
Sustainable
Energy & Fuels

PAPER

Pu
bl

is
he

d 
on

 0
3 

A
pr

il 
20

24
. D

ow
nl

oa
de

d 
on

 4
/1

2/
20

26
 5

:2
7:

57
 A

M
. 

View Article Online
View Journal  | View Issue
A mesoporous T
aChemical Engineering Division, DBT-Center

Mohali, Punjab 140306, India. E-mail: sasik
bDepartment of Chemical Sciences, Indian In

(IISER), Mohali, Punjab 140306, India

† Electronic supplementary information (
methods; catalyst characterization resu
experimental results on product formati
kinetic results of glucose and fructose
values. See DOI: https://doi.org/10.1039/d

Cite this: Sustainable Energy Fuels,
2024, 8, 2219

Received 15th February 2024
Accepted 3rd April 2024

DOI: 10.1039/d4se00228h

rsc.li/sustainable-energy

This journal is © The Royal Society o
a2O5/Nb2O5 nanocomposite with
Lewis/Brønsted acid sites to enhance stepwise
glucose conversion to 5-hydroxymethylfurfural†

Sangeeta Mahala,ab Senthil Murugan Arumugam,a Ravi Kumar Kunchala,a

Bhawana Deviab and Sasikumar Elumalai *a

Herein, we report a higher formation of 5-hydroxymethylfurfural (HMF), a potential liquid fuel precursor,

using glucose over a bifunctional Ta2O5/Nb2O5 composite. The mesoporous nanocomposite comprising

25% wt Nb2O5 provides both Lewis (24%) and Brønsted acid (76%) sites, with increased oxygen

vacancies. The former sites can facilitate glucose isomerization to fructose, while the latter condition

promotes fructose dehydration to HMF. Therefore, it enables the systematic conversion of glucose into

HMF through the formation of fructose, resulting in 78.6% HMF and 86.5% selectivity after 3 h at 170 °C.

The rate kinetics reveals that glucose degradation follows a second-order rate law with a rate constant

(kG) of 2.4 × 10−2 L mol−1 s−1. On the other hand, fructose decomposition follows first-order kinetics

with a rate constant (kFru) of 1.3 × 10−3 s−1, but it also leads to significant unwanted side product

formation (with a rate constant of k2 = 4.7 × 10−5 s−1). Both glucose and fructose decompositions to

HMF exhibit temperature-dependent kinetics, as indicated by the Arrhenius plots. The calculated

reaction thermodynamic parameters of glucose and fructose decomposition to HMF by employing the

Eyring–Polanyi theory establish a comparable feasibility DG° of 124.2–132.5 kJ mol−1, with non-

spontaneous reaction characteristics (DS# of −109.0 to −259.6 J mol−1 K−1).
Introduction

The energy crisis and environmental constraints, such as
growing global energy demands, depleting non-renewable fossil
fuels, increasing greenhouse gas emissions, and rising fuel
prices, urge the immediate development and use of sustainable
and renewable energy fuels.1 In recent years, intensive research
has been undertaken to produce direct liquid fuels (such as
ethanol)2 and their precursor molecules (such as furan deriva-
tives)3,4 using renewable and abundantly available biomass
resources. Among them, furan compounds can be readily ob-
tained from lignocellulosic biomass through chemical conver-
sions, specically 5-hydroxymethylfurfural (HMF).5 It has been
established as versatile in the preparation of potential fuel
additive compounds, such as 2-methylfuran, 2,5-dimethylfuran,
etc., owing to its cyclic aldehyde structural characteristics with
both aldehyde and alcohol reactive functional groups.6
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Typically, glucose or fructose is used for its production,7,8 but
most studies have focused on glucose utilization because it
comprises up to 40% of the lignocellulosic biomass by weight.4

In this regard, to date, a variety of homogeneous and hetero-
geneous catalytic setups have been developed and reported to
yield 75–80% HMF with >80% selectivity.9,10 Comparatively,
heterogeneous catalytic systems have gained more interest due
to the recyclability option, which can signicantly reduce the
operating cost from a commercial perspective. Moreover, solid
materials can enable the ne-tuning of catalytic activities and
provide active sites on a wide platform, thereby facilitating
selective glucose conversion.11 Many studies have utilized metal
oxides for HMF production due to their abundance and lower
cost. However, when using glucose, it typically follows
a sequential transformation, i.e., glucose is rst isomerized to
fructose, followed by dehydration to HMF.12,13 Moreover, these
conversions operate under different conditions, i.e., Lewis acid
conditions facilitate glucose isomerization,14 whereas Brønsted
acid conditions favor fructose dehydration.15 Thus, the studies
insist on the provision of varied strength acidic sites by a single
catalyst for effective glucose conversion.

In this context, Morales et al. developed a mesoporous
tantalum oxide (Ta2O5) catalyst, an amorphous solid, that can
offer a high level of both Lewis and Brønsted acid sites of 353
mmol NH3 g−1 upon its treatment with a non-ionic surfactant
(Pluronic L-121).16 However, this resulted in a moderate HMF
Sustainable Energy Fuels, 2024, 8, 2219–2234 | 2219
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yield of 23% using glucose through a 69% substrate conversion
at 175 °C aer 90 min. But it exhibited good stability during
recycling by controlling the Ta species leaching under elevated
conditions. Additionally, it demonstrated regaining the
maximum catalytic activity via a routine calcination technique.
In another study, niobium pentoxide (Nb2O5) was established as
promising for converting both monosaccharides and poly-
saccharides into HMF,17 attributed to its strong acidic charac-
teristics (i.e., H0 # −5.6, which is nearly 70% the strength of
H2SO4). The hydrated form of Nb2O5 could achieve as high as
89% HMF formation using fructose and 54% using inulin at
160 °C in a water-2-butanol biphasic medium. This can be
correlated with its active acidic functionality (i.e., 3-fold higher
acidic sites than that of the hydrated Ta2O5) and surface area.18

However, these materials could achieve only average produc-
tivity. This is mainly caused by the ensuing side reactions under
elevated conditions, such as unwanted humin (an unstructured
molecule) formation and HMF rehydration to equal amounts of
levulinic acid (LA) and formic acid (FA).17 A higher number of
Lewis acid sites with fewer Brønsted sites is ineffective in the
dehydration reaction, whereas the reverse combination is
harmful to the reaction. Thus, a balanced presence of Lewis and
Brønsted acidic sites can enable selective product synthesis
through a systematic approach. Therefore, we designed
a composite catalyst by blending Nb2O5 with Ta2O5 to provide
a balanced presence of Lewis and Brønsted acid active sites for
converting glucose into HMF via fructose formation.18,19 For the
development of the solid catalyst, we followed a template-free
nonhydrolytic sol–gel method by utilizing mixtures of n-
butanol and tert-butanol as a solvent, along with the NbCl5 and
TaCl5 precursors.20 In this method, n-butanol serves as
a capping agent, facilitating the formation of metal alkoxides
that undergo minimal hydrolysis. Additionally, the growth rate
of particles can be regulated. Similarly, tert-butanol aids in the
formation of multiple metal hydroxide groups through M–O–M
bond formation by combining with the available M–Cl species.
However, elemental chlorine is generated when primary alco-
hols engage with MCl5 for the rst time; this allows primary
alcohols to undergo a partial reduction of M5+ cations to M4+

subsequently. Upon release of the chlorine atom, any remaining
unreacted alcohols are expected to undergo oxidation under the
prevailing conditions, potentially leading to aldehyde and
hydrochloric acid formation. This approach allows for devel-
oping a mesoporous mixed metal oxide material with improved
pore volume and surface area properties, with tuned active
Lewis and Brønsted acid sites. As a result, the catalyst exhibits
enhanced durability for multiple reuses. We applied chemical
reaction engineering principles to gain insights into the
kinetics and mechanism of the two-step reactions.21 The
calculated thermodynamic parameters have suggested the
feasibility of the reactions of glucose and fructose into HMF.

Experimental
Chemicals and reagents

Chemicals and reagents, including D-glucose, D-fructose, HMF,
LA, FA, niobium pentachloride (NbCl5, 99%), tantalum
2220 | Sustainable Energy Fuels, 2024, 8, 2219–2234
pentachloride (TaCl5, 99.99%) and dimethyl sulphoxide
(DMSO) were purchased from Sigma Aldrich (India). Acetic acid,
n-butanol and tert-butanol were purchased from Merk India.
Absolute ethanol was purchased from Fisher Scientic India. All
these chemicals purchased were of analytical grade and used as
received unless otherwise mentioned. Deionized water (DI)
obtained from a Millipore water purier system (Millipore) was
used for sample preparation and dilution purposes.

Ta2O5/Nb2O5 composite preparation

A template-free sol–gel method was followed for the mixed
metal oxide catalyst preparation, as reported elsewhere.22,23

TaCl5 (0.810 g) and NbCl5 (from 0.231 g to 0.540 g) were mixed
in a 10.8 mL butanol mixture (equal volumes of n-butanol and
tert-butanol) in a 250 mL beaker. The solid–liquid mixture was
stirred vigorously (450 rpm) for 2 h at room temperature. The
resultant was then transferred to a Teon-lined autoclave and
aged for 24 h at 160 °C. Followed this, the solid was collected via
high-speed centrifugation (10 000 rpm) and washed thoroughly
using water and ethanol. Thereaer, it was dried under vacuum
at 90 °C and labelled as Ta/Nb-1.5 (15% Nb2O5). A similar
procedure was followed to prepare other combinations of
Ta2O5/Nb2O5, such as Ta/Nb-2.5 (25% Nb2O5), and Ta/Nb-3.5
(35% Nb2O5), but with a proportional loading of NbCl5. For
comparison, pristine metal oxides, namely Ta2O5 and Nb2O5,
were prepared by using just a single precursor. For gaining
insights into the surface properties of the catalysts (such as
Ta2O5, Nb2O5 and Ta/Nb-2.5), a part of the as-synthesized
materials was calcined at 500 °C for 2 h at a ramp rate of 3 °C
per min (ref. 16) and labelled as Ta-cal, Nb-cal and Ta/Nb-2.5
cal, respectively.

Analytical characterization techniques

An X-ray diffractometer instrument (XRD; Rigaku. Smart LAB
SE) was used to determine the structure and phase purity of the
as-prepared catalysts under a Cu-Ka radiation source. The
samples were scanned at l = 1.541 from 10° to 80°. The func-
tional group determination was performed using a Fourier
transform-infrared spectrometer (FTIR; Agilent Technologies
Cary 600 series). The surface morphological examination was
performed using a eld-emission scanning electron microscope
instrument (FE-SEM; Hitachi SU8010). For this, the sample was
immobilized on a copper holder coated with platinum con-
taining a conducting resin and was analyzed at 30 mA for 30 s.
The elemental fraction determination and mapping analysis
were performed using an embedded energy-dispersive X-ray
spectroscope instrument (FESEM-EDX; Hitachi SU8010). For
gaining more insights into the structural features, a high-
resolution transmission electron microscope (JEOL-JEM-2100
Plus) analysis was performed. For the analysis, the sample
was prepared by evenly distributing it on a carbon grid. The
characterization studies of binding energy and oxidation state
of the metal ions in the catalyst were performed using an X-ray
photoelectron spectrophotometer equipped with an Al-Ka X-ray
source (XPS; PHI 5000 VersaProbe III). The C 1s signal (285.08
eV) was used as a calibration reference for data processing. BET
This journal is © The Royal Society of Chemistry 2024
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analysis for determining the surface properties was performed
using a Quantachrome Autosorb iQ instrument. The total pore
volume was determined under 0.99 relative pressure (P/P0) of
N2. The Barrett–Joyner–Halenda (BJH) and multipoint BET
methods were used to calculate the average pore width and pore
size distribution. Prior to analysis, the sample was degassed for
8 h at 100 °C under a N2 gas stream. The acidic site measure-
ment was performed via temperature-programmed desorption
of ammonia by using an NH3-TPD BELCAT II instrument
equipped with a TCD detector. For the analysis, a quartz tube
containing 55 mg catalyst was heated for 60 min at 200–400 °C
under a 50 mLmin−1 He gas stream. Aer this, the material was
cooled down to 50 °C, and the amount of NH3 desorption was
measured under continuous gas ow conditions (50 mLmin−1).
The experiment was conducted at a ramp rate of 10 °C min−1

starting from 50 °C up to 750 °C. The in situ diffusion Fourier
transform infrared spectroscopy (DRIFT) analysis was per-
formed using a Bruker VERTEX 70 FTIR spectrometer equipped
with a mercury cadmium telluride (MCT) detector. Before
analysis, the sample was pretreated under N2 ow conditions at
300 °C for 60 min and cooled down to room temperature.
Following this, it was placed under a He balanced NH3 gas
stream to adsorb NH3 gas on the catalyst surface at 30 °C for
60 min. It was then purged by ushing the N2 gas to remove the
residual NH3 content. Aer all, the spectral measurement was
performed at 30 °C. The desorption study of the adsorbed NH3

was performed up to 250 °C to determine the stability of the
Lewis and Brønsted acidic sites at higher temperatures.
Catalytic synthesis of HMF using monosaccharides

In a typical catalytic HMF reaction, 20 mg glucose/fructose was
dissolved in 5 mL DI water or binary solvent (water–DMSO) in
a 35 mL glass reactor (Ace glass, Sigma Aldrich). Different ratios
of catalyst to substrate load were used, corresponding to 15%,
25% and 50% wt. The batch reactor was then tightly sealed,
shaken slightly and placed in a pre-heated hot oil bath of
160–190 °C. The reaction was conducted under vigorous stirring
conditions (500 rpm). Aer a 5 h reaction (maximum), the reactor
was quenched in an ice bath. The contents of the reactor were
collected and centrifuged at high speed (10 000 rpm) to separate
the solid and liquid portions. From the liquid portion, an aliquot
was collected, diluted and analyzed on a high-performance
liquid chromatography (HPLC) device equipped with a refrac-
tive index (RI) detector, which was maintained at 55 °C. An Agi-
lent Hi-Plex H column (300 mm length and 8 mm porosity) was
used for the sample analysis, which was maintained at 65 °C. A
5 mM dilute H2SO4 solution was used as a mobile phase at 0.7
mL min−1

ow. The product(s) and residual sugar concentra-
tions were determined using the calibration standard obtained
using the respective standard chemicals. The product yield and
selectivity, and substrate conversion calculations were performed
using the mathematical expressions presented in the ESI
(eqn (S1)–(S3)†). Alongside this, the recovered catalyst was
washed thoroughly with water and ethanol, dried under vacuum
overnight and stored for recycling purposes. A similar sugar
dehydration protocol was followed to determine the catalyst's
This journal is © The Royal Society of Chemistry 2024
recyclability. All experiments were conducted in duplicate. The
data are an average of two runs. The statistical analysis was
performed using the SPSS soware by employing the two-way
ANOVA method. All graphical results were obtained using the
OriginPro soware (OriginLab, USA).

Results and discussion
Physico-chemical characterization of the catalyst

Pristine and composite metal oxides, either with or without
calcination, were characterized by employing various analytical
techniques. In the X-ray diffraction pattern (Fig. 1a), broad and
less intense bands can be observed, indicating the amorphous
nature of the catalysts. However, calcination transformed the
amorphous characteristics into crystalline structures, particu-
larly with Nb. This transformation is evident from the peaks
observed at 22.5°, 28.5°, 36.7°, 46.1°, 50.5°, and 55.1°, which
correspond to the (001), (100), (101), (002), (110), and (102)
diffraction planes,24 respectively (Fig. S1a†). On the other hand,
Ta maintained its amorphous nature even under high-
temperature calcination, as indicated by the broad peaks at
25.8°, 34.2°, and 55°.16 Crystalline Nb2O5 was found to be in the
TT-Nb2O5 format, as per PDF card no. 00-028-0317,23 due to the
calcination at 500 °C.25 In contrast, all composites (namely Ta/
Nb-1.5, Ta/Nb-2.5, and Ta/Nb-3.5) exhibited a similar XRD
pattern to pristine Ta2O5, with peaks at 25.6° and 55.4°, con-
rming their amorphous properties. In the case of Ta/Nb-2.5
and Ta/Nb-3.5, the presence of more Ta2O5 is apparent from
a new peak observed at 33.6°. Catalysts with higher content of
Nb2O5, such as Ta/Nb-1.5, displayed dominant characteristics
of Nb2O5. This is evident from the absence of a peak related to
Ta2O5 in Ta/Nb-1.5. Conversely, Ta/Nb-2.5-cal showed several
new peaks at 22.9°, 28.4°, 36.9°, 46.9°, 50.5°, and 55.9°, corre-
sponding to the (001), (100), (101), (002), (110), and (102) planes,
respectively, conrming the presence of multiple crystal phases
(the phases are most likely orthorhombic (b-Ta2O5) and tetrag-
onal (a-Ta2O5), belonging to Ta2O5). Thus, low-temperature
calcination (500 °C) did not affect the amorphous nature of
the material. However, >700 °C can cause a phase change to
either the orthorhombic (b-Ta2O5) or tetragonal (a-Ta2O5)
structure depending on the low or high annealing temperature
of Ta2O5 and a transformation into a crystalline structure.26 In
contrast, Nb-cal exhibited a notable peak at 55°, which can be
attributed to Nb2O5, conrming its crystalline pseudo-
hexagonal TT-phase.23 This transition from an amorphous to
a slightly anisotropic state is possible at higher annealing
temperatures. When comparing the results, the composites
showed slight peak shis compared to the pristine ones, indi-
cating probable interactions between the metal species. In the
FTIR spectrum of composites (Fig. 1b), the broad absorption
peaks that emerge between 3400 cm−1 and 1615 cm−1 corre-
spond to the asymmetric and symmetric stretching vibrations of
the hydroxyls (–OH) belonging to the absorbed water molecules
and the surface hydroxyls.16,23 The prominent peaks at 430.80–
436.62 cm−1, 487.9–492.12 cm−1, and 565.32–567.89 cm−1

correspond to the metal–oxygen stretching frequencies. Simi-
larly, the peaks in the 487.90–492.12 cm−1 region correspond
Sustainable Energy Fuels, 2024, 8, 2219–2234 | 2221
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Fig. 1 (a) XRD patterns and (b) FTIR spectra of the as-synthesized Ta/Nb composites.
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to M = O (where, M is Nb/Ta) stretching frequencies, estab-
lishing the formation of M2O5.13 The metal oxide interactions in
the individual catalysts can be veried from the peaks at
567.89 cm−1 (Ta/Nb-1.5), 567.89 cm−1 (Ta/Nb-2.5) and
565.32 cm−1 (Ta/Nb-3.5) corresponding to the bridging M–O–
M.27 When comparing the results of composites, absorption
peaks had a slight shi, suggesting the interaction of Nb2O5

with Ta2O5. As Nb precursor content increases, the absorption
peaks shi towards a higher wavenumber, demonstrating the
higher strength of the bond. But in the Ta/Nb-1.5 combination,
this effect was observed to be similar to that of Ta/Nb-2.5,
describing the excess Nb precursor not interacting with Ta2O5

and being available in a free state.
It can be observed that the catalysts exhibit the corre-

sponding characteristics of the dominant metal oxide. The
higher thermal stability of the composite catalysts can be
conrmed from the TGA characterization, as shown by the
results in Fig. S1b.† Up to 200 °C, the catalysts exhibited
a normal weight loss of up to 12.4%, caused by surface water
evaporation, with the composition having a minimal impact.
Beyond this temperature, the catalysts experienced a gradual
weight loss of up to 9% (cumulative) throughout the entire
temperature range (up to 800 °C). This is likely caused by the
decomposition of organic substances inside the mesopores of
the sample and the phase transition of the material at higher
temperatures.28 The residual capping agents (such as n-butanol
and tert-butanol) can undergo oxidation under the prevailing
2222 | Sustainable Energy Fuels, 2024, 8, 2219–2234
conditions to form aldehydes and hydrochloric acid. At higher
temperatures, the evaporation of these moieties can lead to an
increased weight loss of the catalyst particle. But the trace
moieties may not play a role in the catalytic activity.16 Among the
composites, Ta/Nb-3.5 exhibited the lowest weight loss of 18.3%
(cumulative), which is approximately 15% lower than that of the
others. This indicates higher thermal stability of Ta2O5 and less
phase transition compared to Nb2O5. We intentionally skipped
the TGA characterization of pristine Ta2O5 and Nb2O5, as they
are extensively investigated.16,25 As per the XRD characterization,
Nb2O5 is more sensitive to annealing temperatures; therefore its
higher content in the composites, namely Ta/Nb-2.5 and Ta/Nb-
1.5, can enable the phase transition, resulting in weight loss.

By employing XPS characterization, it is possible to observe
how the electronic structure and oxidation state of the catalysts
(Ta2O5 and Nb2O5) are altered upon mixing and the relation
between their catalytic activity. Fig. S2† displays the survey
spectrum of the catalysts. In the spectrum, Nb2O5 shows two
distinct peaks centered at binding energies of 206.98 eV and
209.68 eV (Fig. 2a), which correspond to the Nb 3d5/2 and Nb
3d3/2 states, respectively. An energy separation of 2.70 eV indi-
cates the presence of the Nb5+ state.29,30 Conversely, pristine
Ta2O5 exhibits asymmetric peaks with a binding energy sepa-
ration of 1.9 eV between Ta 4f7/2 (26.10 eV) and Ta 4f5/2 (27.98
eV). From this, it can be inferred that Ta attains complete
oxidation to reach its Ta(V) state.31,32 Anticipating the result, Ta/
Nb-2.5 exhibits a merged characterization but with a shi in
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Comparative deconvolution results of (a) Nb 3d and (b) Ta 4f peaks of the as-synthesized pristine and composite catalysts.
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binding energy. The shi is towards increased binding energy,
particularly in the Nb 3d peaks, compared to those of pristine
Nb2O5. This shi can be attributed to an electronic interaction
difference between the two phases of Ta2O5 and Nb2O5,33 arising
from varying chemical interactions or chemical bonding
between the phases (Fig. 2a) due to the slightly different
cationic sizes of Nb5+ (having a 3d orbital) and Ta5+ (having both
3d and 4f orbitals).34 As per the atomic arrangement (from le to
right), Nb5+ (4d series) has a slightly smaller atomic radius when
compared to Ta5+ (5d series). Therefore, the Nb5+ cation may
have a higher electronegativity compared to Ta5+ and undergo
Fig. 3 Comparative deconvolution results of the O 1s peak in pristine (a

This journal is © The Royal Society of Chemistry 2024
a strong interaction with oxygen, leading to an increase in the
binding energy, particularly in the Nb 3d peaks, compared to
pristine Nb2O5. This can be evident from the shi towards
increased binding energy, resulting in a shorter bond compared
to that of Ta2O5. This leads to the creation of more oxygen
vacancies in the composite and facilitates a strong interfacial
contact between Ta2O5 and Nb2O5, causing a binding energy
difference in Ta 4f. As a consequence, the shi is towards lower
binding energy compared to that of pristine Ta2O5 (Fig. 2b). By
analyzing the O 1s XPS data, it is possible to explain the inter-
action of Ta–O and Nb–O. The binding energies of O 1s in the
) Nb2O5 and (b) Ta2O5 and Ta/Nb-2.5 catalysts.

Sustainable Energy Fuels, 2024, 8, 2219–2234 | 2223
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Ta/Nb composite showed changes compared to those of the
pristine ones (Fig. 3a and b).

These changes are attributed to the presence of oxygen
vacancy defects, which enable the interfacial contact between
the two phases of the composites and result in a binding energy
shi. Upon deconvolution of the O 1s spectrum, three peaks
corresponding to lattice oxygen (Olatt), surface adsorbed oxygen
(Oads), and adsorbed water molecules are observed within
a binding energy range of 529.2–530 eV, 531.2–532 eV, and
532.3–532.9 eV, respectively (Fig. 3a and b).35,36 A similar peak
pattern was observed in other composites, such as Ta/Nb-1.5
and Ta/Nb-3.5 (Fig. S3a and b†), conrming their catalytic
characteristics. Among them, Ta/Nb-2.5 exhibited the highest
amount of adsorbed oxygen, indicating a larger number of
oxygen vacancies. This feature can play a vital role in catalytic
reactions by enhancing the interaction between the catalyst and
reactant through absorption and desorption processes.37

The porosity of the catalysts was determined via N2 phys-
isorption analysis (Fig. S4a†). All catalysts exhibited a type IV
hysteresis loop within the relative pressure range of 0.1–1.0, as
classied by the IUPAC.17,18,23 The calculation of the BJH pore
size distribution revealed a broader pore size distribution for
the solid. Evidently, there are signicant differences in surface
area, pore volume, and pore size values between the calcined
and uncalcined materials. The deviation in the calcined mate-
rial is likely due to pore blockage under higher temperature
conditions and the transformation from an amorphous into
a crystalline structure. In Table 1, the differences in surface
area, total pore volume, and pore size of Ta-cal can be seen as
nominal when compared to those of Ta2O5 (without calcina-
tion), but they are signicant compared to those of Nb2O5.
Pristine Nb2O5 is represented as a microporous material based
on the pore diameters measuring 0.47 nm and 1.68 nm for
calcined and uncalcined solids, respectively. Similarly, Ta2O5

was estimated to have a pore diameter of 3.14 nm, with a mes-
oporous structure before calcination, but the calcination
affected the pore diameter to 1.22 nm (microporous). This is
likely caused by shrinkage of pores at high temperatures and
increased crystallinity. Thus, the composites with pore diame-
ters between 2.59 nm and 2.87 nm can be classied as meso-
porous structures. According to reports, materials with higher
surface area and porosity are benecial for catalytic reactions.
Hence, the uncalcined composite was chosen for the glucose
dehydration reaction instead of the calcined ones. Regarding
the surface area, the as-synthesized composites were investi-
gated in the range of 142–178 m2 g−1, which is signicantly
higher than that of pristine metal oxides. Among these, Nb2O5's
contribution is more pronounced, as indicated by the results of
Table 1 Results of physisorption and chemisorption analyses of the cat

Surface characteristics Nb Nb-Cal Ta T

Surface area (m2 g−1) 73.650 8.901 38.335 3
Total pore volume (cm3 g−1) 0.045 0.104 0.030
Average pore diameter (nm) 1.687 0.469 3.142
Acidic sites (mmol g−1) 0.258 0.223 0.335

2224 | Sustainable Energy Fuels, 2024, 8, 2219–2234
composites with varied ratios of Nb2O5. In other words, the
lower the Nb2O5 content, the smaller the particle surface area,
and vice versa. Based on these ndings, the composite's archi-
tecture can be imagined in such a way that Nb2O5 occupies the
pores of Ta2O5 and make interaction to some extent and,
beyond that, forms a permanent deposition on the latter's
surface. This deposition may occur in the interstitial spaces
between the crystallites. Moreover, the pores exhibited random
sizes and shapes, likely due to the effect of template-free particle
synthesis, highlighting the importance of a template for
obtaining uniform particle size. Therefore, the increased
surface area is likely a result of the obstruction of the catalyst's
pores by the surface-deposited solid. This can be conrmed by
the results of the calcined composite (Ta/Nb-2.5 cal), which
exhibited microporous characteristics with decreased surface
area and pore diameter, supporting the selection of uncalcined
composites for catalysis. The acidic characteristics were deter-
mined via TPD analysis (Fig. S4b†), which revealed that the
surface acidity is increased due to the individual metal ions
(Nb5+ and Ta5+). According to the literature, this acidity is
inuential in the catalytic conversion of glucose into HMF via
dehydration.16–18 However, the acidic strength depends on the
oxidation capacity and vacant d-orbitals. The total acidic
strength of the catalysts was determined through NH3-TPD
analysis. Comparative results show that the catalysts exhibit
similar characteristics at all tested temperatures, ranging from
50 °C to 700 °C, regardless of their varying elemental compo-
sition. It can be presumed that the pretreatment temperatures
maintained during TPD and DRIFT analyses are not high
enough to induce phase changes in the metal oxides. For
instance, Ta2O5 exhibited an amorphous nature up to 500 °C,
with negligible changes in surface area before and aer calci-
nation, based on the XRD ndings. But signicant changes were
observed in pristine Nb2O5 at 500 °C. As per the reports, Nb2O5

can exhibit an amorphous structure up to 400 °C, with no phase
changes.38 Notably, the intervention of Nb2O5 is minimal.
Moreover, Nb5+ increases the total acidic sites of the catalysts.
But beyond a Ta/Nb ratio of 2.5, the catalysts experience a slight
decrease in the acidic strength (Table 1), caused by a higher Nb
content, which can affect the interaction of metal oxides and
increase the inactive surface area. The observed acidic sites
were weak to moderate, which is favorable for glucose dehy-
dration via fructose intermediate formation. As previously re-
ported, Ta2O5 and Nb2O5 catalysts offer either Lewis or Brønsted
acidity, resulting in a 50–60% HMF yield through glucose
isomerization and fructose dehydration steps.16,17 Therefore,
the as-synthesized composites offering both weak andmoderate
acidity can further improve the yield when using glucose.
alysts

a-Cal Ta/Nb-1.5 Ta/Nb-2.5 Ta/Nb-3.5 Ta/Nb-2.5-Cal

6.400 178.070 143.510 142.172 99.110
0.023 0.116 0.103 0.094 0.084
1.229 2.591 2.870 2.651 1.687
0.168 0.641 0.665 0.616 0.466

This journal is © The Royal Society of Chemistry 2024
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As per the literature, Nb2O5$nH2O and Ta2O5$nH2O can
exhibit both terminal and bridging hydroxyls; therefore, they can
offer both Lewis and Brønsted acid sites on their surface.17,39

Specically, the Lewis acid sites are characterized by electron-
decient centers that can accept electrons through their empty
orbitals. Hypothetically, strong Lewis acid sites can originate
from the low coordinated M-O4 and M-O5 in Nb2O5$nH2O and
Ta2O5$nH2O, whereas the weak Lewis acidity comes from the
highly distorted M-O6.40 A typical NH3 adsorption study was
performed to determine the type of acidic sites via DRIFT anal-
ysis. Aer successful NH3 adsorption, the effect of temperature
on the Lewis and Brønsted sites was evaluated by recording the in
situ temperature-resolved DRIFT spectra of NH3 desorption. The
spectra displayed two peaks in all catalysts, with a slight peak
shi (Fig. 4a–e), particularly with the peaks at 1608 cm−1 (dAS(N–
H)) and 1234 cm−1 (dS(N–H)), which are attributed to the asym-
metric and symmetrically coordinated NH3 bound to Lewis acid
sites, respectively.41,42 Two additional peaks at 1662 cm−1 (dS(N–
H)) and 1420 cm−1 (dAS(N–H)) can be assigned to the symmetric
and asymmetric ionic NH4

+ bound to Brønsted acid sites.
However, Ta2O5 did not show any symmetric ionic NH4

+ bound
at 1662 cm−1 (Fig. 4a). In Ta2O5, the quantity of Lewis (47.33%)
and Brønsted (52.68%) acidic sites was found to be almost equal,
based on the peak area; therefore, it may have a higher impact
only on the rst step (glucose isomerization). On the other hand,
Nb2O5, estimated to have a higher percentage of Brønsted sites
(73.10%) and a lower percentage of Lewis sites (26.90%), can be
Fig. 4 In situ temperature-resolved DRIFT spectra of NH3 desorption ov

This journal is © The Royal Society of Chemistry 2024
inuential for the second step (fructose dehydration) and, to
some extent, the rst step as well.

Based on this, the composites (Ta/Nb-1.5 and Ta/Nb-2.5),
having nearly 75.8% Brønsted sites with 24.2% Lewis sites on
average, can be expected to be effective in promoting conver-
sions. However, these composites exhibited a similar ratio of
acidic sites, indicating the saturation of the interaction between
Ta2O5 and Nb2O5. A further decrease in Nb2O5 content has
altered the pattern, resulting in 39.4% Lewis acid sites and 60.5%
Brønsted acid sites, likely due to the dominant characteristics of
Ta2O5 in the composite. Thus, an excessive amount of Nb2O5

cannot provide a synergistic effect with Ta2O5. Furthermore, it
may remain in a free state, leading to an increase in the catalyst's
inactive surface area, as observed in the BET analysis (Fig. S4a†).
While studying the effect of temperature on the stability of the
acidic sites, it was observed that the intensity of all the bands,
including NH4

+ coordinated with Brønsted acid sites (at
1662.52 cm−1 and 1420.10 cm−1) and NH3 coordinated with
Lewis acid sites (at around 1608.23 and 1234.12 cm−1), was
slightly affected by temperature (Fig. S4b†). At temperatures
>150 °C, a signicant decrease in the intensity of Brønsted acid
sites was observed, indicating the relatively weaker thermal
stability of NH3 species interacting with the Brønsted acid sites
compared to those adsorbed on Lewis acid sites. Thus, the
results indicate that blending Nb2O5 with Ta2O5 can alter the
strength of the acidic sites, improving the essential Brønsted acid
sites for sugar catalysis, especially fructose dehydration to HMF.
er (a) Ta2O5, (b) Nb2O5, (c) Ta/Nb-1.5, (d) Ta/Nb-2.5 and (e) Ta/Nb-3.5.

Sustainable Energy Fuels, 2024, 8, 2219–2234 | 2225
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The SEM analysis of Ta/Nb-2.5 veried the particle
agglomeration during synthesis, consequently yielding parti-
cles of irregular shapes measuring in the 4–20 nm range
(Fig. S5a and b†).43 The FE-SEM and EDX mapping results
validate its chemical composition, i.e., 16.7% Nb, 37.5% Ta,
and 45.7% O atoms (consistent with the initial supply), as well
as its purity (Fig. S6†). Furthermore, the images display the
widespread distribution of the individual metal oxides in the
composite. The TEM analysis revealed the characteristics of
the amorphous material (Ta/Nb-2.5) as having no specic
morphology and particle size (Fig. S5c and d†). Thus, the
comprehensive analytical characterization studies conrm the
structural organization of the composite catalyst, where Nb2O5

is deposited on the surface of Ta2O5. The outer particles can
provide Lewis and Brønsted acidic sites over a wide surface
area, which is favorable for glucose isomerization and dehy-
dration, resulting in enriched HMF formation. Additionally,
the metal oxides present as Ta5+ and Nb5+ can be benecial for
ionic interactions with sugar molecules to inuence degrada-
tion. The composite, with its mesopores, is an added advan-
tage as it can accommodate more sugar molecules for the
reaction.
Catalytic activity of the Ta2O5/Nb2O5 nanocomposite in
glucose conversion to HMF

Thus, the analytical techniques conrmed the structural
conguration of the as-synthesized catalyst(s) which could offer
both the crucial Lewis/Brønsted active sites over the wide
surface area, which are favorable for the glucose dehydration to
HMF. The catalyst screening process began with pristine,
calcined, and uncalcined metal oxides under elevated condi-
tions, specically at 170 °C for up to 4 h in a water medium. The
pristine Ta2O5 and Nb2O5 catalysts demonstrated the ability to
synthesize HMF, but only at a yield of 11–13%. Unfortunately,
a signicant amount of fructose remained unreacted in the
medium, ranging from 13–15%. This indicates that the condi-
tions were not conducive to enabling a stepwise conversion.
Ta2O5, which offers a high percentage of Lewis acidic sites
(47.3%), was effective in glucose isomerization, resulting in the
production of 15% fructose. On the other hand, Nb2O5, which
provides a higher percentage of Brønsted sites (73.1%),
promoted HMF formation, resulting in 5 times more HMF
compared to Ta2O5 (Fig. S7 and Table S1†). However, an excess
of Brønsted acidic sites can lead to multiple side reactions,17

resulting in a higher glucose conversion rate of 50%. The results
obtained from the calcined catalysts showed that the acidic sites
affect not only productivity but also the surface properties,
specically surface area and porosity. For example, the calcined
pristine metal oxides exhibited a reduced surface area (up to 8-
fold) and pore diameter (3–4-fold), leading to a 1–5 times
reduction in HMF formation with a proportional amount of
residual fructose. When evaluating the effectiveness of the
composites, it was found that all of them improved productivity,
yielding 21.8% HMF and 41.4% selectivity, but with an average
residual fructose concentration of 13.9%. However, they
exhibited varying catalytic activity depending on their physico-
2226 | Sustainable Energy Fuels, 2024, 8, 2219–2234
chemical characteristics. For example, the Ta/Nb-1.5 catalyst,
represents a 1 : 1.5 wt ratio of Nb2O5 to Ta2O5 and exhibits
dominant characteristics of Nb2O5, especially a Brønsted acidity
of 75.7%, and has achieved 21.6% HMF and 3.7% selectivity,
but at the expense of a glucose conversion of 61.1%. Similarly,
the catalyst with the lowest ratio of Nb2O5 resulted in poor HMF
productivity with a yield of 11.0% and 20.3% selectivity.
According to Fig. S7,† the optimum blending of Nb2O5 with
Ta2O5 to achieve a maximum yield of 21.8% HMF and 41.4%
selectivity is at a 1 : 2.5 wt ratio. Furthermore, the results of Ta/
Nb-2.5 cal reinforced the speculation that surface characteris-
tics are crucial for the conversion process. It is evident that the
conditions inuenced HMF degradation (Fig. S8†), which is
possible in a water medium, resulting in up to 10.7% LA
formation, regardless of the acidic strengths (Table S2†).

Therefore, catalysis was performed in a binary solvent
system (4 : 1 vol. ratio of DMSO to water), where the catalysts'
performance was found to be remarkable, yielding relatively 3.5-
fold higher HMF while maintaining a similar productivity trend
as in a water medium (Fig. 5a). Among all composites, Ta/Nb-2.5
showed promise, achieving a high HMF yield of 78.6% and
selectivity of 86.5% with a turnover number (TON) of 0.033 s−1

(Table S3†). However, the rehydration of HMF to LA and FA
proved uncontrollable under the prevailing conditions, mainly
due to the presence of 1/4th of a volume of water. This reduced
selectivity and complicated downstream product recovery.
Notwithstanding this, the conditions led to other undesired
glucose degradations, including humin formation,44 resulting
in an approximately 15% sugar loss that couldn't be accounted
for (Table S4†). Nevertheless, this is a common phenomenon in
sugar conversion under elevated conditions and cannot be
avoided entirely.45 However, the system has recovered consid-
erable fructose as unconverted, affecting the maximum HMF
formation. Nonetheless, the result is comparable to the litera-
ture reports (70% HMF on average).9,10,46 On a positive note, this
affirms the ability of the bifunctional catalyst to enable
a cascade glucose conversion through fructose intermediate
formation, attributed to the presence of a signicant number of
Lewis acid sites (∼24%). Thus, the results verify the consistency
with the postulation that the ne-tuning of Lewis and Brønsted
sites can enable sequential transformations. Furthermore, the
signicance of DMSO supplementation to water for enabling
sequential conversion can be veried from the results of varied
aqueous-organic ratios (Fig. S9a†). As can be seen (Fig. S9b–d†),
an increased water ratio from 2 : 3 to 4 : 1 to DMSO had a detri-
mental effect on HMF formation, i.e., decreasing to 28.3% (with
47.5% selectivity), with enormous residual fructose of 16.4%,
resulting in a decreased TON up to 0.0210 s−1 (Tables S5–S7†).
This implies that water is a preferred medium for glucose
isomerization.47 On the other hand, the large volume of water
(1 : 4 ratio of W/DMSO) has induced HMF rehydration under the
prevailing conditions, achieving 5–8% LA and 3–5% FA (Table
S6†), which is close to the productivity of a plain water medium
(Table S2†). The study of the effect of reaction time disclosed
that a prolonged reaction is optimum for maximum produc-
tivity, i.e., 180 min to yield 78.6% HMF. According to the liter-
ature, a sequential conversion pathway is appropriate to achieve
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Effectiveness of the catalyst in glucose decomposition to HMF in an aqueous-organic solvent medium (1 : 4 vol. ratio W/DMSO) at 170 °
C and 25% wt catalyst load after 3 h; (b) time optimization of glucose decomposition to HMF in a 1 : 4 vol. ratio W/DMSO medium at 170 °C and
25% wt catalyst load; (c) effect of catalyst load on glucose at 170 °C up to 3 h; (d) effect of temperature on glucose decomposition to HMF in 1 : 4
vol. ratio W/DMSO medium at 25% wt catalyst load after 3 h. Y-yield and conv-conversion. The error bar represents the standard error. The
asterisk marks (* and **) denote the mean data significance and non-significance through ANOVA analysis at a = 0.05.
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a maximum HMF yield within 120–180 min.13 The glucose
conversion to HMF necessitates an extended reaction time of up
to 10–15 hours.11,48 In this study, the maximum HMF formation
(78.6%) was obtained aer 180 min (Fig. 5b and Table S4†).

Following this, the optimization of catalyst loading and
temperature was performed under similar conditions. A lower
catalyst load on the substrate struggled to enable sequential
conversions, resulting in only a 47.3% yield of HMF but with
20.5% residual fructose (Fig. 5c). On the other hand, an
excessive catalyst loading, which provides an excess of active
sites (Lewis/Brønsted acid), led to reduced productivity (48.0%
HMF yield and 52.4% selectivity), with a TON of 0.0232 s−1

(Table S8†). Typically, a high-severity condition can induce side
reactions by consuming the formed fructose and HMF due to
their reactive characteristics. This resulted in the formation of
9.8% LA and 6.3% FA, with a nearly 20% reduction in fructose
concentration, along with the formation of several non-
traceable degradation products. Therefore, a 1 : 4 ratio of
catalyst load (Ta/Nb-2.5) to glucose can be considered
optimum. A similar trend of HMF production was observed on
varying the temperature (Fig. 5d and S10†). Lower temperatures
(<170 °C) were found to be ineffective, resulting in only a 44.9%
HMF yield but with 65.6% selectivity (Tables S9 and S10†).
Conversely, higher temperatures (180–190 °C) had an adverse
effect on the reaction (Tables S11 and S12†), reducing the yield
and selectivity proportionately (as low as 50.1% HMF) and
This journal is © The Royal Society of Chemistry 2024
promoting the formation of maximum byproducts (13.3% LA
and 8.5% FA). At 170 °C, maximum HMF productivity was
achieved (Fig. 5d). However, under all elevated conditions, the
residual fructose concentration remained at an average of
8.3%. This indicates the prociency of the catalyst to continu-
ously supply fructose even beyond the upper limit of equilib-
rium, i.e., >80%, assuming complete conversion of fructose
into HMF is achieved, regardless of the reaction severity. This
considerable residual fructose recovery can be interpreted as
its preference for equilibrium with glucose in a water-
supplemented medium.47 The results of glucose isomerization
to fructose over Ta/Nb-2.5 at 120 °C (which is favorable for the
reaction) establish the thermodynamic equilibrium character-
istics by yielding 10.1% fructose in water (Fig. S11†) and 17.7%
in binary solvent media (Fig. S12†). In a typical reaction, DMSO
is helpful; it is attributed to its acidic characteristics under
elevated conditions.13,49 Due to this, a 14% HMF accounts for it
in an overall product synthesis. Thus, the results substantiate
the signicance of the combination of Lewis and Brønsted
acidic sites. The results of calcined Ta/Nb-2.5 disclosed the
effect of catalyst porosity, affording only 69.9% HMF, which is
relatively 11% lower than the productivity of Ta/Nb-2.5 without
calcination (Fig. 5a). From these, the acidic strength, along with
the structural characteristics, is crucial for effective sugar
catalysis.
Sustainable Energy Fuels, 2024, 8, 2219–2234 | 2227
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Impact of Lewis/Brønsted acidic sites on fructose dehydration
to HMF

In a typical reaction, fructose's role is signicant because it
serves as a potential precursor for HMF production. From the
results of glucose conversion to HMF, the ability of the catalyst
to offer favorable Lewis acid sites can somewhat conrm its role
in promoting the initial sugar conversion. However, since these
sites are not effective in fructose dehydration, it is presumed
that the prevalent Brønsted acid sites govern the secondary
transformation.17 But the latter can inuence tandem catalysis
of fructose to glucose (via a reverse reaction due to an isomer)
and HMF (via forward dehydration). Therefore, we investigated
the potential of Ta/Nb-2.5 in fructose dehydration. For this
purpose, we considered all the as-synthesized catalysts,
including pristine and mixed metal oxides with and without
calcination. Since water has been reported as unsuitable for
a dehydration reaction,49 the catalysts were only able to form
HMF to a limited extent (46%) under similar operating condi-
tions (Fig. S13†). Among all the catalysts tested, Ta/Nb-2.5
exhibited superior performance (TON = 0.0201 s−1) (Table
S14†), attributed to its higher Brønsted acid characteristics (as
high as 75.8%). However, it allowed for nearly 5–7% glucose
formation via a tandem reaction in a water medium (Fig. S14
and Table S15†), with nominal co-formations (<1% LA and FA
yields). In contrast, in a binary solvent medium (1 : 4 vol. ratio of
W/DMSO), all catalysts showed an excellent HMF productivity,
Fig. 6 (a) Effectiveness of the catalyst in fructose decomposition to HM
170 °C and 25% wt catalyst load after 3 h; (b) time optimization of fructos
and 25%wt catalyst load; (c) effect of catalyst load on fructose at 170 °C u
a 1 : 4 vol. ratio W/DMSOmedium at 25% wt catalyst load after 3 h. Y-yiel
represents the standard error. The asterisk marks (* and **) denote the m
a = 0.05.

2228 | Sustainable Energy Fuels, 2024, 8, 2219–2234
achieving a maximum HMF concentration of 92.3% and selec-
tivity of 92.3% (Fig. 6a), with the Ta/Nb-2.5 catalyst ranking rst
with a TON of 0.0451 s−1 (Table S16†). Using a procient cata-
lyst, we conducted time and catalyst loading optimization
studies, determining that a 3 h reaction was found to be
optimum at a 25% load (Fig. 6b–c, Tables S17 and S18†).
Similarly, increasing the temperature from 160 °C to 170 °C
signicantly impacted the conversion, providing 92.3% HMF
yield and selectivity (Tables S17 & S19†). However, higher
temperatures (>170 °C) were detrimental (Fig. 6d), leading to
side formations and a higher LA yield (as high as 23.6%)
through the degradation of HMF (resulting in a decrease to
63.5%) (Fig. S15, Tables S20 and S21†), because HMF is
unstable under high-temperature conditions in an acidic
medium.50 This supports the assumption that Brønsted acidic
sites have a higher contribution to the synthesis of HMF.

Plausible reaction mechanism of Ta2O5/Nb2O5 induced
glucose conversion to HMF

From the sugar(s) dehydration results, the activity of both Lewis
and Brønsted acid sites offered by the Ta2O5/Nb2O5 composite
is signicant in the stepwise conversion of glucose into HMF.
Therefore, a plausible reaction mechanism can be proposed by
assuming glucose isomerization to fructose over Lewis acid
sites and fructose dehydration to HMF over Brønsted acid
sites.17,47 Notably, both metal oxides can offer both acidic sites;
F in an aqueous-organic solvent medium (1 : 4 vol. ratio W/DMSO) at
e decomposition to HMF in a 1 : 4 vol. ratio W/DMSOmedium at 170 °C
p to 3 h; (d) effect of temperature on fructose decomposition to HMF in
d, S-selectivity and conv-conversion. N. D.-not detected. The error bar
ean data significance and non-significance through ANOVA analysis at

This journal is © The Royal Society of Chemistry 2024
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therefore, it is assumed that both of them are involved in the
reaction, as proposed in Scheme 1. Thus, either or both Ta and
Nb metal species can initiate the reaction through interaction
with the oxygens of the carbonyl and C2 hydroxyl groups of
acyclic glucose, yielding complex 1, which can undergo depro-
tonation at the C2 hydroxyl group. This can trigger a 1,2-hydride
shi through the formation of a complex HT, where Lewis
acidity can play a vital role in transferring hydrogen from C2 to
Scheme 1 Proposed reaction mechanism of glucose to HMF via fructo
Lewis and Brønsted acid sites in a DMSO medium.

This journal is © The Royal Society of Chemistry 2024
C1, resulting in the formation of a carbonyl ketone at the C2
position (complex 2). The resulting compound can be easily
hydrolyzed by the surrounding water molecules, yielding fruc-
tose and releasing the catalyst into the medium. Under the
prevailing conditions, fructose tends to undergo reverse isom-
erization to yield glucose. This can be controlled by the active
Brønsted acidic sites, which immediately consume the fructose
to form HMF. Therefore, only a minor amount of glucose is
se formation over the Ta2O5/Nb2O5 nanocomposite exhibiting both

Sustainable Energy Fuels, 2024, 8, 2219–2234 | 2229
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Scheme 2 Kinetic scheme of glucose conversion to HMF via fructose
intermediate formation.
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formed, consistent with the glucose/fructose hydration results
(Fig. S10 & S15†). According to the analytical characterization,
Nb2O5 offers a relatively higher number of Brønsted acid sites
(Table 1), resulting in Ta/Nb-2.5 exhibiting the maximum
number of strong acid sites. Thus, its contribution can be
considered comparatively higher in the subsequent conversion
of fructose. If so, the dehydration reaction can be initiated
through the interaction of the C1 hydrogen with the oxygen of
Nb2O5 (Scheme 1). With the inuence of the catalytic sites, the
oxygen of the C2 hydroxyl group can also interact with the Nb
species, causing the release of a water molecule via dehydration
(rst dehydration), resulting in compound 1. This can be
transformed into complex II, which can then undergo a second
dehydration to form compound 2 by removing hydrogen from
the hydroxyl groups linked to the C1 and C2 carbons.

Eventually, this can lead to the formation of complex III,
which can undergo the elimination of another water molecule
(third dehydration) between the C4 and C5 carbons via a similar
interaction mechanism between the complex molecule and the
catalyst. This results in the formation of HMF and an apo
catalyst, which can be active for recycling.

Kinetic mechanism and energetics of glucose/fructose
conversion to HMF

Thus, the results validated the sequential transformation of
glucose into HMF via fructose intermediate formation under
acidic conditions. In order to gain insights into the reaction
competitiveness, which leads to signicant residual fructose,
a typical kinetic model was used. For this purpose, we employed
the kinetic model developed by Zhang et al.,21 which includes
the rate kinetics of glucose and fructose decompositions. To
simplify the determination of rate constants, we mainly
neglected the formation of soluble/insoluble humin, LA and FA,
and polymeric byproducts. Additionally, we assumed that the
reversibility of fructose to glucose is negligible. Furthermore, we
assumed that glucose dehydration follows second-order rate
kinetics, while fructose dehydration to HMF and humin follows
a rst-order rate law. According to Scheme 2, the differential
form of the rate equations for the degradation reactions of the
reactant and product can be derived as:

d½Glu�
dt

¼ �kG½Glu�2 (1)

d½Fru�
dt

¼ kG½Glu�2 � ðk1 þ k2Þ½Fru� (2)

d½HMF�
dt

¼ k1½Fru� (3)

Based on the low fructose residual concentration, a steady-
state approximation can be applied to simplify the model.
Therefore, eqn (2) can be reduced and rearranged to obtain
a nal form of eqn (3) represented as eqn (4):

d½HMF�
dt

¼ k1kG

k1 þ k2

� ½Glu�0
1þ kG½Glu�0t

�2

(4)
2230 | Sustainable Energy Fuels, 2024, 8, 2219–2234
Fig. 7a displays a linear t of glucose degradation (1/[Glu]t −
1/[Glu]0) with respect to time, affirming its second-order
degradation with a kG of 2.4 × 10−2 L mol−1 s−1 at the
optimum temperature, consistent with the assumption. More-
over, an increasing magnitude of the rate constant from 1.0 ×

10−2 to 4.3 × 10−2 L mol−1 s−1 with respect to temperature
(160–190 °C) affirms that temperature accelerates the degrada-
tion (Fig. S16†), leading to the formation of fructose, which can
be instantly transformed into HMF over the Brønsted acidic
sites. For clarity, the formation of FA and humin using glucose
was not considered. On determining the rate kinetics of fruc-
tose degradation, it exhibited a rst-order degradation by
establishing a linear trend between ln[Fru]t/[Fru]0 and time,
with a kF of 1.3 × 10−3 s−1 under optimum conditions (Fig.-
S17a†). Fig. S17a† also shows the impact of temperature with
a variation of kF = 9.6 × 10−4–1.5 × 10−3 s−1 for the 160–190 °C
range (a correlation plot can be seen in Fig. S18†). With these
two different orders of reactions, it may be difficult to ascertain
the reaction competitiveness. Evidently, the temperature had
a signicant impact on the overall kinetics, enabling up to 100
times faster sugar decomposition. Due to the reactive charac-
teristics of fructose, it can undergo a two-way degradation under
stringent conditions: one leads to yielding an ultimate HMF
(reaction (1)) and another to forming an unwanted humin
byproduct (reaction (2)). The linear fashion of these reaction
kinetics with respect to time conrms their rst-order product
formation. At the optimum temperature, kHMF was determined
to be 8.7 × 10−4 s−1 (Fig. S17b†) and kHum to be 4.7 × 10−5 s−1

(Fig. S19†); this clearly indicates the preferential fructose
decomposition to HMF via dehydration rather compared to the
other. At the same time, HMF can undergo unwanted degra-
dations at elevated temperatures, including cross-
polymerization between HMF and the intermediates, and
humin. Due to this, a slower rate of formation was observed at
190 °C (relatively∼20% slower than the optimum rate). This can
be seen reected in faster humin formation, i.e., relatively 18%
at 190 °C (Fig. S19†). Furthermore, we determined the
temperature-dependent characteristics of the reaction steps by
applying the principles of the Arrhenius theory (eqn (S5)†).51

The plots of ln kG and ln kF vs. temperature established a linear
correlation (Fig. 7b and S17c†), suggesting the temperature-
dependent kinetics of glucose and fructose, with activation
energies Ea of 79.7 kJ mol−1 and 23.5 kJ mol−1, respectively. This
discloses that glucose decomposition is highly energy-intensive,
requiring three times more energy to overcome the energy
barrier developed by the in situ conversions, specically glucose
to fructose isomerization, which is consistent with the litera-
ture.52,53 Reactions (1) & (2) determined the Ea to be
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Second-order kinetics of glucose decomposition over the Ta/Nb-2.5 catalyst in 1 : 4 vol. ratio W/DMSO under different temperature
conditions (160–190 °C) at 25%wt catalyst load up to 5 h; (b) Arrhenius plot of rate kinetics of glucose decomposition over the Ta/Nb-2.5 catalyst
in 1 : 4 vol. ratio W/DMSO under different temperature conditions (160–190 °C); (c) correlation plot of experimental vs. predicted values of
glucose degradation over the Ta/Nb-2.5 catalyst in 1 : 4 vol. ratio W/DMSO at 170 °C; (d) Eyring plot of rate kinetics of glucose decomposition
over the Ta/Nb-2.5 catalyst in 1 : 4 vol. ratio W/DMSO under different temperature conditions (160–190 °C).
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12.2 kJ mol−1 and 16.9 kJ mol−1, respectively (Fig. S17c†),
revealing fructose's reactivity attributes. Moreover, the model
had a fair prediction of the decaying glucose concentration and
HMF formation, as shown in Fig. 7c and S20,† respectively.

Additionally, we calculated the thermodynamic parameters
to determine the feasibility of the reaction by employing the
transition state Eyring theory (eqn (5)).54

ln

�
k

T

�
¼ ln

�
kB

h

�
þ DSs

R
� DHs

RT
(5)

where k is the rate constant (s−1); T is the temperature (K); DH# is
the activation enthalpy; DS# is the activation entropy; kB is the
Boltzmann constant (1.381 × 10−23 J K−1); h is Planck's constant
(6.626 × 10−34 J s−1) and R is the universal gas constant (9.314 J
mol−1 K−1). The DH# values for the glucose and fructose
conversions were estimated to be 75.9 kJ mol−1 (Fig. 6d) and
19.8 kJ mol−1 (Fig. S17d†), respectively. The positive values
indicate the endothermic nature of the reactions, meaning that
external energy is necessary to induce substrate–catalyst
complexation. However, the fructose conversion has an esti-
mated 3.5 times lower enthalpy of activation, suggesting that less
energy is needed to activate the fructose–catalyst complex
formation. The higher energy input required for the conversion
of glucose into HMF can be attributed to the formation of
a transition state from a relatively stable 6-membered ring of
This journal is © The Royal Society of Chemistry 2024
glucose. The typical DS# values determine the randomness of
a reaction, with higher positive values dened as highly disor-
dered (or a spontaneous reaction). Unfortunately, both glucose
and fructose conversions have estimated negative values of
−109.0 J mol−1 K−1 and −259.6 J mol−1 K−1, respectively. This
decrease in entropy during these transformations is likely caused
by the interference of a number of unwanted molecules
(including humin) in the formation of the transition state
molecules.54 Of these, fructose decomposition was established to
be a highly disordered system due to its enhanced degradation to
levulinic acid, formic acid, etc. Similarly, reactions (1) & (2) have
estimated slightly higher DS# values of −288.7 J mol−1 K−1 and
−300.9 J mol−1 K−1, respectively (Fig. S17d†), representing
energy-intensive conversions, which is approximately 3 times
higher than that of glucose decomposition under the prevailing
conditions. Using these data, the reaction activation free energy
(DG°) can be calculated for the glucose and fructose decompo-
sitions (using eqn (S6)†).54 The former conversion has an esti-
mated DG° of 124.2 kJ mol−1, while that of the latter is calculated
to be 132.5 kJ mol−1, establishing a comparable energy involve-
ment. These positive values suggest the non-spontaneous char-
acteristics of the reactions, which is consistent with literature
reports.51,54 Thus, the results suggest that the conversion of
glucose into HMF is energetically less viable compared to fruc-
tose transformation, resulting in only 90.9% glucose conversion
Sustainable Energy Fuels, 2024, 8, 2219–2234 | 2231
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under optimum conditions. However, elevated temperatures can
inuence side reactions involving fructose as an intermediate.
Although fructose conversion is demonstrated to be an easier
step, achieving 100% conversion within 60 min, signicant
residual fructose recovery can be interpreted as its equilibrium
characteristics with glucose.47
Recycling efficiency of the catalyst

The recycling efficiency of the Ta/Nb-2.5 catalyst was evaluated
under optimum conditions using glucose/fructose. The results
conrmed its robustness by achieving a similar HMF produc-
tivity for up to 5 reuses (Fig. S21–S22 and Table S22†), with
a hardly 1–4% difference. While verifying the structural charac-
teristics of the recycled catalyst aer six runs (including the fresh
run) via FTIR and XRD analyses, it can be observed that it retains
the original conguration (Fig. S23a and b†). Furthermore, the
EDX results reveal the catalyst's composition to be 16.6% Nb,
29.2% Ta, and 54.2% O (Fig. S24†), closely matching the results
of the fresh ones. However, a decrease in HMF selectivity is likely
caused by the effect of impurities deposited on the catalyst's
surface.55 The textural and surface measurements determined
the characteristics, with a total pore volume of 0.1168 cm3 g−1, an
average pore radius of 1.39 nm, and a surface area of 181.448 m2

g−1. This observed reduction in pore radius (approximately 3%),
resulting in an increased surface area (approximately 26% more
than that of fresh Ta/Nb-2.5), can be correlated with pore
blockage caused by humin deposition. However, nearly the same
number of acidic sites, approximately 0.635 mmol g−1, was
measured through a TPD method (Fig. S25†). The carbon
balance, calculated by including unconverted glucose, formed
fructose, HMF, formic acid, and levulinic acid, showed a value of
98.62% under optimum conditions. When comparing the results
with the literature employing metal oxide catalysts, the Ta2O5/
Nb2O5 composite achieved a nearly 20% to 3-fold higher HMF
productivity (as shown in Table S23†).
Conclusions

Herein, we demonstrate the design and development of a solid
acid catalyst that offers both Lewis and Brønsted acid sites for
its application in effectively converting glucose into HMF. The
Ta2O5/Nb2O5 composite, comprising 25% Nb2O5, is able to
provide a balanced Lewis/Brønsted acid site distribution,
resulting in a stepwise conversion of glucose isomerization to
fructose and fructose dehydration to HMF. This results in
a maximum HMF yield of 78.6% and a selectivity of 86.5%
under modest reaction conditions. Furthermore, the composite
catalyst exhibits robustness for recycling for up to 5 runs
without any compromise in HMF productivity and structural
features. Thus, the metal oxide-based catalytic setup represents
an eco-friendly and sustainable method for bioenergy
development.
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