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Abstract: 5-Hydroxymethylfurfural (HMF) is one of the most important lignocellulosic biomass-
derived platform molecules for production of renewable fuel additives, liquid hydrocarbon fuels,
and value-added chemicals. The present work developed niobium oxides (Nb2O5) supported
on mesoporous carbon/silica nanocomposite (MCS), as novel solid base catalyst for synthesis of
HMF via one-pot glucose conversion in a biphasic solvent. The MCS material was prepared via
carbonization using natural rubber dispersed in hexagonal mesoporous silica (HMS) as a precursor.
The Nb2O5 supported on MCS (Nb/MCS) catalyst with an niobium (Nb) loading amount of 10 wt.%
(10-Nb/MCS) was characterized by high dispersion, and so tiny crystallites of Nb2O5, on the MCS
surface, good textural properties, and the presence of Bronsted and Lewis acid sites with weak-to-
medium strength. By varying the Nb loading amount, the crystallite size of Nb2O5 and molar ratio
of Bronsted/Lewis acidity could be tuned. When compared to the pure silica HMS-supported Nb
catalyst, the Nb/MCS material showed a superior glucose conversion and HMF yield. The highest
HMF yield of 57.5% was achieved at 93.2% glucose conversion when using 10-Nb/MCS as catalyst
(5 wt.% loading with respect to the mass of glucose) at 190 ◦C for 1 h. Furthermore, 10-Nb/MCS had
excellent catalytic stability, being reused in the reaction for five consecutive cycles during which both
the glucose conversion and HMF yield were insignificantly changed. Its superior performance was
ascribed to the suitable ratio of Brønsted/Lewis acid sites, and the hydrophobic properties generated
from the carbon moieties dispersed in the MCS nanocomposite.

Keywords: 5-hydroxymethylfurfural; glucose; carbon/silica nanocomposite; niobium oxide; acidity

1. Introduction

Nowadays, the world has been confronted with environmental and economic crises,
which are related to the dependence of human activities on petroleum-derived fuels and
chemicals. Moreover, conventional petroleum reservoirs are likely to be depleted in the
future [1–3]. Lignocellulosic biomass, mainly consisting of cellulose (40–50 wt.%), is an
abundant renewable resource for sustainable production of energy, fuels, and chemicals
based on the biorefinery concept. Hydrolysis of cellulose yields glucose, which can be then
transformed into high-quality biofuels and a wide variety of high value-added chemicals
through different catalytic processes [4,5]. 5-Hydroxymethylfurfural (HMF) is ranked as
a top-twelve biomass-derived platform molecules by the United States Department of
Energy [6]. Due to the presence of both hydroxyl and aldehyde functional groups in its
molecule, HMF is a potential intermediate for production of renewable fuel additives,
liquid hydrocarbon fuels, and specialty chemicals in polymer, food, and pharmaceutical
industries [7].
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Production of HMF from glucose is an acid-catalyzed two-consecutive reaction pro-
cess, in which glucose is firstly isomerized into fructose and then dehydrated into HMF.
Homogeneous Lewis and Brønsted acids are respectively used to catalyze the reactions,
which renders the process environmentally unfriendly, and causes corrosion problems of
reactor systems [8]. To overcome these problems, a number of studies have been devoted
to the development of heterogeneous acid catalysts for converting glucose into HMF, such
as cation exchange resins, metal oxides, metal phosphates, zeolites, and carbon-based
materials [1,4,7].

Niobium (Nb)-based catalysts are a class of metal oxides, which exhibit a strong acidic
character, high chemical and thermal stability, and good performance in the HMF syn-
thesis [9]. The Nb5+ ions serve as Lewis acid centers responsible for the glucose–fructose
isomerization, while the fructose dehydration is mainly catalyzed by Nb–OH species with
Brønsted acidity [10]. In addition, niobium oxides (Nb2O5) have been identified as solid
acids with excellent water-resistant properties [11,12]. Various materials, such as beta zeo-
lite [6], mesoporous silica SBA-15 [13], and carbon [5], have been investigated as supports
for Nb-based catalysts for glucose conversion into HMF in biphasic water- organic solvent
systems. However, a low initial concentration of glucose feedstock (or a high catalyst
loading level) and a substantial formation of humins limited the practical use of these
catalysts. Recently, Lin et al. [14] synthesized alumina (γ-Al2O3) functionalized with alkyl
groups a hydrophobic acid catalyst for HMF synthesis from fructose, while Yang et al. [15]
designed a series of hydrophobic silica nanoparticles for catalytic conversion of glucose
into HMF. The effect of hydrophobic properties on retardation of HMF condensation to
form humins was addressed.

Mesoporous carbon/silica nanocomposites (MCS) have attracted considerable atten-
tion in the catalytic processes for conversion of biomass-derived carbohydrates into HMF
and other renewable chemicals [16]. The mesostructured silica framework provides good
textural properties and thermal stability, while the carbon moieties possess hydrophobic
properties that could reduce the formation of humins [14]. In addition, the carbon sur-
face is covered with oxygen-functional groups, such as hydroxyl (−OH) and carboxyl
(−COOH), which improved the adsorption of substrate molecules and dispersion of active
metal species on the catalyst surface [17,18]. Conventionally, the MCS materials are pre-
pared by infiltration of carbon precursors, such as glucose, furfuryl alcohol, phenol, and
formaldehyde, into preformed mesoporous silica, followed by carbonization or hydrother-
mal treatment [17,18]. Natural rubber (NR) is a renewable elastomer that can be extracted
from the Hevea brasiliensis tree [19]. It is mainly composed of poly(cis-1,4-isoprene), and
fully biodegradable. Thailand is one of the world’s leading producers of NR. Due to its
chemical composition and hydrophobic nature, it has been used as a renewable source
for preparation of polymer/silica nanocomposites with high mesoporosity for adsorption
and catalysis [20–23]. Recently, we successfully prepared the MCS materials with tunable
textural and hydrophobic properties using hexagonal mesoporous silica (HMS) and NR as
a mesostructured framework and carbon source, respectively [23], which found potential
application as a drug carrier.

In this work, we prepared a series of Nb-based catalysts using pure silica HMS and
NR-derived MCS nanocomposite as supports. The obtained catalysts were characterized
for their physicochemical properties using various techniques and then were applied to the
glucose conversion into HMF in a biphasic solvent of aqueous sodium chloride solution
and tetrahydrofuran. Effects of the support type, Nb loading amount, catalyst loading
level, reaction temperature and time on the glucose conversion and the product’s yield
were investigated. Moreover, the catalyst recyclability was evaluated to realize the practical
use of our developed catalysts.
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2. Results and Discussion
2.1. Physicochemical Properties of Nb/HMS and Nb/MCS Catalysts

The thermogravimetric (TG) and differential thermal analysis (DTA) curves of HMS
and MCS are compared in the Supplementary Material (SM); Figure S1. Both pure silica
HMS and MCS nanocomposite exhibited the weight loss between room temperature
and 100 ◦C, which corresponded to physisorbed moisture (3–4 wt.%). The weight loss
observed for MCS at 300–650 ◦C was ascribed to the decomposition of carbon in the silicate
framework (13.3 wt.%). Moreover, MCS showed a small loss of weight (2.4 wt.%) in the
range of 200–300 ◦C, which was related to the oxygen-functional groups on the carbon
surface [24].

The X-ray photoelectron spectroscopy (XPS) was used to identify the type of surface
functional groups of MCS as shown in Figure S2 (SM). The C1s XPS spectrum can be
decomposed into four peaks, comprised of carbon groups (C=C, CHx, and C–C), hydroxyl
groups or ether linkages (C–O, C–O–C), carbonyl groups (C=O), and carboxyl or ester
groups (O–C=O) at 283.6, 285.7, 287.3, and 289.0 eV, respectively [25,26]. These results
confirmed the presence of the carbon moieties and oxygen functional groups, such as
hydroxyl group (–OH) and carboxyl group (–COOH) [24], in the MCS nanocomposite.

The X-ray diffraction (XRD) patterns and nitrogen (N2) physisorption isotherms of
HMS, NR/HMS and MCS are shown in Figure 1. All samples exhibited the reflection peak
at 2θ in the range of 20–25◦ (Figure 1A), which corresponded to amorphous silica [27,28].
When compared to HMS, NR/HMS showed an increased intensity of amorphous phase
since the incorporated NR hindered the condensation of silicate framework of HMS. The
carbonization used in the MCS preparation promoted the formation of siloxane bond
(Si–O–Si), decreasing the amorphous nature of the silica matrix. The N2 physisorption
isotherms revealed the mesoporous character of these materials (Figure 1B), according to
the IUPAC classification. Compared to the pristine HMS, the mesoporosity of NR/HMS
and MCS was relatively lower (Table 1) due to the presence of organic moieties dispersed
in the mesostructure framework [23].
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Figure 1. (A) XRD patterns and (B) N2 physisorption isotherms of HMS, NR/HMS, and MCS.

The XRD patterns of the Nb/HMS and Nb/MCS with different Nb loading amounts
are shown in Figure 2A,B, respectively. The characteristic peaks of Nb2O5 were not ob-
served for both 10-Nb/HMS and 10-Nb/MCS, indicating the small crystallites of Nb2O5
well dispersed on the HMS and MCS surface. An increase in the amount of Nb loaded on
the HMS and MCS surface to 20 and 30 wt.% enhanced the characteristic peaks of Nb2O5 at
2θ = 22.6◦, 28.5◦, 36.7◦, 46.2◦, 50.5◦, 55.2◦, 64.2◦ and 70.8◦ [29], which indicate the enlarged
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Nb2O5 particles [30]. The crystallite size of Nb2O5 on HMS (39.7–47.4 nm) was smaller than
that on MCS (45.8–49.0 nm). It was explained by a higher surface area for HMS than MCS
(Table 1) [31]. As shown in Figure 2C, the images obtained from transmission microscopy
(TEM) confirmed a high dispersion of Nb2O5 crystallites on both the HMS and MCS surface
but formed agglomerates at an increased Nb loading level.
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Figure 2. (A,B) XRD patterns of (A) X-Nb/HMS and (B) X -Nb/MCS catalysts, and (C) TEM images of representative
X-Nb/HMS and X-Nb/MCS catalysts at magnification of 400,000×.

The N2 adsorption-desorption isotherms indicated that the mesoporous nature of
HMS and MCS was retained after the Nb loading (Figure 3). The textural parameters of
these catalysts are summarized in Table 1. The impregnation of Nb onto both HMS and
MCS decreased SBET, Vt, and Dp, which confirmed the presence of Nb2O5 species dispersed
on the surface of mesostructured HMS and MCS [32]. Furthermore, with increasing the
amount of Nb loading, the Nb/HMS series exhibited a relatively large reduction of textural
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properties when compared to the Nb/MCS samples. To rationalize the advantage of
MCS in this aspect, the field-emission scanning electron microscopy (FE-SEM) was carried
out (Figure 4). Both of the pristine HMS and MCS exhibited tiny spherical particles
(Figure 4A,B, respectively), which were conformed to the previous work [24]. The Nb
loading resulted in a significant agglomeration of 10-Nb/HMS particles (Figure 4C), while
the morphology of 10-Nb/MCS remained unchanged (Figure 4D). These results implied
that the carbon moieties in the MCS nanocomposite created a hydrophobic environment,
which could reduce the interaction, and so the agglomeration, between silica particles.
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Figure 3. N2 physisorption isotherms of (A) x-Nb/HMS and (B) x-Nb/MCS catalysts.
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Table 1. Physicochemical and acid properties of HMS and MCS with different Nb loading amount.

Catalyst. Crystallite
Size (nm) a

SBET
(m2 g−1) b

Dp
(nm) c

V t
(cm3 g−1) d

Acid Sites Distribution (µmol g−1) e Type of Acid Sites (µmol g−1) f

W M S Total B L B/L Ratio

HMS n.d. 1066 2.7 1.6 96.4 0.0 0.0 96.4 0.0 40.1 0.0
10-Nb/HMS n.d. 1052 2.5 1.5 185.9 59.8 0.0 245.6 29.9 72.4 0.4
20-Nb/HMS 39.7 475 2.3 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
30-Nb/HMS 47.4 489 2.3 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

NR/HMS n.d. 740 2.3 1.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MCS n.d. 413 2.1 1.3 47.7 0.0 0.0 47.7 0.0 11.0 0.0

10-Nb/MCS n.d. 404 2.0 1.1 101.5 24.1 9.3 134.9 15.0 12.9 1.2
20-Nb/MCS 45.8 407 1.9 1.0 93.7 39.6 0.0 133.3 13.2 10.3 1.3
30-Nb/MCS 49.0 375 1.7 0.9 66.0 52.6 0.0 118.6 12.3 7.1 1.7

a Crystallite size of Nb2O5 determined from XRD using Scherrer’s equation at 2θ = 22.6◦. b BET surface area. c BJH pore diameter. d Total
pore volume. e Determined from NH3-TPD: W = weak acid sites (50–200 ◦C), M = medium acid sites (200–300 ◦C) and S = strong acid sites
(>300 ◦C). f Determined from Py-FTIR: B = Brønsted acid sites and L = Lewis acid sites.

The temperature-programmed desorption of NH3 (NH3-TPD) profiles of representa-
tive HMS and MCS catalysts are compared in Figure S3 (SM). The acid sites of Nb/HMS
and Nb/MCS catalysts were classified into three types, corresponding to three ranges of
desorption temperatures. The desorption occurred at 50–200 ◦C and was assigned to the
acid sites weakly adsorbed NH3, such as silanol groups (Si–OH) on the HMS and MCS
surface, and hydroxide groups of Nb (Nb–OH) [10]. The medium acid sites were related
to the desorption of NH3 at 200–300 ◦C, which were attributed to Lewis acid character of
Nb5+ in the oxide crystals (Nb–O) [12]. The desorption above 300 ◦C was designated to
strong Lewis acid sites, as the Nb5+ species on the edges and corners of the oxide crystals.
As shown in Table 1, MCS had a lower amount of weak acid sites than HMS due to a
smaller number of Si–OH groups on the nanocomposite surface. The Nb impregnation
not only increased the content of weak acidity but also generated the medium acid sites.
The smaller Nb2O5 crystallites on the HMS surface should contribute to the higher total
acidity of 10-Nb/HMS than 10-Nb/MCS [33]. With increasing the Nb loading amount on
MCS, the weak acidity was decreased, while the content of medium acid sites increased.
It was explained by an enlarged crystallite size of Nb2O5 as evidenced by the XRD and
TEM analysis.

The amount of Brønsted and Lewis acid sites in the catalysts was determined by in
situ Fourier transform infrared spectroscopy using pyridine as probe molecule (Py-FTIR).
As revealed in Figure 5, the bands at 1445 and 1595 cm−1 were assigned to the pyridine
molecules adsorbed on weakly acidic groups (Si–OH and oxygen functional groups on the
carbon surface). The bands at 1450, 1607 and 1623 cm−1 were attributed to the pyridine
molecules coordinated with Lewis acid sites, while the bands at 1540 and 1640 cm−1 were
corresponded to the pyridinium ions (PyH+) adsorbed on Brønsted acid sites [34]. The
superposition of bands related to the adsorbed pyridine on both Brønsted and Lewis
acid sites was present at 1490 cm−1. The parent HMS and MCS materials exhibited the
absence of Brønsted acidity [35]. After the Nb impregnation, the bands related to weakly
acidic sites were decreased, which indicated the deposition of Nb2O5 on the surface of
HMS and MCS. The amount of Brønsted and Lewis acid sites as calculated from the Py-
FTIR spectra is reported in Table 1. With increasing the Nb loading, the total acidity was
decreased. It is explained by an enlarged crystallite size as indicated by the XRD result
(Figure 2). Ekhsan et al. [10] reported that Lewis acid sites were originated from Nbδ+ ions,
while Brønsted acidity was generated from bridging Nb–OH–Nb species. At a high Nb
concentration, an increased interaction between the isolate Nb species and their nearest
neighbors resulted in an enhanced formation of Nb–O–Nb bonds, which mainly reduced
the content of Nbδ+ ions [12]. Consequently, the B/L ratio was increased with increasing
the Nb content.
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Figure 5. Py-FTIR spectra of (a) HMS, (b) 10-Nb/HMS, (c) MCS, (d) 10-Nb/MCS, (e) 20-Nb/MCS,
and (f) 30-Nb/MCS catalysts.

2.2. Catalytic Performance of Nb/HMS and Nb/MCS Catalysts
2.2.1. Catalysts Screening

The glucose conversion into HMF was studied over HMS and MCS with different Nb
loading levels as shown in Table 2. The possible reaction pathway for catalytic conversion
of glucose into HMF in the present study is illustrated in Scheme 1. The glucose conversion
increased around 10% over 10-Nb/HMS and 10-Nb/MCS catalysts due to an increased
amount of total acid sites (Table 1). Besides, MCS and 10-Nb/MCS not only exhibited
higher HMF yield and selectivity but also a lower humins yield than HMS and 10-Nb/HMS.
This result was in accord with the previous work, which indicated the beneficial effect of
catalyst hydrophobicity on the HMF formation [14]. Zhu et al. [36] reported that HMF was
rehydrated to 2,5-dioxo-6-hydroxyhexanal (DHH), which was thermodynamically unstable
intermediate in the reaction system consisting of water and acid catalyst. Therefore, the
hydrophobicity of MCS retarded the condensation of DHH as a monomer for humins
growth [37,38].

When the Nb concentration on MCS was increased from 10 to 20 and 30 wt.%, the
glucose conversion and HMF yield were slightly decreased due to a decreased acidity
(Table 1) [13]. Li et al. [5] reported that, at a high B/L ratio (0.9−1.7), the HMF yield was
decreased since the humins formation was promoted over Brønsted acid sites via aldol
addition and condensation of HMF [39]. Over the catalyst with a high Lewis acidity, the
formation of humins was facilitated via polymerization of glucose, fructose, and HMF [40].
Thus, a balance of B/L ratio was necessary for selective conversion of glucose into HMF.
In addition, the Nb/MCS catalysts provided a low furfural yield (less than 1%). It was
demonstrated that the glucose molecules tended to convert to HMF, rather than pentose
as an intermediate for furfural formation, via dehydration under the combined catalysis
of Lewis and Brønsted acid sites [41]. The highest HMF yield of 35.0% was obtained over
10-Nb/MCS at 78.9% glucose conversion at 170 ◦C for 1 h. Hereafter, 10-Nb/MCS as a
suitable catalyst was used for optimizing the reaction conditions for HMF synthesis.
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Table 2. Glucose conversion and products distribution obtained from glucose conversion a over the HMS and MCS catalysts
with different Nb loading amount.

Catalyst Glucose
Conversion (%)

Yield (%) HMF
Selectivity (%)Fructose HMF Furfural Others b

HMS 68.9 ± 0.6 3.8 ± 0.3 30.2 ± 0.7 0.3 ± 0.0 34.6 ± 0.2 43.9 ± 0.6
10-Nb/HMS 78.6 ± 0.8 4.3 ± 0.1 29.4 ± 0.8 0.6 ± 0.0 44.3 ± 1.6 37.4 ± 1.4
20-Nb/HMS 74.3 ± 1.0 5.4 ± 0.1 27.0 ± 0.8 0.4 ± 0.0 41.5 ± 1.7 36.3 ± 1.6
30-Nb/HMS 68.0 ± 0.8 8.1 ± 0.4 24.1 ± 0.5 0.3 ± 0.0 35.5 ± 0.7 35.5 ± 0.3

MCS 69.2 ± 0.6 5.4 ± 0.3 32.5 ± 0.5 0.3 ± 0.0 31.1 ± 0.4 47.0 ± 0.3
10-Nb/MCS 78.9 ± 0.7 4.8 ± 0.5 35.0 ± 1.0 0.6 ± 0.1 38.6 ± 1.1 44.3 ± 1.5
20-Nb/MCS 78.1 ± 0.2 5.0 ± 0.0 30.0 ± 0.9 0.5 ± 0.0 42.5 ± 0.7 38.5 ± 1.0
30-Nb/MCS 76.6 ± 0.8 5.1 ± 0.0 28.4 ± 0.9 0.5 ± 0.0 42.7 ± 0.4 37.0 ± 1.1

a Reaction conditions: Catalyst amount, 0.1 g; glucose concentration, 0.07 M; solvent volume (1:2 v/v water saturated with NaCl: THF),
30 mL; temperature, 170 ◦C; time, 1 h; N2 pressure, 10 bar. b Others are mainly humins.
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2.2.2. Effect of Reaction Conditions on Glucose Conversion over10-Nb/MCS Catalyst

Figure 6 shows the effect of reaction temperature and time on the glucose conversion
and products distribution over 10-Nb/MCS. The glucose conversion was increased with
reaction temperature (Figure 6A) because the main catalytic reactions (isomerization and
dehydration) in this system are endothermic nature [42]. The fructose concentration was
observed at low concentration in all experiments, which suggested a high affinity of catalyst
surface with fructose molecule, as well as a fast dehydration and/or condensation of fruc-
tose to other products (Figure 6B). The maximum HMF yield was a function of reaction time
as shown in Figure 6C. At 190 ◦C, the HMF yield increased to the maximum value within
1 h, and then decreased when the reaction time was extended to 4 h. Hirano et al. [43]
reported that a decrease in the HMF yield with increasing reaction time was explained by
the propensity of humins formation via polymerization of glucose, fructose, HMF, and
other reactive intermediates. This result was consistent with an increased humins yield
with prolonged reaction time (Figure 6D). The suitable conditions for HMF synthesis over
10-Nb/MCS were 30 wt.% catalyst loading at 190 ◦C for 1 h, giving the highest HMF yield
of 51.3% at 98.5% glucose conversion.

Effect of catalyst loading level on the glucose conversion, HMF yield, and humins
yield in the presence of 10-Nb/MCS is shown in Figure 7. When the amount of catalyst
was increased, the glucose conversion was gradually increased and near completion at a
30 wt.% loading level. However, the HMF yield decreased concomitantly with an enhanced
humins formation. It was attributed to an excess amount of Brønsted and Lewis acid sites
available in the reaction system, which not only promoted the glucose dehydration into
HMF but also the condensation of formed HMF to humins. The observed result was in
accord with the previous work by Guo et al. [44]. At the catalyst loading of 5 wt.%, the
highest HMF yield (57.5%) was achieved at 93.2% glucose conversion.



Catalysts 2021, 11, 887 9 of 15Catalysts 2021, 11, x FOR PEER REVIEW 6 of 15 
 

 

   

    
Figure 6. Effect of reaction temperature and time on (A) glucose conversion, (B) fructose yield, (C) HMF yield, and (D) 
humins yield using 10-Nb/MCS catalyst. (Reaction conditions: Catalyst amount, 0.1 g; glucose concentration, 0.07 M; sol-
vent volume (1:2 v/v water saturated with NaCl: THF), 30 mL; N2 pressure, 10 bar). 

Effect of catalyst loading level on the glucose conversion, HMF yield, and humins 
yield in the presence of 10-Nb/MCS is shown in Figure 7. When the amount of catalyst 
was increased, the glucose conversion was gradually increased and near completion at a 
30 wt.% loading level. However, the HMF yield decreased concomitantly with an en-
hanced humins formation. It was attributed to an excess amount of Brønsted and Lewis 
acid sites available in the reaction system, which not only promoted the glucose dehydra-
tion into HMF but also the condensation of formed HMF to humins. The observed result 
was in accord with the previous work by Guo et al. [44]. At the catalyst loading of 5 wt.%, 
the highest HMF yield (57.5%) was achieved at 93.2% glucose conversion. 

0

20

40

60

80

100

0 1 2 3 4

G
lu

co
se

 c
on

ve
rs

io
n 

(%
)

Time (h)

150 °C
170 °C
190 °C

(A)

0

20

40

60

80

100

0 1 2 3 4

Fr
uc

to
se

 y
ie

ld
 (%

)

Time (h)

150 °C
170 °C
190 °C

(B)

0

20

40

60

80

100

0 1 2 3 4

H
M

F 
yi

el
d 

(%
)

Time (h)

150 °C
170 °C
190 °C

(C)

0

20

40

60

80

100

0 1 2 3 4

H
um

in
s y

ie
ld

 (%
)

Time (h)

150 °C
170 °C
190 °C

(D)

Figure 6. Effect of reaction temperature and time on (A) glucose conversion, (B) fructose yield, (C) HMF yield, and (D)
humins yield using 10-Nb/MCS catalyst. (Reaction conditions: Catalyst amount, 0.1 g; glucose concentration, 0.07 M;
solvent volume (1:2 v/v water saturated with NaCl: THF), 30 mL; N2 pressure, 10 bar).
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Figure 7. Effect of amount of 10-Nb/MCS catalyst loading on glucose conversion, HMF yield and
humins yield. (Reaction conditions: glucose concentration, 0.07 M; solvent volume (1:2 v/v water
saturated with NaCl: THF), 30 mL; temperature, 190 ◦C; time, 1 h; N2 pressure, 10 bar).
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2.2.3. Catalyst Reusability

Hydrothermal stability of catalytic materials is of great importance for successful
development of heterogeneously catalyzed conversion of biomass-derived carbohydrates
to value-added chemical products in aqueous solution. Herein, we verified the stability of
10-Nb/MCS as the suitable catalyst in the HMF synthesis from glucose via a reusability
study. After thoroughly washing with deionized water and THF, the spent 10-Nb/MCS
was calcined at 550 ◦C for 5 h under Ar flow prior to reuse in the glucose conversion. The
reaction was operated under the suitable conditions as described in the previous sections.
The reusability of this catalyst is shown in Figure 8. It can be seen that no significant
loss of glucose conversion, and the HMF yield of >57% retained in five repetitive uses.
Moreover, the humins yield was insignificantly changed. Nb2O5 is an acidic oxide with
excellent hydrothermal stability in the aqueous-phase reaction systems [11–13]. The carbon
moieties dispersed in the MCS nanocomposites offered hydrophobic properties [23], and
so retarded the adsorption of H2O on the catalyst surface. The overall results indicated
that 10-Nb/MCS not only had good catalytic activity, but also high hydrothermal stability,
in the selective synthesis of HMF from an aqueous glucose solution.
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Figure 8. Reusability of 10-Nb/MCS in catalytic conversion of glucose into HMF. (Reaction conditions:
Catalyst amount, 0.018 g; glucose concentration, 0.07 M; solvent volume (1:2 v/v water saturated
with NaCl: THF), 30 mL; temperature, 190 ◦C; time, 1 h; N2 pressure, 10 bar).

3. Experimental
3.1. Material and Chemical Reagents

Natural rubber (NR, technically specified STR-5L grade) was supplied by the Thai
Hua Chumporn Natural Rubber Co., Ltd. (Bangkok, Thailand). Tetraethyl orthosilicate
(TEOS, AR grade, 99%), dodecylamine (DDA, AR grade, 98%), ammonium niobite (V)
oxalate hydrate (99.99%), and 2,5-furandicarboxylic acid (FDCA, AR grade, 97%) were
purchased from Sigma Aldrich (Selangor, Malaysia). Tetrahydrofuran (THF, AR grade,
99.5%), sulfuric acid (H2SO4, AR grade, 98%), and methyl ethyl ketone (MEK, AR grade,
99.5%) were obtained from QRëC (Bangkok, Thailand). Ethanol (AR grade, 99.5%) was
supplied by Merck (Bangkok, Thailand). D-Glucose (AR grade, >99%) was purchased from
Ajax Finechem (Bangkok, Thailand), while sodium chloride (NaCl, AR grade, >99%) was
supplied by J.T.Baker (Bangkok, Thailand).

3.2. Synthesis of Pure Silica HMS

HMS was synthesized via a sol-gel process using THF as a co-solvent, TEOS as a
silica precursor, and DDA as an organic template, as reported previously [20]. Typically,
DDA was dissolved in a solution of THF and deionized water under stirring. TEOS was
then added dropwise into this solution, and the resulting gel with a molar composition of
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0.05 TEOS: 0.02 DDA: 2.94 H2O: 0.18 THF was stirred at ambient temperature for 30 min.
After aging at 40 ◦C for 24 h, the white solid was recovered by filtration and drying at
60 ◦C for 18 h. The amine template was removed by extraction with 0.05 M H2SO4/ethanol
at 80 ◦C for 4 h. The final product was thoroughly washed with ethanol and dried at
60 ◦C overnight.

3.3. Synthesis of MCS Nanocomposite

An NR/HMS nanocomposite prepared via an in situ sol-gel method was used as a
precursor for the synthesis of MCS material [21,22,45]. Typically, 0.5 g of NR sheet was
swollen in TEOS at room temperature for 16 h, and then dissolved in THF under stirring
overnight. To this solution, DDA and additional TEOS were added dropwise. After stirring
at ambient temperature for 30 min, deionized water was slowly added to the mixture.
The resulting gel with a molar composition of 0.05 TEOS: 0.02 DDA: 2.94 H2O: 0.55 THF:
0.007 NR was aged at 40 ◦C for 72 h. The white slurry was precipitated in 50 mL of ethanol,
and then the solid product was filtered and dried at 60 ◦C for 18 h. Finally, the organic
template was removed by extraction with 2 M H2SO4/ethanol at 80 ◦C for 4 h, followed by
washing with ethanol and drying at 60 ◦C for 24 h. The MCS nanocomposite was achieved
by carbonization of NR/HMS precursor at 700 ◦C for 1 h under argon (Ar) atmosphere.

3.4. Synthesis of Niobium Oxides Supported on HMS (Nb/HMS) and MCS (Nb/MCS)

Nb/HMS and Nb/MCS with different Nb loading amounts (10, 20, and 30 wt.%) were
prepared by an incipient wetness impregnation, where ammonium niobite(V) oxalate hy-
drate was used as the Nb precursor. The required amount of Nb precursor was completely
dissolved in the predetermined amount of deionized water. The resulting solution was
added dropwise onto the dried HMS and MCS powder under stirring. Subsequently, the
wet powder was dried at 60 ◦C for 24 h. The materials were finally calcined under Ar flow
at 550 ◦C for 5 h. The obtained catalysts were designed as x-Nb/HMS and x-Nb/MCS,
where x represents the Nb loading amount of 10, 20, and 30 wt.%.

3.5. Catalysts Characterization

The thermal decomposition pattern and carbon content of nanocomposites were
determined by TG/DTA using a Rigaku Thermo plus TG 8120 instrument (Tokyo, Japan).
The analysis was performed at a heating rate of 10 ◦C min−1 from 50 ◦C to 1000 ◦C under
dry air flow of 50 mL min−1. The surface functional groups of materials were determined
by XPS using an ESCA 1700R system (ULVAC-PHI, Inc., Kanagawa, Japan) with Al Kα

radiation (1486.8 eV). The binding energy (BE) for the high-resolution C1s spectrum was
calibrated by setting C1s at 284.6 eV. The curve-fitting of XPS spectra was performed with
the OriginPro 8.5 software version 85E (OriginLab Corporation, Northampton, MA, USA).

The structural information of the materials was obtained from powder XRD analysis
using a Bruker D8 ADVANCE diffractometer (Bruker Corporation, Billerica, MA, USA)
equipped with a Cu Kα radiation (λ = 1.5406 Å), which was operated at voltage of 40 kV
and current of 40 mA. The XRD patterns were recorded at room temperature over the
2θ range of 5–80◦ with a scanning step of 0.02◦ and a count time of 1 s. The textural
properties of the template-free materials were determined by N2 physisorption measure-
ment at −196 ◦C using a Micromeritics ASAP 2020 surface area and porosity analyzer
(Micromeritics Instrument Corporation, Norcross, GA, USA). The sample was degassed
at 150 ◦C for 2 h prior to the measurement. The specific surface area (SBET) was calcu-
lated from adsorption data in the relative pressure (P/P0) range from 0.05 to 0.3 using the
Brunauer-Emmett-Teller (BET) equation. The total pore volume (Vt) was obtained from the
adsorption branch at P/P0 ≈ 0.99. The Barret-Joyner-Halenda (BJH) plot was applied to
determine pore size (Dp) using the adsorption data.

The acidic properties of calcined catalysts were examined by NH3-TPD using a Mi-
cromeritics AutoChemII 2920 chemisorption analyzer (Georgia, USA). Prior to the anal-
ysis, the sample powder was pretreated at 500 ◦C for 60 min under a helium (He) flow
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(50 mL min−1). Subsequently, 10% NH3 in He gas (10 mL min−1) was introduced to the
sample at 50 ◦C for 30 min to allow the adsorption of NH3. The physisorbed gas was
flushed, and the sample was heated under a He flow (50 mL min−1) to 500 ◦C at a heating
rate of 10 ◦C min−1 to desorb NH3. The total amount and distribution of acid sites were
determined after deconvolution of TPD profiles using OriginPro 8.5 software version 85E
(OriginLab Corporation, Northampton, MA, USA).

The in situ Py-FTIR analysis was performed on a NICOLET iS10 FTIR spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The powdery sample was pressed into a
self-supporting disc and placed in a quartz cell equipped with CaF2 windows. The sample
disc was pretreated at 500 ◦C for 1 h under vacuum to remove some impurities. After
cooling to 50 ◦C, pyridine vapor was introduced into the cell until the adsorption reached
equilibrium, followed by evacuating at the same temperature for 15 min. The spectra were
recorded for 96 scans. The corresponding bands were deconvoluted for better assignment
using OriginPro 8.5 software version 85E (OriginLab Corporation, Northampton, MA,
USA), and the content of both acid sites was quantified using extinction coefficients.

The morphological study was performed by FE-SEM using a JEOL JSM-7610F instru-
ment (JEOL Ltd., Tokyo, Japan) operating at 40 kV. The sample powder was dispersed on
carbon tape, followed by gold coating. The FE-SEM images were recorded at magnification
of 50,000×. TEM was used to investigate the dispersion of Nb crystallites. The TEM images
(200,000× magnification) were collected on a JEOL JEM-2100 Plus transmission electron
microscope (Tokyo, Japan) operating at accelerating voltage of 200 kV.

3.6. Catalytic Conversion of Glucose into HMF

The catalytic dehydration of glucose to HMF was carried out in a 50-mL stainless-steel
autoclave. The reaction temperature was controlled by an oil bath, and the reaction mixture
was agitated using a magnetic stirrer. In a typical reaction, 0.36 g of glucose was completely
dissolved in a biphasic solvent with a volume ratio of THF: H2O (saturated with NaCl)
of 2:1, corresponding to the glucose concentration of 0.07 M, and then poured into the
autoclave. Subsequently, a required amount of catalyst was put in the reactor. After tightly
sealing the autoclave cover, the reactor was pressurized with 10 bar N2 gas to keep the
solvent in liquid state. When the mixture temperature was raised to the desired set point,
zero time was recorded. After the reaction course, the mixture was cooled down to room
temperature using an ice bath, followed by centrifugation to remove the solid catalyst. The
liquid product was taken using a syringe filter for composition analysis. The spent catalyst
was washed with deionized water and THF sequentially and dried at 60 ◦C overnight.
Before being reused, the spent catalyst was activated by calcination at 550 ◦C for 5 h under
Ar flow.

3.7. Products Analysis

The liquid product was analyzed by high-performance liquid chromatography (HPLC)
using a Shimadzu LC-10ADvp apparatus (Kyoto, Japan) equipped with a Bio-Rad Aminex
HPX-87H column (Aminex Corporation, Santa Monica, CA, USA). Two types of detectors,
i.e., a refractive index detector and an ultraviolet detector at 240 nm, were used for anal-
ysis of aqueous and organic phase, respectively. The mobile phase was 0.005 M H2SO4
solution with a flow rate of 0.7 mL min−1. The column temperature was maintained at
60 ◦C. The glucose conversion and products yield were calculated according to an internal
standardization method using FDCA as a reference standard.

4. Conclusions

In summary, we have successfully synthesized the Nb/MCS catalysts by which MCS
was prepared from the NR/HMS nanocomposite via carbonization, and Nb2O5 was loaded
onto MCS via incipient wetness impregnation, followed by calcination at 550 ◦C. The
characterization results indicate that 10-Nb/MCS not only had good textural properties
but also a high dispersion of Nb2O5 crystallites on the MCS surface. By varying the
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Nb loading level, the molar ratio of Brønsted/Lewis acid sites could be optimized. The
10-Nb/MCS catalyst showed a good performance in the conversion of glucose into HMF
in a biphasic water-THF solvent, achieving the highest HMF yield of 57.9% at 93.2%
glucose conversion, when the reaction was carried out using 0.018 g catalyst loading
at 190 ◦C for 1 h. Furthermore, 10-Nb/MCS exhibited a high catalytic stability in the
HMF synthesis from glucose in the biphasic solvent since it could be reused at least five
times without a significant loss of activity. Its superior performance was ascribed to the
suitable Brønsted/Lewis acidity ratio (1.2), and the hydrophobic properties generated from
the carbon moieties dispersed in the MCS nanocomposite. The overall results suggest a
potential application of NR as a low-cost and sustainable carbon source in the preparation of
high surface area and hydrophobic MCS support, and a practical use of 10-Nb/MCS in the
acid-catalyzed conversion of glucose into HMF at a high concentration of glucose substrate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11080887/s1, Figure S1: Weight loss and DTA curves of pure silica HMS and MCS
nanocomposite, Figure S2: C1s XPS spectrum of MCS nanocomposite, Figure S3: NH3-TPD profiles
of HMS and MCS with different Nb loading amount.
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