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Abstract: This study aimed to evaluate the synthesis and application of heterogeneous catalysts
based on heteropolyacids for 5-hydroxymethylfurfural (HMF) production from glucose. Initially,
assays were carried out in order to establish the most favorable catalyst synthesis conditions. For
such purpose, calcination temperature (300 or 500 ◦C), type of support (Nb2O5 or Al2O3), and
active phase (H3PW12O40—HPW or H3PMo12O40—HPMo) were tested and combined based on
Taguchi’s L8 orthogonal array. As a result, HPW-Nb2O5 calcined at 300 ◦C was selected as it presented
optimal HMF production performance (9.5% yield). Subsequently, the reaction conditions capable
of maximizing HMF production from glucose using the selected catalyst were established. In these
experiments, different temperatures (160 or 200 ◦C), acetone-to-water ratios (1:1 or 3:1 v/v), glucose
concentrations (50 or 100 g/L), and catalyst concentrations (1 or 5% w/v) were evaluated according
to a Taguchi’s L16 experimental design. The conditions that resulted in the highest HMF yield
(40.8%) consisted of using 50 g/L of glucose at 160 ◦C, 1:1 (v/v) acetone-to-water ratio, and catalyst
concentration of 5% (w/v). Recycling tests revealed that the catalyst can be used in four runs, which
results in the same HMF yield (approx. 40%).
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1. Introduction

In an attempt to reduce global dependence on fossil resources, which are associated with important
negative environmental impacts, new technologies have been developed that aim to use renewable
feedstock (lignocellulosic raw materials) for the production of fuels and chemicals [1]. Lignocellulosic
biomass is an interesting raw material for such application, since it is widely available in the form
of agricultural, agro-industrial, and forest residues, inexpensive, and rich in sugars that can be used
for producing numerous compounds of industrial interest. Among the compounds that can be
produced from lignocellulosic materials, furans such as furfural and 5-hydroxymethylfurfural (HMF)
are molecules of enormous interest, since they have numerous applications in the chemical industry [2].

HMF is a building block platform chemical that can be used to produce various other compounds,
including 2,5-dimethylfuran (DMF) and liquid fuels, as well as high added-value products such as
polyesters, dialdehydes, ethers, among others [3,4]. Due to its wide-ranging applications, it has been
considered as one of the 10 highest value platform molecules by the United States Department of
Energy [5,6]. Recently, there has been enormous interest in new processes aiming to obtain HMF in

Energies 2020, 13, 655; doi:10.3390/en13030655 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-7182-6198
http://www.mdpi.com/1996-1073/13/3/655?type=check_update&version=1
http://dx.doi.org/10.3390/en13030655
http://www.mdpi.com/journal/energies


Energies 2020, 13, 655 2 of 17

order to supply the booming market and provide more sustainable production alternatives. Leading
companies in renewable technologies, e.g., Avantium and AVA Biochem, have sought processes in order
to produce HMF from lignocellulosic biomass in a pilot scale aiming at the production of bioplastics and
other compounds [4,7]. Production of 2,5-furan-dicarboxylic acid (FDCA) is particularly highlighted
due to its application as precursor monomer of the bioplastic polyethylene furanoate (PEF), which is
a potential replacement for the conventional polymer polyethylene terephthalate (PET) [5,6].

HMF can be obtained by dehydrating hexose sugars, such as glucose or fructose. However, glucose
costs less when compared to fructose and can be found in greater amounts in the form of cellulose in
lignocellulosic materials, therefore being more attractive to be used in large-scale HMF production.
The process to convert glucose into HMF is influenced by several variables, such as the temperature,
type of catalyst, reaction time, and reaction medium composition. Regarding the reaction medium,
a variety of solvents has been evaluated for such a purpose, including aqueous, organic, and biphasic
systems (water mixtures and organic solvents), as well as ionic liquids [8–11]. Glucose dehydration
reactions tend to be more selective in the presence of aprotic solvents, e.g., dimethylsulfoxide (DMSO),
tetrahydrofuran, acetone, and n-butanol. Aqueous media have resulted in low yields, i.e., close
to 20% [7,12], as they favor the formation of undesirable products (humin and furfural) and HMF
rehydration reactions, which lead to the production of levulinic and formic acids [5,13]. Ionic liquids
have provided conversion yields of over 30% [14,15]; however, final product separation is more difficult
when using these solvents, in addition to being quite costly and toxic [3]. Taking all these considerations
into account, biphasic systems (water/solvent) have been considered the most interesting alternative to
HMF production.

The catalyst is also a significant variable that affects glucose conversion into HMF. When
compared to homogeneous catalysts, the use of heterogeneous catalysts has shown better selectivity
and lower costs, especially because they ease product separation, as well as catalyst recovery
and reuse [7,16]. Several heterogeneous acid catalysts such as zeolites, metal oxides, silica,
aluminosilicates, alumina, sulfated and tungsten zirconia, and superacid catalysts, have been studied
for such a process. However, catalysts based on heteropolyacids have been slightly explored
for HMF production, although these catalysts have shown promising results in reactions such
as esterification [17], transesterification [18], hydrodesulfurization [19], glycerol dehydration [20],
benzaldehyde acetylation [21], and isomerization [22]. Some studies showed HMF yields over 30%
using H3PW12O40 —HPW as homogeneous catalyst combined with boric acid in liquid ionic media [23]
or using HPW as heterogeneous catalyst by the reaction with a liquid ionic [24] or AgNO3 [25] in
a biphasic system.

Thus, this study aimed to define the conditions to prepare heterogeneous catalysts based on
heteropolyacids to be used in HMF production from glucose. Initially, assays were carried out to
establish the conditions for catalyst synthesis. Different conditions were tested, such as calcination
temperature (300 or 500 ◦C), type of support (Nb2O5 or Al2O3), and active phase (H3PW12O40—HPW
or H3PMo12O40—HPMo). The catalyst that presented optimal performance to convert glucose into
HMF was selected, and then the reaction conditions capable of maximizing HMF production using it
were established. Finally, the possibility of catalyst recycling was also investigated.

2. Materials and Methods

2.1. Catalyst Preparation

Heteropolyacid catalysts were synthesized in duplicate according to Taguchi’s L8 orthogonal
array presented in Table 1, through which different calcination temperatures (300 or 500 ◦C), 30%
(w/w) active phases (H3PW12O40—HPW or H3PMo12O40—HPMo), and supports (Nb2O5 or Al2O3)
were combined, resulting in 16 different catalysts. The choice of the supports and active phases were
made so that their combination resulted in catalysts with Lewis and Brønsted acid sites, which was
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derived from the support and active phase, respectively. The supports Nb2O5 (HY-340) and Al2O3

were supplied by Companhia Brasileira de Metalurgia e Mineração (CBMM) and Alcoa, respectively.
The catalysts were prepared according to the incipient wetness impregnation method which uses

an amount of solvent which is lower than or equal to that required to fill in the support pores. For
such a purpose, the active phase (HPW or HPMo) was dissolved in 70% ethanol solution at ambient
temperature and mixed with the support (Nb2O5 or Al2O3) in three successive steps until reaching
a final metal concentration of 30%. The catalytic solid was then dried at 100 ◦C for 2 h and subsequently
calcined at 300 or 500 ◦C for 3 h, according to the conditions shown in Table 1. The assays were carried
out in duplicate.

2.2. HMF Production

The catalytic performance of different heteropolyacid catalysts prepared according to the
experimental design given in Table 1 was evaluated regarding catalytic performance in order to
convert glucose into HMF. The catalytic reactions carried out using 100 mL of reaction medium at
160 ◦C using 1% w/v of catalyst, 100 g/L of glucose, 1:1 w/w acetone-to-water ratio, and 300 rpm over
30 min. The catalyst that achieved optimal HMF production performance was then used in subsequent
experiments with the aim of optimizing reaction conditions.

For optimization experiments, different reaction conditions, such as temperature (160 or 200 ◦C),
acetone-to-water ratio (1:1 or 3:1 v/v), glucose concentration (50 or 100 g/L), and catalyst concentration
(1% or 5% w/v) were used based on Taguchi’s L16 experimental design. The column “E” had no factor
associated to estimate the experimental design error. All catalytic tests were performed in pressurized
stainless steel reactors (Parr series 4566). At the end of the runs, the catalyst was recovered from the
reaction mixture by centrifugation at 2000 × g for 20 min and calcined at 300 ◦C for 3 h.

Catalyst stability was evaluated by reusing it in successive batch runs performed under optimized
process conditions.

2.3. Analytical Methods

The crystalline structure of the catalyst, support, and active phase was evaluated by X-Ray Powder
Diffraction (XRD) using a PANalytical Model Empyrean X-ray diffractometer with CuKα 2θ radiation
(λ = 1.5418 Å) at 40 kV and 30 mA, angle ranging between 10◦ and 90◦, at step size of 0.02◦ and
countdown time of 50 s per run. The catalyst surface morphology and structure were analyzed by
SEM/EDX using Hitachi TM 3000 and Swifted 3000 equipment.

The textural properties of catalysts were investigated by specific surface area analysis using
Quantachrome NOVA 2200e. For performing the analysis, a sample of 0.2 g was added to a glass cell
and heated at 200 ◦C for 2 h under vacuum in order to remove impurities adsorbed on the catalyst
surface. Specific surface area and pore volume were calculated by the Brunauer–Emmett–Teller (BET)
the Barrett–Joyner–Halenda (BJH) methods, respectively.

The catalyst surface acidity was determined by acid-base titrations. In this analysis, 0.1 g of
catalyst was suspended in 20 mL of 0.1 M NaOH. The suspension was stirred for 3 h at room
temperature and then titrated with 0.1 M HCl in the presence of phenolphthalein. The catalyst surface
acidity was expressed in mmol H+/g catalyst. The active phase thermal stability was evaluated by
thermogravimetry (TGA) and derivative thermogravimetry (DTG) analysis using a Shimadzu TGA 50
equipment with 50 mL/min of nitrogen flow, heating rate of 10 ◦C/min in a temperature range of 30 to
1000 ◦C.

Glucose concentration was determined by high performance liquid chromatography (HPLC) using
an Agilent Technologies 1260 Infinity chromatograph equipped with an isocratic pump, a refractive
index detector and a Bio-Rad Aminex HPX-87H column (300 × 7.8 mm). Operational conditions
were temperature of 45 ◦C, 0.005 mol/L using sulfuric acid as eluent at a flow rate of 0.6 mL/min
and sample volume of 0.02 mL. HMF concentration was also determined by HPLC, but using a UV
detector (at 276 nm), a Waters Spherisorb C18 5 µm column (100 × 4.6 mm) at room temperature,
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1:8 v/v acetonitrile-to-water ratio using 1% of acetic acid as eluent, flow rate of 0.8 mL/min, and sample
volume of 0.02 mL. Glucose conversion (XGlu) and HMF yield (YHMF) were calculated according to
Equations (1) and (2).

XGlu(%) =
[Glucose]initial − [Glucose] f inal

[Glucose]initial
·100, (1)

YHMF(%) =
[HMF]produced

[Glucose]initial
·100. (2)

3. Results and Discussion

3.1. Catalyst Synthesis

Table 1 summarizes the conditions used to prepare the catalysts as well as their performance to
convert glucose into HMF in terms of HMF yield (YHMF) and glucose conversion (XGlu). As it can be
seen, HMF yield ranged from 0.7% to 9.5% and glucose conversion from 65.3% to 93.6% according
to the conditions established to prepare the catalyst. These results show that preparation conditions
had an important influence on the effectiveness of glucose conversion into HMF. In some cases, the
produced catalyst allowed achieving high glucose conversion rates, i.e., about 90% (assays 1, 3, 5,
and 7). However, the highest HMF yield, about 9.5%, was achieved in assay 2, in which glucose
conversion was only 75%. A high glucose conversion without a proportional HMF yield, as observed
in other cases, suggests the formation of reaction by-products. In fact, the formation of humin, levulinic
acid, furfural, and formic acid, which have been reported in literature as by-products of a glucose
dehydration reaction to HMF, is often associated with reaction conditions, mainly to the use of solvents
and high temperatures [5,26].

Table 1. Taguchi’s L8 orthogonal array to evaluate the effect of calcination temperature, support and
active phase on heterogeneous catalysts preparation on 5-Hydroxymethylfurfural yield (YHMF) and
glucose conversion rate (XGlu).

Catalyst
Experimental Conditions (Factors and Interactions) Response Variables

A Temp.
(◦C)

B
Support AB C Active

phase AC BC ABC Y HMF
1(%) XGlu

2(%)

1 300 Nb 1 HPMo 1 1 1
3.0 92.3
2.8 93.6

2 300 Nb 1 HPW 2 2 2
9.5 75.0
9.4 75.7

3 300 Al 2 HPMo 1 2 2
4.4 90.3
3.7 85.3

4 300 Al 2 HPW 2 1 1
0.8 69.8
0.8 67.2

5 500 Nb 2 HPMo 2 1 2
6.9 91.8
7.0 90.7

6 500 Nb 2 HPW 1 2 1
0.7 65.3
0.8 66.1

7 500 Al 1 HPMo 2 2 1
7.3 91.0
7.7 87.6

8 500 Al 1 HPW 1 1 2
0.7 70.6
0.7 68.9

1 YHMF: 5-Hydroxymethylfurfural yield (%). 2 XGlu: Glucose conversion (%). 1,2 All results are in duplicate.

The statistical significance of main effects and their interactions on response variables was verified
by the analysis of variance (ANOVA). As shown in Table 2, the variation percentages explained
by HMF yield and glucose conversion achieved a high coefficient of determination (R2 = 99.8%
and 98.6%, respectively). These results reveal that the variations observed for response variables
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(HMF yield and glucose conversion) can be effectively explained by catalyst preparation conditions.
With respect to HMF yield, calcination temperature, support, active phase, and interaction effects
(AB, AC, BC, and ABC) were significant at confidence level of 95%; moreover, glucose conversion,
calcination temperature, support, active phase, and AB and AC interactions were also significant at
95% confidence level.

Table 2. Analysis of variance of the main effects and their interactions on 5-hydroxymethylfurfural
(HMF) yield (YHMF) and glucose conversion (XGlu) based on Taguchi’s L8 orthogonal array.

Source of Variation
Response Variables

p-Value for Y HMF p-Value for XGlu

(A) Temperature 0.0155 * 0.0413 *
(B) Support <0.0001 * 0.0237 *

(D) Active phase <0.0001 * 0.0001 *
AB <0.0001 * 0.0041 *
AD <0.0001 * 0.0472 *
BD <0.0001 * 0.2526

ABD <0.0001 * 0.0626

R2 0.9978 0.9862

* Significant at 95% confidence level: p test < 0.05.

The interaction effects of support and temperature for different active phases on HMF yield and
glucose conversion are shown in Figure 1. Note that the highest HMF yields (Figure 1b) were obtained
from reactions in which the catalyst was prepared by using HPW active phase supported on Nb2O5

and calcined at 300 ◦C. For the HPMo active phase, the type of support (Al or Nb) had no influence
on final HMF yield, on the other hand, for this active phase, the catalysts calcined at 500 ◦C achieved
higher HMF (7.0%) yields if compared to those calcined at 300 ◦C (3.5%). For the HPW active phase
calcined at 500 ◦C, the type of support (Al or Nb) exerted no influence on the final HMF concentration.
However, as for catalyst preparation using the same active phase calcined at 300 ◦C, the catalyst
supported in Nb was more effective at HMF production and achieved yields of over 9%. These results
suggest that the catalyst produced using HPW as active phase can achieve greater HMF production;
however, such a result can only be reached when using Nb2O5 as support at 300 ◦C of calcination
temperature. The highest HMF yield reached with Nb2O5 is probably associated with the presence of
Lewis and Brönsted acid sites in this support, while Al2O3 only has Lewis sites on the surface [27].

For glucose conversion (Figure 1b), the highest conversions (above 85%) were obtained by using
catalyst with HPMo as active phase, regardless of the type of support or calcination temperature
conditions. Regarding the HPW active phase, the catalyst supported in Nb2O5 and calcined at 300 ◦C
resulted in higher glucose conversion (75%) than the one calcined at 500 ◦C (65%); while for the catalyst
supported in Al2O3, calcination temperature had no influence on glucose conversion (70%). Despite
the high glucose conversion for catalysts prepared with HPMo active phase, HMF production was low,
which suggests that reactions using catalyst with HPMo as active phase result in higher by-product
formation and lower HMF selectivity. Thereby, the HPW/Nb2O5-300 ◦C catalyst was selected as the
most desirable catalyst for converting glucose into HMF.
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HPMo) on HMF yield (YHMF) (a) and glucose conversion (XGlu) (b).

3.2. Catalyst Characterization

The active phase thermal stability of the selected catalyst was evaluated by thermogravimetric
analysis (TGA) with the aim of determining whether the Keggin structure would remain at 300 ◦C or
not, since it is the calcination temperature of the catalyst that achieved optimal performance. TGA
profile shown in Figure 2 revealed that the main weight loss (approx. 7%) occurred until 208 ◦C.
The DTG (derivative thermogravimetry) curve revealed four main stages of weight loss. In the first
stage, corresponding to peaks of 75 and 120 ◦C, loss of water physically adsorbed in the material
is observed. In the second stage, corresponding to a peak of 208 ◦C, crystallization water loss of
the solid structure was observed, thus forming an anhydrous acid (Equation (3)). In the third stage,
corresponding to a peak of 305 ◦C, acidic proton loss and anhydride structure formation was observed
(Equation (4)). Finally, in the fourth stage, corresponding to a peak of 545 ◦C, the Keggin structure starts



Energies 2020, 13, 655 7 of 17

decomposing (Equation (5)). According to Kozhevnikov et al. [28] and Alsalme et al. [29], this stage
occurs at approximately 600 ◦C. Therefore, it can be concluded that the HPW Keggin structure remains
after calcination at 300 ◦C. However, the Keggin structure of the HPW catalyst calcined at 500 ◦C is
close to its decomposition temperature, which explains the low yield observed for this catalyst.

H3[PW12O40].nH2O→ H3[PW12O40] + nH2O, (3)

H3[PW12O40]→ [PW12O38.5] + 1.5H2O, (4)

[PW12O38.5]→ 0.5P2O5 + 12WO3. (5)
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Figure 2. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) analysis of
HPW samples.

The crystalline structures of the support (Nb2O5), active phase (HPW), and catalyst (HPW/Nb2O5)
calcined at 300 ◦C were evaluated by X-ray powder diffraction (XRD) (Figure 3). The XRD pattern of
the HPW active phase showed typical diffraction peaks of a HPW Keggin structure at 10.3◦, 20.7◦, 23.1◦,
25.4◦, and 29.5◦ [30,31]. Such result indicates that the Keggin structure has not been decomposed into
WO3 after calcination at 300 ◦C, which could occur for the active phase calcined at 500 ◦C. This result is
in agreement with the thermogravimetry analysis results. The XRD pattern of the support (Nb2O5)
revealed an amorphous structure, with broad and diffuse diffraction peaks, which is characteristic
of Nb2O5 calcined below 500 ◦C [32,33]. Finally, the XRD pattern of the HPW/Nb2O5-300 ◦C catalyst
was similar to that of the support with an amorphous characteristic, and exhibited no diffraction peak
connected with HPW. This result indicates that HPW was well dispersed on the support surface, with
no active phase agglomerations.

The HPW/Nb2O5/300 ◦C catalyst morphology and structure, and HPW dispersion over the
niobium pentoxide surface was investigated by scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM/EDX). As it can be seen in Figure 4, it is composed of non-uniform
crystals with an irregular surface and particles of various sizes. It was not possible to identify
a predominant crystalline structure in this catalyst, which was expected, since Nb2O5 calcined at
300 ◦C exhibited an amorphous characteristic. According to the X-ray emission mapping of niobium
and tungsten (Figure 4c,d), it is noted that the heteropolyacid was highly dispersed on the support
surface, with no active phase agglomeration, which is in agreement with the XRD pattern obtained for
the catalyst.
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Figure 3. X-ray powder diffraction (XRD) patterns of the HPW active phase, Nb2O5 support, and
HPW/Nb2O5 catalyst calcined at 300 ◦C.
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Textural and acidity properties of the niobium support and selected catalyst (HPW/Nb2O5-300 ◦C)
were also analyzed. As depicted in Table 3, the support showed values of surface area and volume of
pores greater than those obtained for the catalyst HPW/Nb2O5/300 ◦C, since HPW impregnation onto
the support leads to a massive reduction in these parameters. This occurs because the HPW Keggin
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structure is dispersed within the support pores (Nb2O5), causing a decrease in average pore volume
and surface area. Decreased surface area of the catalyst HPW/Nb2O5/300 ◦C can be understood as
an evidence of the chemical interaction between HPW and the support. Surface acidity is an important
property which affects catalyst performance in the reaction and may be indicative of an impregnation
success. HPW/Nb2O5/300 ◦C showed acidity of 106.98 µmol H+/m2, i.e., much higher than that of
Nb2O5 used as support.

Table 3. Textural and acidity properties of Nb2O5 and HPW/Nb2O5 catalyst.

Sample Surface Area (m2/g) Pore Volume (cm3/g)
Surface Acidity
(µmol H+/m2)

Nb2O5 130.91 0.14 0.31
HPW/Nb2O5-300 ◦C 36.08 0.031 106.98

3.3. Reaction Conditions Evaluation

In this section, Taguchi’s L16 experimental design was used for optimizing reaction conditions so
as to produce HMF from glucose using the selected catalyst HPW/Nb2O5/300 ◦C. Different reaction
conditions and responses are summarized in Table 4. As it can be seen, HMF yield obtained in these
experiments ranged from 7.6% to 40.8%. As in the previous stage, high glucose conversion was
obtained, i.e., ranging from 63.7% to 98.4%, which could also be associated with by-products formation.
The highest HMF yield (40.8%) was obtained under the conditions of assay 2 (160 ◦C, 5% w/v of catalyst,
50 g/L of glucose, 1:1 v/v acetone-to-water, 300 rpm and reaction time of 30 min).
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Table 4. Taguchi’s L16 orthogonal array to evaluate the effect of temperature, acetone-to-water ratio, glucose concentration, and catalyst concentration on
5-Hydroxymethylfurfural production from glucose.

Experimental Conditions (Factors and Interactions) Response
Variables

Exp. A Temp.
(◦C)

B Acetone:
Water (v/v) AB C CGlu

(g/L) AC BC CE D Cat.
(%w/v) AD BD CE CD BE AE E 1 YHMF

2 (%)
XGlu

3

(%)

1 160 1:1 1 50 1 1 1 1 1 1 1 1 1 1 1 15.4 71.3
2 160 1:1 1 50 1 1 1 5 2 2 2 2 2 2 2 40.8 93.3
3 160 1:1 1 100 2 2 2 1 1 1 1 2 2 2 2 8.8 63.7
4 160 1:1 1 100 2 2 2 5 2 2 2 1 1 1 1 30.1 86.1

5 160 3:1 2 50 1 2 2 1 1 2 2 1 1 2 2 17.5 80.9
6 160 3:1 2 50 1 2 2 5 2 1 1 2 2 1 1 40.5 93.3
7 160 3:1 2 100 2 1 1 1 1 2 2 2 2 1 1 7.6 63.9
8 160 3:1 2 100 2 1 1 5 2 1 1 1 1 2 2 32.6 88.0

9 200 1:1 2 50 2 1 2 1 2 1 2 1 2 1 2 11.5 97.4
10 200 1:1 2 50 2 1 2 5 1 2 1 2 1 2 1 14.2 97.9
11 200 1:1 2 100 1 2 1 1 2 1 2 2 1 2 1 8.5 96.0
12 200 1:1 2 100 1 2 1 5 1 2 1 1 2 1 2 9.8 98.4

13 200 3:1 1 50 2 2 1 1 2 2 1 1 2 2 1 20.8 95.9
14 200 3:1 1 50 2 2 1 5 1 1 2 2 1 1 2 14.0 96.4
15 200 3:1 1 100 1 1 2 1 2 2 1 2 1 1 2 18.8 73.0
16 200 3:1 1 100 1 1 2 5 1 1 2 1 2 2 1 17.0 85.5

1 E: Column used for error estimative. 2 YHMF: HMF yield. 3 XGlu: glucose conversion.
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The statistical significance of the main effects and interactions on response variables was found
by the analysis of variance (ANOVA) (Table 5). Percentages of variation in HMF yield and glucose
conversion showed high correlation coefficients (R2), i.e., over 95% confidence level. The statistical
analysis showed that, for HMF yield, reaction temperature (A), acetone-to-water ratio (B), glucose (C)
and catalyst concentration (D), and AC and AD interactions were significant at 95% confidence level.
Regarding glucose conversion, reaction temperature (A), glucose (C) and catalyst concentration (D),
and AB and AD interactions were significant at the same confidence level.

Table 5. Analysis of variance of response variables evaluated in the experimental design Taguchi L16.

Source of Variation
Response Variables

p-Value for Y HMF p-Value for XGlu

(A) Treaction 0.000 * 0.002 *
(B) Acetone:Water 0.027 * 0.168

(C) Cglucose 0.007 * 0.008 *
(D) Ccatalyst 0.000 * 0.002 *

AB 0.058 0.031 *
AC 0.030 * 0.889
AD 0.000 * 0.012 *
BC 0.448 0.063
BD 0.290 0.902
CD 0.874 0.185

R2 0.984 0.960

* Significant at 95% confidence level: p test < 0.05.

Figure 5 shows the signal-to-noise ratio (SN ratio) diagrams of HMF yield (A) and glucose
conversion (B). It is possible to determine optimal conditions for HMF production from glucose thereof.
According to Figure 5A, the highest HMF yield was achieved when reaction temperature and glucose
concentration were at the lowest level (temperature of 160 ◦C and 50 g/L of glucose), while catalyst
concentration was at the highest level (5% w/v). Acetone-to-water ratio was insignificant for HMF yield
in the range of values studied herein.

With respect to glucose conversion (Figure 5B), the highest conversion rates were achieved when
reaction temperature, acetone-to-water ratio, and catalyst concentration were at the highest level
(200 ◦C, 3:1 v/v, 5% w/v, respectively), while glucose concentration was insignificant within the studied
range of values. It is interesting to note that glucose conversion was the only response variable that
obtained a better result when at high reaction temperatures. This suggests that, for the studied range
of values, high reaction temperatures may favor by-product formation.

According to results of the statistical analysis and considering that this paper aimed to obtain the
highest HMF yield, optimal conditions for HMF production from glucose in the evaluated range of
values was temperature of 160 ◦C, 1:1 (v/v) acetone-to-water ratio, glucose concentration of 50 g/L, and
catalyst concentration of 5% w/v.
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The catalytic performance of HPW/Nb2O5 was compared with some recent reported studies in
literature that produce HMF from glucose, as shown in Table 6. The HMF yield (40.8%) obtained
in the present study using HPW/Nb2O5 as catalyst and water/acetone was higher than most studies
reported in the literature which used heterogeneous catalyst [34–36], even when organic phase [37] or
ionic liquid [11] was applied as solvent. Teimouri et al. [38], who used the same solvent as the present
work (water/acetone), achieved lower HMF yield (34.6%), even using higher reaction temperature
and time. Huang et al. [26], who used the same reaction temperature and time but different solvent
(Water/γ-valerolactone), also obtained lower HMF yield compared to the present work. Shahangi
et al. [9], Shen et al. [39], Zhang et al. [10], and Moreno-Recio et al. [40] achieved similar HMF
yield obtained in this work, however all of them applied more drastic reaction conditions, as higher
temperature and/or time. In general, even using acetone/water as a reaction medium, we achieved HMF
yield equivalent to the highest values reported in the literature, but with milder reaction conditions.
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Table 6. Comparison of the performance of HPW/Nb2O5-300 ◦C catalyst with some recent works reported in literature on HMF production from glucose.

Catalyst Solvent Cglu T (◦C) T (min) YHMF (%) Ref.

Nano-POM a/nano-ZrO2/nano-γ-Al2O3 Water/acetone 4 g/L 190 240 34.6 [38]
Sn/γ-Al2O3 Water/DMSO (1:4 v/v) 4 wt.% 150 60 27.5 [35]
GO b-Fe2O3 DMSO 180 g/L 140 240 16 [37]

Al2O3 treated with 0.05 M NaOH EMIMCl 10 wt.% 140 120 36 [11]
ACBL2 c Water 11.25 g/L 160 480 15 [8]
TSA350

d Water 36 g/L 120 360 19 [7]

Acid γ-Al2O3
Aq. solution of CaCl2/

MIBK (1:2.3 v/v) 30 g/L 175 15 23 [36]

Al-KCC-1 e DMSO 125 g/L 170 120 39 [9]

S-TsC f Water/γ-valerolactone
(GVL) (0.3:4.7 v/v) 20 g/L 160 30 27.8 [26]

HMOR_20 g Aq. solution of NaCl/
MIBK (2.6:4 w/w) 3.33 wt.% 180 60 27 [34]

SO4
2-/ In2O3-ATP h Water/GVL (1:9 v/v) 2 wt.% 180 60 40.2 [39]
Al-SPFR i Water/GVL (1:10 v/v) 12.1 g/L 180 50 41.5 [10]

H-ZSM-5 zeolite Aq. solution of NaCl/
MIBK (1.5:3.5 v/v) 30 g/L 195 30 42 [40]

HPW/Nb2O5-300 ◦C Water/acetone (1:1 v/v) 50 g/L 160 30 40.8 Present study
a POM; Polyoxometalates. b GO; Graphene oxide. c ACBL2; Activated carbon with acid treatment 18M H2SO4 and activated carbon with 15 wt.% of zinc. d TSA350; Alumina-promoted
sulfated tin oxide calcined at 350 ◦C. e Al-KCC-1; Aluminosilicate with Si/Al = 5. f S-TsC; Sulfonated tobacco stem-derived porous carbon. g HMOR_20; zeolite with SiO2/AlO3 = 20. h ATP;
Attapulgite. i Al-SPFR; Al3+-modified formaldehyde-p-hydroxybenzenesulfonic acid resin catalyst.
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3.4. Catalyst Recycling Test

Finally, the HPW/Nb2O5-300 ◦C catalyst stability was evaluated through a recycling test using
optimal reaction conditions for HMF production from glucose. Figure 6 shows that the catalyst was
capable of maintaining the HMF yield constant at approximately 40% during four runs. This means
that a simple calcination process was sufficient to eliminate by-products (humin) that could have
covered some active sites of the catalyst. This result indicates that the catalyst HPW/Nb2O5-300 ◦C has
high stability, good recyclability, and low active phase leaching, thus confirming its effectiveness to be
used in HMF production from glucose.
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Figure 6. Catalytic performance of HPW/Nb2O5-300 ◦C during a recycling test. Reaction conditions
were 160 ◦C, 5% w/v of catalyst, 50 g/L of glucose, 1:1 v/v acetone-to-water, 300 rpm, and reaction time
of 30 min.

4. Conclusions

This study revealed that the conditions used for preparing the heterogeneous catalysts based
on heteropolyacids, i.e., type of support, active phase, and calcination temperature, strongly affects
catalyst performance to convert glucose into HMF. The heterogeneous catalyst prepared by using
HPW as active phase, supported in Nb2O5, and calcined at 300 ◦C presented optimal performance at
obtaining HMF yield (9.5%) with 1:1 w/w acetone-to-water ratio, 160 ◦C, 1% w/v of catalyst, 100 g/L
of glucose and reaction time of 30 min. After optimizing reaction conditions (temperature at 160 ◦C,
1:1 (v/v) acetone-to-water ratio, glucose concentration of 50 g/L, and catalyst concentration of 5% w/v),
HMF yield increased to 40.8%. The catalyst presented high stability and is capable of maintaining
HMF yield at around 40%, even after four runs. This was the first time that a catalyst based on HPW
and Nb2O5 was used for HMF production from glucose. The promising results here obtained will
open up new opportunities to expand HMF production from lignocellulosic biomass. The possibility
of recycling the catalyst is also a point to be highlighted contributing to the sustainability aspect of the
proposed process.
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