77], etc., can be selected as feedstock
for the synthesis of 5-HMF. Shao et al. [76] used microwave hydrothermal liquefaction
(MHTL) technology to convert watermelon rind into the biomass high-value-added chemi-
cal, 5 hydroxymethylfurfural (HMF), with 1% hydrochloric acid as a catalyst, a holding
temperature of 135 ◦C, a holding time of 6 min, and a liquid-to-solid ratio of 12:1; the
highest yield of HMF (3.8%) was obtained in a similar hydrothermal system. Mo et al. [78]
degraded cotton stalks with a solid, ultra-strong acid, and the maximum yield of HMF
was 27.2% when the reaction temperature was 503 K and the reaction time was 75 min.
Cao et al. activated pyrolysed pine woodchip biochar with phosphoric acid at 600 ◦C
as a solid acid catalyst to catalyse the synthesis of 24.5, 22.2 and 14.7 Cmol% HMF from
starch-rich food wastes (bread, rice and spaghetti) by reacting them at 180 ◦C for 20 min,
respectively. Ryoya et al. [79] obtained an HMF yield of 4.5 wt% after reacting the wood
in [EMIM]HSO4 ionic liquid for 10 h at 140 ◦C. The creation of these catalytic feedstocks
and catalytic systems provides new ideas for the high-value and resourceful utilisation of
non-food crops and solid wastes.

3. Isolation and Purification of 5-HMF

The separation and purification processes available for 5-HMF include extraction,
nanofiltration, ionic liquids, distillation and adsorption [80]. For example, Jeong et al. [49]
used dioxane as a solvent in their study and found that dioxane could be evaporated under
mild conditions to recover the crude reaction mixture, which was later dissolved in ethyl
acetate, washed with water and then evaporated from the ethyl acetate to obtain HMF.
Kougioumtzis et al. [81] used dichloromethane (DCM) as a solvent and purified HMF via
liquid–liquid extraction, achieving 98% HMF recovery potential. In recent years, many
adsorbents for the selective adsorption of 5-HMF, such as zeolites, activated carbons, poly-
mers and resins, have been investigated. In order to enhance the solid–liquid adsorption
separation, Zhang et al. [82] combined adsorption isotherms with DFT calculations to
gain insights into the adsorption properties and mechanisms of HMF. A porous polymeric
adsorbent (H-PAP) with a hollow structure was developed, showing a 20-fold scale-up
potential. A more innovative approach to the recovery of 5-HMF is the use of loaded
hydrophobic deep eutectic solvent (DES) liquid membranes. Dietz et al. [83] prepared and
characterised 12 deep eutectic solvent (DES) liquid membranes with different carriers and
determined their stability in water and air. Subsequently, the loaded DES liquid mem-
branes were applied for the recovery of HMF from aqueous solutions. However, due to the
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high costs associated with DES, more efficient regeneration methods are required before
industrial-scale HMF separation can be considered economically viable.

The isolation and purification of 5-HMF can account for up to 70% of the overall
production cost [84], but relatively few studies have been carried out on the isolation and
purification of HMF compared to studies on the production of HMF; therefore, the isolation
and purification of HMF from the reacted mixtures is still a challenging problem.

4. Conclusions and Outlook

Efforts to reduce carbon emissions in various countries in response to global warming
issues and dependence on fossil energy sources have also led to increasingly popular
research into the conversion of biomass into fuels and chemicals. For many years, HMF,
a product of hexose dehydration, has also been considered one of the most promising
platform compounds. The conversion of biomass into HMF, a high-value-added platform
compound, has long-lasting and far-reaching implications for alleviating energy problems.
This paper summarises the biomass feedstocks that are commonly used to produce HMF.
Among the many feedstocks, polysaccharide feedstocks such as cellulose and inulin are
more complex and difficult to utilise in the preparation of HMF than monosaccharide feed-
stocks such as glucose and fructose. This also poses a greater challenge for the development
of efficient catalysts and catalytic systems for the conversion of polysaccharide feedstocks
to HMF.

(1) For the conversion of cellulose-based polysaccharides to HMF via a hydrolysis–
isomerisation–dehydration cascade, multifunctional catalytic systems for improving
the overall reaction efficiency should be further enriched, and the design of new
catalysts with adjustable B and L acids is of significance for improving the efficiency
of the reaction.

(2) Solvent systems also have a potential impact on the synthesis of HMF. A suitable
solvent system can inhibit the production of by-products and facilitate the conversion
of raw materials, thus improving the selectivity of the reaction. Aqueous solutions
are the most economical and green reaction solvents, but they reduce product yields
due to easy evaporation during the reaction compared to expensive ionic liquids.
Therefore, there is a need to continue to explore efficient and inexpensive reaction
solvent systems.

(3) Future research should still focus on exploring green, economic and sustainable
conversion strategies that are compatible with the environment. Emphasis will be
placed on the feasibility of industrial production while focusing on environmental
issues to harmonise economic development with environmental protection. There is a
need to design and develop high-performance, non-homogeneous catalytic systems
and enhance their catalyst stability to allow for multiple reuses and cost savings.

(4) The by-products from the synthesis of HMF can be resourcefully utilised and consid-
ered for conversion into valuable materials or fuels. HMF has very good application
prospects and is one of the important platform compounds with great research value
and significance.
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