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Abstract: Among the different polyoxometalate compounds, Keggin heteropolyacids have been
extensively used as catalysts in several acid-catalyzed reactions, due to their strong strength of
Bronsted acidity. These metal–oxygen clusters have a highly versatile structure that allows their
conversion to derivatives, which are catalysts that are much more efficient than their precursors,
with a greater catalytic activity in a plethora of reactions of industrial interest. Particularly, due to
the inevitable exhaustion of fossil sources, reactions to valorize biomass have attracted significant
attention, since it is a precious renewable raw material that can provide fine chemicals or fuels,
minimizing our dependence on petroproducts. Biorefinery processes can produce platform molecules
to achieve this goal. In this review, the recent advances achieved in the development of routes
to converting biomass feedstocks to levulinic acid and furfural, which are valuable ingredients in
biorefinery processes, using Keggin heteropolyacid catalysts were assessed.
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1. Introduction

Platform molecules are compounds derived from biomass that can be used as raw
materials to produce various high-value-added products, such as solvents, plastics, pharma-
cies, and biofuels. among others. They have been considered a sustainable and renewable
alternative source of products that can replace petroleum derivatives [1].

Among the various platform molecules, furfural, 5-HMF (5-hydroxymethylfurfural,
and levulinic acid (LA) stand out because they are valuable feedstocks (Figure 1) [2].
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Figure 1. Transformations of lignocellulosic biomass [2].

Furfural is a five-membered ring aromatic heterocycle aldehyde that has only one
furanic group. Its IUPAC name is furan-2-carbaldehyde and can be obtained from the
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dehydration of pentoses (xylose and arabinose), which are present in the hemicellulose of
lignocellulosic biomass [3]. Currently, more than 80 chemicals can be obtained directly or
indirectly from furfural [4]. The high reactivity of this compound is due to the aldehyde
group and the aromatic ring in its structure [5,6].

Furfural may undergo reactions characteristic of aldehydes such as aldol condensa-
tion with ketones, resulting in unsaturated ketones such as 4-(2-furyl)3-buten-2-one, and
1,4-pentadien-3-one-1,5-di-2-furanyl, which are aviation biokerosene precursors [7]. The
hydrogenation of the carbonyl group of furfural leads to the formation of furfuryl alcohol,
its most important derivative. From furfuryl alcohol, it is possible to obtain many other
derivatives, such as levulinic acid, γ-valerolactone, and tetrahydrofurfuryl alcohol [6,8].

Furfural reductive etherification is a two-step process in which it is firstly hydro-
genated, generating furfuryl alcohol, and posteriorly, undergoes an etherification reaction,
generating ethyl furfuryl ether, a gasoline bioadditive [9]. Alternatively, the carbonyl group
of furfural can also undergo acetalization and Grignard reactions. Furthermore, furfural can
be modified through various reactions, such as reduction, hydrodeoxygenation, reductive
amination, decarbonylation, and oxidation reactions [10].

Levulinic acid (4-oxopentanoic acid) is a ketoacid currently obtained with high yields
from the acid hydrolysis of C5 and C6 (pentoses and hexoses) sugars present in the
biomass [11]. It is widely used in chemical industries because it can be transformed
into various products, such as solvents, biodegradable plastics, food additives, and as
an intermediate in synthesizing pharmaceutical products [12]. The most used levulinic
acid (LA) derivative is aminolevulinic acid, a biodegradable herbicide used in Asia [13].
Other high-value-added compounds obtained from LA are γ-valerolactone (GVL) and
2-methyl-tetrahydrofuran (MTHF), which are green solvents, and methyl levulinate (ML),
a promising fuel bioadditive [11,14–17].

There are a series of catalysts used to convert biomass to LA and or FF, nonetheless,
in this review, the focus will be the Keggin heteropolyacids (HPAs), which belong to the
class of polyoxometalates [18]. HPAs are metal–oxygen clusters, with strong Brønsted
acidity [19]. Those compounds have been used in reactions to convert biomass into LA
and FF [20]. Although solid, HPAs catalysts have a low surface area, and to be used as
heterogeneous catalysts they should be supported on silica and zeolite [19,21,22]. However,
solid-supported HPA catalysts can undergo leaching due to the high polarity of the reaction
medium. To overcome this drawback, an alternative is to convert HPAs to insoluble salts,
exchanging their protons with large ionic radius cations such as cesium [23–26]. It makes
them solids with a high surface area and resistant to leaching. Another strategy that
enhances the activity of commercial HPAs is to modify their composition by removing one
unit MO (M = W, Mo) giving origin to the lacunar HPAs or still having this vacancy filled
with transition metal cations [27–29].

In this review, the focus was to demonstrate how the Keggin HPAs and their salts
have efficiently promoted the conversion of biomass to furfural and levulinic acid. To
reach this goal, a careful revision of the main advances achieved in this century in the
development of Keggin heteropolyacid-catalyzed processes to convert biomass to furfural
and levulinic acid was performed. These two compounds belong to the top-ten list of
biorefinery platform molecules, which have assumed strategic importance as raw material
sources of biochemicals and biofuels. The novelty herein is describing how Keggin het-
eropolyacids are versatile to produce these compounds either as solid-supported catalysts
or still as polyoxometalates acids or their salts.

The main effects of reaction conditions on the reaction conversions and goal-product
yield were described. The impacts of structural modifications on the catalytic activity of
HPAs were addressed.

2. Main Substrates and Heteropolyacid Catalysts Used to Produce Levulinic Acid

There are different routes to produce furfural and levulinic acid; however, they have
been industrially obtained from the acid dehydration processes of biomass components.
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The source of biomass and the type of treatment used can impact the reaction yield [30].
Indeed, despite the number of studies performed about this theme (dehydration of carbo-
hydrates into LA), only limited information on the probable reaction pathways is available,
hampering a more detailed description. The available literature briefly described the
pathway that C6-sugars are initially dehydrated to form the 5-HMF, the most probable
intermediate, through the loss of three water molecules, where the HMF was subsequently
rehydrated to give the final product LA with formic acid in the presence of water. Some
authors suggest that glucose can be isomerized to fructose, which is further dehydrated to
LA. A series of side products can be obtained such as furfural HMF, formic acid and others.

LA can be obtained by the multiple steps in the hydrolysis of raw cellulose through
dilute sulfuric acid treatment via intermediate 5-hydroxymethyl furfurfural (5-HMF)
as shown in Figure 2 [31]. The pretreatment step and detoxification of cellulose is
always required.
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Figure 2. Production of levulinic acid from cellulose [31].

Guzmán et al. studied the production of levulinic acid from furfuryl alcohol, a process
that occurs through dehydration of this alcohol, followed by the opening of the furanic
ring [32]. Normally, this reaction is catalyzed by homogeneous acids, which are corrosive
and hard to recover and reuse. To minimize the disadvantages of this type of catalyst,
Guzmán et al. evaluated the catalytic activity of different acid solids, such as ion-exchange
resins, zeolites, and acid clays [32]. With the use of phosphotungstic acid (H3PW12O40) sup-
ported on ZSM-5 zeolite, (H3PW12O40/ZSM-5), those authors demonstrated that is possible
to completely convert furfuryl alcohol to levulinic acid with a 58.1% yield (Figure 3). Those
researchers verified that the silicon content of ZSM-5 zeolite is increased, and levulinic acid
yield achieves 77% [32].
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Zhang et al. assessed the catalytic activity of soluble Brønsted acids (H2SO4), and
Keggin HPAs containing different central heteroatoms (P, Si, and B) in reactions of cellulose
conversion of cellulose to LA (Figure 4) [33].
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Silicotungstic acid has the best performance, achieving a 18.6% LA yield. Although all
catalysts have been used at the same hydrogen concentration, they had different behavior.
The Pearson Acidity Theory (Hard Acid Soft Base, HASB) can be useful to explain this point.
Possibly, the greatest softness of SiW12O40

4− heteropolyanion can have been favorable
to the reaction. Compared to the other tungstic anions, it has a greater negative charge
(SiW12O40

4− versus PW12O40
3− or B12O40

3−); consequently, it is more stable, favoring the
ionization of H4SiW12O40. Using a reaction with silver salt, that is soft acid, the literature
has demonstrated that the softness of Keggin heteropolyanions follows the sequence SiWl2-
O40

4− > GeWl2O40
4− > SiWl2O40

4− > PWl2O40
3− > PMol2O40

3− > SiMol2O40
4−-> SO4

2− [34].
The strength of acidity presented by the Keggin heteropolyacids depends on the charge

in heteropolyanion as well as the hydrogen–oxygen bond length. Normally, the protons
are bonded to the oxygen atoms placed at terminal oxygen atoms of heteropolyanions.
This occurs for three HPAs (H3PW12O40, H4SiW12O40, and H5BW12O40). However, these
heteropolyanions have different heteroatoms; consequently, the changes in charge and
ionic radiums of these cations impact the strength of hydrogen–oxygen bonds. The results
suggest that the ionization of H4SiW12O40 was the most favorable; therefore, the reaction
of conversion of glucose to furfural achieved the highest yield in the presence of this acid
than the other ones.

Another aspect is the softness of heteropolyanions. Since the radius of heteroatoms
follows the sequence B(III) < P(V) < Si(IV), it is possible to conclude that heteropolyanion
size also obeyed this trend; therefore, greater radiums gives a higher softness to the anion,
which becomes more stable. This is the reason that justifies why the H4SiW12O40 was the
most effective catalyst.

Afterwards, Zhang et al. synthesized a series of metal-substituted lacunary phospho-
tungstic acids (general formula: H7-nPW11Mn+O39 (Mn+ = Cu2+, Sn4+, Cr3+, Zn2+, Fe3+, Ti4+,
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Zr4+) and investigated its activity in reactions to convert different cellulose into levulinic
acid [33]. Figure 5 presents the results.
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phosphotungstic acids [33]. Reaction conditions: cellulose (0.1 g); temperature (403 K); catalyst
(0.08 mmol); solvent (5 mL of methyl isobutyl ketone + 0.5 mL of water); time (8 h).

In Figure 4, all heteropolyacids have a P(V) cation as the heteroatom; however, once
they were substituted with different charge cations, the number of hydrogens required to
neutralize the acid was distinct in each case. It was expected that a greater negative charge
of the heteropolyanion should enhance the acidity strength of HPA, and consequently
improve the LA yield. Indeed, the H5PW11CuO39-catalyzed reaction achieved the second
higher LA yield. It was lower only than that reached in the H3PW11TiO39-catalyzed
reaction. It is possible to assume that in this case, the lower charge of the anion weakened
the interaction with the proton making its ionization [33].

Remarkably, although soluble such as pristine phosphotungstic acid, those catalysts
had different performances both in terms of LA yield or conversion of cellulose (Figure 4).
The H5PW11TiO39 catalyzed-reaction reached the highest LA yield and conversion. Con-
versely, the reaction in the presence of the H6PW11CrO39 catalyst achieved the lowest
LA yield and cellulose conversion. Notwithstanding, all the metal-substituted phospho-
tungstate salt-catalyzed reactions achieved a higher LA yield than pristine heteropolyacid.
This is suggestive that anions with higher softness due to higher negative charge generated
by the replacement of tungsten with metal cations are more active catalysts. This greater
activity can be assigned to higher stabilization of protonated intermediates generated
during the reaction.

Aiming to understand the factors that led the catalyst to achieve a higher efficiency,
Zhang et al. evaluated the effect of acid site nature (Lewis and Brønsted) and the number
of acid sites of the catalysts [33]. Figure 6 shows the effect of the Brønsted/Lewis acid site
molar ratio on the conversion LA yield.
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Chambon et al. suggested that solid catalysts with strong acid sites and a suitable
B/L acid molar proportion favored LA generation [35]. Nonetheless, Zhang et al. showed
that for HPAs with Brønsted and Lewis acid sites, the Brønsted acidity was key for the LA
yields [33]. Although not shown herein, when the Keggin HPAs had a similar Brønsted
acidity, the higher Lewis acidity provided the greater LA yield.

To overcome the mass transfer problems and difficulties of separation, Zhang et al. syn-
thesized temperature-responsive metal-substituted heteropolyacid catalysts, which were
also evaluated in reactions to obtain LA from cellulose among other polysaccharides [33].
Figure 7 shows the main results obtained when these reactions were performed in different
solvents. HOCH2CH2N(CH3)3H4PW11TiO40 was the catalyst assessed.
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Figure 7. Impacts of solvents on the conversion of cellulose and LA yield in reactions carried out over
HOCH2CH2N(CH3)3H4PW11TiO40 [33]. Reaction conditions: cellulose (0.1 g); temperature (403 K);
catalyst (0.08 mmol); time (8 h), solvents: (H2O = 5.5 mL); and its mixtures at 1:10 proportions with
MIBK (methyl isobutyl ketone), DMSO (dimethylsulfoxide), GLV (γ-valerolactone), Acetone, THF
(tetrahydrofuran).
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At optimized reaction conditions, Zhang et al. verified that the HOCH2CH2N(CH3)3-
H4PW11TiO40-catalyzed reaction of cellulose conversion achieved 93.8% and levulinic acid
yield of 88.6% (Figure 8) [33].
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Reactions carried out in the MIBK: H2O (10:1) biphasic system reached the highest LA
yield. This agrees with the literature that suggests that aprotic solvents avoid parallel reactions
and reduce humins formation. MIBK plays an essential role in helping the continuous transfer
of LA to the organic phase [33,36]. In the case of the HOCH2CH2N(CH3)3H4PW11TiO40
catalyst, the best efficiency was obtained under MIBK: H2O as 10:1 [33].

Li et al. developed an HPA-catalyzed process for converting cellulose and glucose
into levulinic acid and furfural using a deep eutectic solvent (DES) (formed by mixing
GVL and water), and commercial Keggin HPA acids [37]. Phosphotungstic acid was the
most effective in producing LA, either from cellulose or glucose (Figure 9). Comparatively,
glucose was more efficiently converted to LA than cellulose regardless of the HPA catalyst.
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Figure 9. Cellulose and glucose conversions to levulinic acid (LA) and furfural over tungsten and
molybdenum heteropolyacids [37]. Reaction conditions: substrate (0.3 g); temperature (468 K);
catalyst (0.3 g); solvent (17 mL of γ-valerolactone + 3.0 mL of water); time (2 h).

Regardless of the γ-valerolactone/H2O molar ratio, the reactions achieved almost a
total conversion (Figure 10). Conversely, the LA yield was enhanced when the amount of
γ-valerolactone was progressively increased. Mass transfer problems can explain these
results. Studies using different solvents showed that improving the cellulose solubility
increases the levulinic acid production. This leads to an increased mass transfer rate
between the reaction substrate and the catalysts, thereby increasing the conversion and
reaction rate. Ionic liquids such as DES have advantages in terms of levulinic acid yield,
but the production costs of this type of system are high. Li et al. also studied this effect
using cellulose as the substrate (Figure 11).

Due to structural differences, cellulose is less reactive than glucose; consequently, only
its conversion was more strongly impacted by the increase in γ-valerolactone, different
from glucose. Conversely, LA yield had a similar behavior to the reaction with glucose and
was improved when a greater proportion of γ-valerolactone was present.
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LA [37]. Reaction conditions: glucose (0.3 g); temperature (468 K); catalyst (0.3 g); solvent (20 mL); 
time (2 h). 
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Figure 10. Effect of γ-valerolactone/H2O molar ratio on the H3PW12O40-catalyzed glucose conversion
reaction to LA. Reaction conditions: glucose (0.3 g); temperature (468 K); catalyst (0.3 g); solvent
(20 mL); time (2 h) [37].

Reactions 2024, 5, FOR PEER REVIEW 8 
 

Pure Water 50:50 75:25 85:15 95:05
0

20

40

60

80

100
C

on
ve

rs
io

n 
an

d 
Yi

el
d 

/ %

Solvents ratio

 Conversion  Yield

 
Figure 10. Effect of γ-valerolactone/H2O molar ratio on the H3PW12O40-catalyzed glucose conversion 
reaction to LA. Reaction conditions: glucose (0.3 g); temperature (468 K); catalyst (0.3 g); solvent (20 
mL); time (2 h) [37]. 

Pure Water 50:50 75:25 85:15 95:05
0

20

40

60

80

100

C
on

ve
rs

io
n 

an
d 

Yi
el

d 
/ %

Solvents ratio

 Conversion  Yield

 
Figure 11. Effect of γ-valerolactone/water ratio on the H3PW12O40-catalyzed cellulose conversion to 
LA [37]. Reaction conditions: glucose (0.3 g); temperature (468 K); catalyst (0.3 g); solvent (20 mL); 
time (2 h). 

Due to structural differences, cellulose is less reactive than glucose; consequently, 
only its conversion was more strongly impacted by the increase in γ-valerolactone, 
different from glucose. Conversely, LA yield had a similar behavior to the reaction with 
glucose and was improved when a greater proportion of γ-valerolactone was present. 

Kumar et al. synthesized gallium phosphomolybdates using a sonochemical 
irradiation method and evaluated these catalysts in reactions to convert different 
saccharides (glucose, starch, cellulose, and rice straw) into LA through a hydrothermal 
process. Only results obtained with glucose are highlighted (Figure 12). At optimized 

Figure 11. Effect of γ-valerolactone/water ratio on the H3PW12O40-catalyzed cellulose conversion to
LA [37]. Reaction conditions: glucose (0.3 g); temperature (468 K); catalyst (0.3 g); solvent (20 mL);
time (2 h).

Kumar et al. synthesized gallium phosphomolybdates using a sonochemical irradi-
ation method and evaluated these catalysts in reactions to convert different saccharides
(glucose, starch, cellulose, and rice straw) into LA through a hydrothermal process. Only
results obtained with glucose are highlighted (Figure 12). At optimized reaction conditions,
56% of LA yield was achieved over Ga@PMO12O40 catalyst, after 10 h reaction at 448 K [38].
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Sun et al. synthesized a solid catalyst starting from phosphotungstic acid, which had
the central phosphorus atom replaced by aluminum and, afterwards, it was precipitated
with choline chloride (Figure 13) generating the coline aluminotungstate [39].

Reactions 2024, 5, FOR PEER REVIEW 9 
 

reaction conditions, 56% of LA yield was achieved over Ga@PMO12O40 catalyst, after 10 h 
reaction at 448 K [38]. 

O

H

HO

H

HO

H

OH

OHH
H

OH
H3PMo12O40

GaPMo12O40

LA

LA

LA

X

Ga@PMo12O40Gallium glucose

 
Figure 12. Effect of gallium and phosphomolybdic acid on glucose conversion to LA Ga@HPMo = 
H3PMo12O40 entrapped in gallium micro/nanoparticles [38]. Reaction conditions: glucose (0.5 g); 
temperature (423 K); catalyst (0.1 g); water (15 mL); time (12 h). 

Sun et al. synthesized a solid catalyst starting from phosphotungstic acid, which had 
the central phosphorus atom replaced by aluminum and, afterwards, it was precipitated 
with choline chloride (Figure 13) generating the coline aluminotungstate [39].  

 
Figure 13. Synthesis of the coline aluminotungstate catalyst from the aluminotungstic acid and 
choline chloride [39]. The term Ch in the final material represents the choline cation 

This solid catalyst was used in reactions to convert cellulose to LA, 5-HMF, and 
glucose (Figure 14).  

 
Figure 14. Coline aluminotungstate-catalyzed reaction to convert cellulose to LA, 5-HMF, and 
glucose [39]. 

Figure 13. Synthesis of the coline aluminotungstate catalyst from the aluminotungstic acid and
choline chloride [39]. The term Ch in the final material represents the choline cation.

This solid catalyst was used in reactions to convert cellulose to LA, 5-HMF, and glucose
(Figure 14).
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Figure 14. Coline aluminotungstate-catalyzed reaction to convert cellulose to LA, 5-HMF, and
glucose [39].

Those authors evaluated the impacts of temperature on the yield of these three prod-
ucts and verified that regardless of reaction temperature, glucose was always the main
product (Figure 15).
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Several mechanisms have been proposed to demonstrate how the cellulose is 
converted to levulinic acid. Figure 17 shows a probable route, where after the cellulose 
has been broken into glucose, it is isomerized to a five-membered ring (fructose) that gives 
LA after two successive dehydration reactions. 

Figure 15. Effect of temperature on the yields of LA, 5-HMF, and glucose obtained from cellulose in
choline aluminotungstate-catalyzed reactions [39]. Reaction conditions: Cellulose (1 g with 7 mL of
water); catalyst (0.08 mmol); time (6 h).

Kumar et al. assessed the effect shown in Figure 15 [38]. They verified that a complete
conversion of glucose to levulinic acid is achieved only when the hydrothermal reaction
temperature is greater than 423 K. The complete absence of signals typical of glucose in
NMR spectra assures this result. In the case of the reaction product of the reaction carried
out at 393 K, glucose conversion is incomplete and signals typical of glucose are observed
along with the peaks of reaction products, levulinic and formic acid. An increase in this
temperature led to a higher yield of LA and 5-HMF.

Li et al. developed a system to produce levulinic acid from glucose and cellulose.
Using phosphotungstic acid as a catalyst and a mixture of GVL (γ-valerolactone) and water
to form a deep eutectic solvent those authors achieved levulinic acid yields of 98.9% from
glucose and 88.6% from cellulose (Figure 16) [37].
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Figure 16. Cellulose conversion to levulinic acid in a system GVL/water catalyzed by phospho-
tungstic acid [37].

Several mechanisms have been proposed to demonstrate how the cellulose is converted
to levulinic acid. Figure 17 shows a probable route, where after the cellulose has been
broken into glucose, it is isomerized to a five-membered ring (fructose) that gives LA after
two successive dehydration reactions.
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3. Main Substrates and Heteropolyacid Catalysts Used to Produce FURFURAL 
Commercially, furfural has been produced via acid-catalyzed conversion of xylanes 

present in hemicellulose. These compounds are hydrolyzed to form xylose, which 
undergoes a cyclodehydration step resulting in furfural. Furfural can also be obtained 
from agricultural residues, such as sunflower seed husks and corn cobs, avoiding 
competition with the food industry [39,40].  

The transformation of pentosan to furfural often results in many side-products 
because of the diverse functional groups present in pentosan. The major by-product is 
acetic acid, corresponding to the acetylation reaction of the acetyl group. However, other 
carboxylic acids are also produced [41]. 

Although the exact mechanism of furfural formation was not established two 
proposes are accepted to explain the dehydration of xylose to furfural. The first involves 
the reactions with open-chain intermediates (aldose), whose equilibrium converts 
reversibly to 1,2-enediol. The latter is then dehydrated to enol of a 3-deoxyglycosulose, 
which further dehydrates and gives the furfural [5]. The second mechanism involves two 
1,2-eliminations and one 1,4-elimination of water promoted by an acid catalyst. Charged 
enol intermediates are formed which will successively release water molecules along the 
process. After the 1,4-elimination, the hydrogen ion is removed to provide furfural [42].  

Cuervo et al. described a series of works where different researchers used 
heteropolyacid catalysts to convert xylose to furfural [43]. For instance, they reported that 
Dias, Pillinger, and Valente evaluated the dehydration of d-xylose to produce furfural 
using different HPAs in homogeneous processes carried out in a liquid phase (DMSO), at 
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3. Main Substrates and Heteropolyacid Catalysts Used to Produce FURFURAL

Commercially, furfural has been produced via acid-catalyzed conversion of xylanes
present in hemicellulose. These compounds are hydrolyzed to form xylose, which un-
dergoes a cyclodehydration step resulting in furfural. Furfural can also be obtained from
agricultural residues, such as sunflower seed husks and corn cobs, avoiding competition
with the food industry [39,40].

The transformation of pentosan to furfural often results in many side-products because
of the diverse functional groups present in pentosan. The major by-product is acetic acid,
corresponding to the acetylation reaction of the acetyl group. However, other carboxylic
acids are also produced [41].

Although the exact mechanism of furfural formation was not established two proposes
are accepted to explain the dehydration of xylose to furfural. The first involves the reactions
with open-chain intermediates (aldose), whose equilibrium converts reversibly to 1,2-
enediol. The latter is then dehydrated to enol of a 3-deoxyglycosulose, which further
dehydrates and gives the furfural [5]. The second mechanism involves two 1,2-eliminations
and one 1,4-elimination of water promoted by an acid catalyst. Charged enol intermediates
are formed which will successively release water molecules along the process. After the
1,4-elimination, the hydrogen ion is removed to provide furfural [42].

Cuervo et al. described a series of works where different researchers used heteropoly-
acid catalysts to convert xylose to furfural [43]. For instance, they reported that Dias,
Pillinger, and Valente evaluated the dehydration of d-xylose to produce furfural using
different HPAs in homogeneous processes carried out in a liquid phase (DMSO), at temper-
atures of 413 K, under nitrogen, Figure 16 [43]. After 4 h, the reactions in the presence of
H3PW12O40, PTSA, or H2SO4 achieved furfural yields of 63%, 67%, and 58%, respectively.
Tests with other solvents, H2O, toluene/water, and IBMK (isobutyl methyl ketone)/water
showed lower conversions and selectivities.

Keggin HPAs are commercially affordable, exhibiting a strong Brønsted acidity. There-
fore, they have been used in reactions to produce furfural from saccharides such as xylose.
Dias et al. compared the activity of three commercial Keggin HPAs and the results are in
Figure 18 [44].

The phosphotungstic acid was the most active and selective catalyst producing furfural
with a 67% yield. It can be assigned to the highest strength of Brønsted acidity. It is
important to highlight that all the reactions were carried out in homogeneous conditions
with an equal amount of protons. The phosphomolybdic acid is the weakest in terms of
strength of Brønsted acidity.
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Figure 18. Conversion xylose to furfural catalyzed by Keggin acids [44]. Reaction conditions: 1 mL
DMSO, 30 mg xylose, 20 mg HPA, 413 K, and 4 h.

The same research group immobilized H3PW12O40 acid in micelle-templated silica
(MTS) and evaluated its activity in the conversion of xylose to furfural, which reached
conversions of 49% and 52% yield (Figure 19) [45].
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Figure 19. Xylose conversion to furfural catalyzed by H3PW12O40/MTS [45].

Pillinger, Valente, and Dias synthesized cesium salts of 12-tungstophosphoric acid,
CsxH3−xPW12O40 in the bulk form or supported on medium-pore MCM-41 that achieved
45% furfural yield [46]. Guo et al. prepared Sn(II) salts of the same HPA (Sn0.625Cs0.5P12W40),
which achieved 100% conversion of xylose with 63% furfural yield, in DMSO/H2O mixture
with 1:1 volume ratio (453 K/3 h) [47]. More details of these reactions are depicted in
Figure 20.

It is important to note that furfural yield can be lower if oligomerization reactions
occur during the process. The use of an inert atmosphere can minimize this effect. Nitrogen
atmosphere was used in all reactions to avoid furfural oxidation or oligomerization reac-
tions. Although the reactions in the presence of H3PW12O40 or its salt Sn0.625Cs0.5P12WO40)
had achieved the same furfural yield (63%), the first was carried out at a lower temperature
(423 K), while the second one was performed at 473 K [46]. However, the first catalyst is
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homogeneous while the second one is solid. The solid-supported cesium phosphotungstate
reached lower yields.

Figure 20. Furfural yield obtained from xylose in reactions carried out over phosphotungstate
catalysts [44–47].

Guo et al. prepared a series of bimetallic catalysts (Cs-Sn phosphotungstates) and
evaluated their activity in xylose conversion reactions to furfural. Figure 21 shows the main
results [47].
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Reaction conditions: D-xylose 0.2 g, Sn0.625Cs0.5PW 0.16 g, solvent 20 mL, 200 ◦C, 3.5 h, in water media.
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Guo et al. proposed that Sn4+ cations occupied the surface space of Cs+, enhanc-
ing its catalytic activity. Therefore, an increase in Sn4+ load improves the furfural yield
(Figure 20) [47]. This catalyst was evaluated in different solvent mixtures (Figure 22).
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Figure 22. Furfural selectivity (mol%) achieved in Sn0.625Cs0.5P12WO40-catalyzed xylose dehydration
reactions in different solvent/H2O mixtures [47]. Solvent: water volume ratio (1:1), D-xylose (0.1 g),
catalyst Sn0.625Cs0.5PW12O40 (0.08 g), volume reaction 20 mL, temperature 473 K, time (3 h).

The efficiency mixture solvent/water obeyed the following sequence: DMSO > buta-
nol > ethanol > isopropanol > acetone. The polarity and ability to inhibit parallel reactions
were the main reasons for achieving a higher selectivity. Reactions carried out in the water:
DMSO reached the highest selectivity furfural (63%).

Several authors have proposed mechanisms for the conversion of xylose to furfural [15].
Yan et al. proposed a reaction pathway where the xylose has its five-membered ring opened
in an acidic medium, generating an aldehyde that has undergone tautomerization in
an equilibrium between aldo- and enol intermediates, which loses water led to unsatu-
rated α,β-dicarbonylic, that gives the furfural after eliminating another water molecule
(Figure 23) [48].

Reactions 2024, 5, FOR PEER REVIEW 15 
 

Several authors have proposed mechanisms for the conversion of xylose to furfural 
[15]. Yan et al. proposed a reaction pathway where the xylose has its five-membered ring 
opened in an acidic medium, generating an aldehyde that has undergone tautomerization 
in an equilibrium between aldo- and enol intermediates, which loses water led to 
unsaturated α,β-dicarbonylic, that gives the furfural after eliminating another water 
molecule (Figure 23) [48]. 

 
Figure 23. Xylose conversion to furfural (adapted from [15,47]). 

Figure 23 shows another proposal for the formation of furfural from xylose, where 
the main difference is the last step, which shows a keto-enol as the last intermediate while 
in Figure 24 it is dehydrated, as an unsaturated α,β-dicarbonylic compound [49]. 

 
Figure 24. Furfural formation mechanism from xylose without the gem diol intermediate [49]. 

Other polysaccharides such as alginic acid can also be converted to furfural, although 
with a lower yield than xylose even at a higher temperature (Figure 25) [50]. 

Figure 23. Xylose conversion to furfural (adapted from [15,47]).



Reactions 2024, 5 375

Figure 23 shows another proposal for the formation of furfural from xylose, where the
main difference is the last step, which shows a keto-enol as the last intermediate while in
Figure 24 it is dehydrated, as an unsaturated α,β-dicarbonylic compound [49].
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Figure 24. Furfural formation mechanism from xylose without the gem diol intermediate [49].

Other polysaccharides such as alginic acid can also be converted to furfural, although
with a lower yield than xylose even at a higher temperature (Figure 25) [50].
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Dias et al. synthesized cesium phosphotungstates supported on medium-pore MCM-
41 (3.7 nm) or large-pore (9.6 nm) micelle-templated silicas and evaluated its catalytic
activity in different solvents at varied temperatures in reactions to produce furfural from
xylose [46]. The main results are displayed in Figure 26.

Those authors concluded that for low cesium heteropoly salt loads the size of pores
has no impact on the conversion (see reaction s with 15 wt. %, Figure 25). Nevertheless,
at these conditions, the furfural yield becomes two times greater over a large pore cat-
alyst. It is suggestive that the diffusion of the reactant molecules should be important.
The greatest conversion and yield were achieved in DMSO using a higher catalyst load
(Cs3PW12O40 (34 wt. %)/MP-MCM-41). Regardless of the catalyst, support, or temperature,
the furfural yield was more favored when the reactions were carried out in the presence of
water/toluene mixtures.
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Figure 26. Effects of solvent and temperature on the conversion of xylose to furfural in the presence of
cesium phosphotungstate salts supported on molecular sieves with different porosity [46]. Reaction
time: 4 h. MP = medium porosity; LP = low porosity.

4. Conclusions

In this review, all the aspects that govern the processes of synthesis of furfural and
levulinic acid from main saccharides such as fructose, glucose, and xylose over Keggin
heteropolyacids were discussed. Two possible strategies to convert the soluble heteropoly-
acids into a heterogeneous catalyst were addressed. The first was the synthesis of different
solid-supported heteropolyacid catalysts such as metal oxides, mesoporous silica, and
zeolites. The second one was its conversion to insoluble salts. To do this, several authors
used the ion-exchange method, where the protons of heteropolyacids were exchanged with
metal or organic cations, all of them with large radium.

The impact of main reaction parameters such as solvent, temperature, time, concen-
tration and nature of heteropolyacid catalysts were reported. A series of heterogeneous
processes either with solid-supported heteropolyacid catalysts or heteropolyacid salts were
performed, aiming to highlight the advantages or disadvantages of each one. Most of these
solid heteropoly catalysts are easily recyclable and can be reused without loss of activity.
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