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Facile synthesis of SrNb,Og nanorods for
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Catalytic dehydration of fructose to 5-hydroxymethylfurfural (HMF) is a key reaction in biomass valorization
and sustainable chemistry. The development of solid acid catalysts with high selectivity for HMF remains
challenging due to the formation of undesired by-products, such as levulinic acid and formic acid in the
reaction. In this study, SrNb,Og catalysts with various morphologies were prepared by a facile one-step
hydrothermal method, triggering synergetic catalysis for selective transformation of fructose to HMF.
Among the Nb-based mixed oxides synthesized under varying conditions, including different pH
environments and Nb concentrations, SrNb,Og nanorods (denoted as SNO-NR, with pH = 13 and Sr/Nb
ratio of 1:2) demonstrated the highest catalytic performance. Specifically, it achieved a 74.9% HMF yield
and a selectivity of 78.5% in DMSO at 120 °C for 1 hour. Comprehensive characterization analyses
collectively indicated that an optimal acid capacity and a balanced Brensted/Lewis acid ratio, which
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DOI: 10.1039/d5¢y00613a facilitate synergistic effects, are critical for achieving a highly selective conversion of fructose to HMF.

Furthermore, it is also noteworthy that this SNO-NR catalyst was recyclable and stable for up to six runs
rsc.li/catalysis with a minor reduction in its activity, confirming its remarkable robustness.

applications.”’® HMF has been considered as the bridge
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1. Introduction

Increasing environmental concerns, including global warming
and resource depletion resulting from the fossil fuel crisis,
alongside the growing demand for sustainable development
and the pursuit of low-carbon pathways, underscore the
urgent need to expand the use of alternative and renewable
energy sources.' Lignocellulose biomass, which is widely
available and sustainable, can be expected to be a potential
substitute for fossil fuels and industrial feedstock.® One of
the key platform compounds that can be obtained from the
conversion of biomass is 5-hydroxymethylfurfural (HMF)
which offers a wide range of applications in petrochemical
industries.>® For instance, the oxidation of this furan-based
chemical can produce 2,5-furandicarboxylic acid,” a polymer
monomer for the production of packaging materials and
bottle applications. Hydrogenolysis of HMF produces
2,5-dimethylfuran,® which is deemed as a potential biofuel
with comparable energy density to conventional fossil fuels.
Additionally, HMF could also be transformed into ethyl
levulinate and liquid alkanes for various industrial
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between biomass-derived carbohydrates and the petroleum
industry. Therefore, developing efficient synthetic methods
for the production of HMF from carbohydrates has garnered
growing interest.

Generally, HMF can be obtained through the conversion
of mono-, di-, and polysaccharides under acidic
conditions.”'* Among these available precursors, fructose is
frequently selected for HMF synthesis owing to its preferred
cyclic furanose form.™®'* It is commonly employed as a
model substrate in HMF production studies due to its high
reactivity and well-understood conversion pathway, which
facilitates the evaluation of new catalytic systems. This
approach allows for detailed mechanistic analysis and
benchmarking of catalyst performance. The main challenge
in this reaction is the presence of side reactions leading to
by-product formation and/or condensation of HMF to
humins.” In this regard, the design of an efficient catalyst
with enhanced selectivity to HMF is of great importance. A
variety of homogeneous catalysts have been utilized for the
dehydration of fructose to HMF, including mineral acids,
organic acids, and ionic liquids.'®*® However, these catalysts
present several problems, such as equipment corrosion,
difficulties in product separation, high costs, catalyst recovery
issues, and lower product selectivity."® In contrast, solid acid
catalysts are gaining increasing attention as valuable

This journal is © The Royal Society of Chemistry 2025
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functional materials due to their enhanced acidity,
environmentally friendly characteristics, and advantages such
as easier separation, reduced corrosiveness, and improved
safety. These attributes make them more desirable in the
chemical industry compared to homogeneous acid
catalysts.>* > Particularly, niobium oxide (Nb,Os;) has
emerged as a promising solid acid catalyst, demonstrating
high acid strength and stable catalytic activity, and has been

extensively applied in various reactions, including
esterification, isomerization, hydrolysis, and
dehydration.”*** Especially for the dehydration reaction, for

example, Yang et al. reported the use of Nb,Os5-nH,O for this
reaction in a water/2-butanol biphasic system at 160 °C for
50 min and obtained 89% HMF yield.>® Complete conversion
of fructose to HMF with an 86% yield was achieved using a
home-synthesized Nb,O; catalyst in DMSO at 400 °C by Wang
et al.'® However, it has been noticed that the use of bare
Nb,Os has several drawbacks such as poor reusability and
extreme experimental conditions, which limits its potential
application. Meanwhile the strategy of preparing mixed metal
oxide catalysts appears to yield encouraging outcomes by
improving acidic strength and enhancing the stability of
these materials compared to pure Nb,Os for various organic
reactions.”””?° For instance, a bifunctional Ta,05/Nb,Os
nanocomposite providing both Lewis (24%) and Brensted
acid (76%) sites was employed in the systematic conversion
of glucose into HMF, achieving 78.6% HMF and 86.5%
selectivity after 3 h at 170 °C.*° The highest selectivity to
HMF was reported as ca. 80% by Garcia-Lopez et al. in the
presence of 0.5 g L' Nb,O5-TiO, or Nb,0;-CeO, with a
maximum fructose conversion of 70%.*!

Among the various Nb-based mixed metal oxide catalysts,
strontium niobate (SrNb,Og) is recognized for its advantageous
physicochemical properties, suggesting its potential as an
effective catalyst for the dehydration of fructose to
5-hydroxymethylfurfural (HMF). Its inherent acidic nature
facilitates proton transfer reactions during the conversion
process, while its distortable octahedral structure induces
variations in the coordination environment of the active sites,
enhancing selectivity. Additionally, its thermal stability ensures
sustained catalytic activity at elevated temperatures, improving
reusability.’>** Recently, SrNb,O, nanostructures have been
studied in photocatalytic organic dye degradation and H,
production.**** Ag-loaded SrNb,O, and Sr,Nb,O, were also
investigated for the photocatalytic reduction of CO, in H,O
where SrNb,O¢ nanorods exhibited higher photocatalytic
activity and selectivity toward CO evolution with amounts of
CO (51.2 umol h™) and H, (1.1 umol h™) as the reduction
products.®> However, to the best of our knowledge, there are
limited reports specifically exploring SrNb,Os as a
heterogeneous catalyst for fructose dehydration to HMF despite
its potential. In addition, fabrication of the SrNb,Os materials
has been mostly restricted to conventional solid-state reactions,
which typically require extensive mechanical mixing and high-
temperature processing. This can result in significant particle
agglomeration and a reduced surface area.”” Meanwhile the
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hydrothermal synthesis, defined as a “bottom-up” soft
chemical method, is expected to prepare StNb,Og catalysts due
to its mild synthesis temperature, chemical homogeneity, high
purity, and controlled size and morphology in comparison with
the solid-state reaction, sol-gel method and other techniques.*®
Furthermore, it is recognized that monoclinic SrNb,O4 in
crystalline structure was formed wvia a dissolution-
crystallization mechanism. The amorphous Nb,Os-nH,O can
dissolve in an alkaline environment and produce NbgO16° or
NbOs”~ depending on the pH under hydrothermal
conditions.”” The pronounced pH dependence may provide
insights into the role of Nb species in solution, influencing the
morphology of the resulting product. The adjustment in the
pH of the suspension to a higher value (pH = 13) was identified
as crucial for achieving a morphology with desirable properties,
regardless of the counter anion of Sr** or the reagent employed
for pH adjustment.**

To this end, this study fabricated SrNb,Os nanocrystalline
catalysts under varied preparation conditions as depicted in
Fig. 1 for efficient dehydration of fructose to HMF. Reaction
parameters such as reaction temperature, catalyst dosage, and
reaction time are optimized to improve the catalytic
performance. Moreover, this work also investigates the
reusability of the catalyst as well as the intrinsic mechanism/
reaction pathway. The corresponding outcomes provide valuable
insights into the development of Nb-based metal oxide catalysts
for HMF production in the field of biomass conversion.

2. Materials and methods
2.1. Chemicals

All chemicals were acquired from commercial sources and
used without further purification. Strontium nitrate
(Sr(NO3),, 99%, Thermo Scientific), strontium acetate
(Sr(Ac),, 99%, Aladdin), strontium hydroxide (Sr(OH),, 95%,
J&K), niobium oxide (Nb,Os, 99.9%, Aladdin), ammonium
hydroxide (NH3;-H,O, 28.0-30.0%, Aladdin), nitric acid
(HNO3;, 69%, VWR Chemicals), and sodium hydroxide
(NaOH, 96%, Aladdin) were used for the synthesis of STNb,Og
materials. Fructose (Bioreagent) and levulinic acid (LA, 98%)
were obtained from Sigma Aldrich. Glucose (Bioreagent) and
HMF (99%) were supplied by Shanghai Aladdin Biochemical
Technology Co. Ltd. For the solvents use, both DMSO
(dimethyl sulfoxide, >=99.9%) and DMSO-ds (99.9% atom D)
were also purchased from Shanghai Aladdin Biochemical
Technology Co. Ltd.

2.2. Methods

2.2.1. Catalyst synthesis. In a typical procedure, for STNb,Og
nanoparticles®® (denoted as SNO-NP), 2 mmol of Sr(NO;), and
1 mmol of Nb,Os precursor (Sr/Nb = 1:1) were added into 50
mL of distilled water under magnetic stirring. The pH of the
suspension was adjusted to 8 by the addition of NH;-OH. Then
the mixtures were sealed in a Teflon-lined stainless-steel
autoclave and heated at 220 °C for 24 h. After cooling to room
temperature, the obtained white product was washed with
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Fig. 1

distilled water and 1 M HNO; (used when the added alkaline
was NH;-OH) several times respectively and finally dried at
60 °C for 5 h. The synthesis process of SrNb,Os nanobelts
(denoted as SNO-NB) was similar to that of SNO-NP except
that Sr(Ac), was used as the precursor and the pH was
adjusted to 10 by the addition of NH3;OH or NaOH.****
Likewise, the preparation of SrNb,Os aggregated nanobelts
(denoted as SNO-ANB) was also similar to that of SNO-NP
except that Sr(OH), was used as the precursor and the pH
was adjusted to 13 by the addition of NaOH.** In addition,
SrNb,Os nanorods (denoted as SNO-NR) were prepared with
identical synthesis to that of the SNO-ANB (Sr/Nb = 1:1)
apart from the mole ratio of Sr(OH), to Nb,Os = 1:1 (St/Nb
=1:2)*

2.2.2. Catalyst characterization. The crystalline properties
of all the catalysts were examined with powder X-ray
diffraction (XRD, Rigaku Smartlab) with Cu Ko radiation (1 =
0.154 nm) as the incident beam, and all data were analyzed
by MDI Jade 6.5 software. Fourier transform infrared spectra
(FT-IR, PerkinElmer SPECTRUM 100) were used to reveal the
surface functional groups existing in the catalysts in the
scanning range of ~500-4000 cm™*. The Brunauer-Emmett-
Teller (BET) surface area and other pore characteristics of the
catalysts were measured using a N, adsorption-desorption
analyzer (Micromeritics ASAP 2460) after degassing under N,
purging at 120 °C for 12 h. The surface morphologies of these
nanomaterials were characterized by field emission scanning
electron microscopy (FESEM, Zeiss Sigma 500). The structural
morphologies and interplanar spacing of the nanomaterials
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Schematic illustration for the synthetic process of various SrNb,Og nanocatalysts.

were analyzed by using a transmission electron microscope
coupled with an energy dispersive X-ray spectroscope (TEM-
EDX, FEI Tecnai G2 F20 S-TWIN) operating at 200 kV. X-ray
photoelectron spectroscopy (XPS, Thermo K-Alphat+) was
performed to detect the chemical states of the surface
elements using a VG Escalab 250 EPS instrument equipped
with a high-intensity monochromated Al Ko source focused
to a spot 400 um in diameter on the sample and all data were
analyzed by Avantage software. To characterize the stability of
acid sites on the samples at elevated temperatures, Fourier
transformed infrared (FT-IR) spectra of adsorbed pyridine
(Py-FTIR, Bruker Tensor 27) were obtained stepwise by
desorbing the adsorbed pyridine at different temperatures.
Details of its procedures and the calculation method for acid
amounts are shown in Text S1.

2.2.3. Catalytic dehydration experiments. In a
representative dehydration reaction, a 4 wt% fructose
solution (5 mL DMSO) was added into a 25 mL three-necked
round bottom flask containing 0.05 g catalyst. Constant
temperature heating magnetic stirrers (MS-H380-Pro, DLAB)
filled with silicone oil were used to conduct the conversion of
fructose into HMF at predetermined conditions of 110 °C for
1 h. After reaction, the obtained mixtures were centrifuged at
5000 rpm for 3 min. Then the supernatants were filtered
through a 0.22 um pore-size membrane filter prior to high-
performance liquid chromatography (HPLC, Agilent,
Germany) analysis for further quantification. Control
experiments without catalysts were also conducted while all
other conditions were kept consistent. The effects of reaction

This journal is © The Royal Society of Chemistry 2025
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temperature, catalyst dosage, and reaction time on the
dehydration efficiency of fructose into HMF over SNO were
also investigated. As for reusability tests of SNO catalysts,
they were usually recycled by centrifugation after reaction,
then washed twice with ethanol, and oven-dried at 60 °C for
future reuse. The recyclability of the reactivated catalysts was
evaluated with consecutive reaction runs under the same
reaction conditions.

2.2.4. Product analysis. In order to determine the degree
of fructose conversion and HMF yield, all obtained
products were analyzed using an HPLC equipped with a
Bio-Rad Aminex HPX-87H column (300 x 7.8 mm)
maintained at 60 °C with a 0.6 mL min™" flow rate of 5
mM H,SO, as the mobile phase. Fructose conversion (eqn (1)),
HMF yield (eqn (2)), and HMF selectivity (eqn (3)) were
calculated as follows.

B final mole of fructose 100
initial mole of fructose

Fructose conversion, C = (1
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Gas chromatography-mass spectrometry (GC-MS, Agilent-7890A
for the GC system and Agilent-5975C for the MS system with a
Triple-Axis Detector) was employed to identify the types of by-
products. Liquid phase "H nuclear magnetic resonance (NMR)
spectra were obtained with a Bruker Ascend-400 spectrometer
(400 MHz), investigating the pathway of fructose conversion to
HMF over the target catalyst. Details of its procedures can be
found in Text S2.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. Structural studies and morphological
characterization. The illustration for the
fabrication of SrNb,Os nanomaterials (denoted as SNO) with
different morphologies is shown in Fig. 1 where a facile
hydrothermal method was applied. According to the diverse
morphologies obtained based on different strontium

precursors and pH conditions, the as-prepared catalysts were

schematic

(1)  labeled as SNO-NP (SrNb,O, nanoparticles), SNO-NB (SrNb,-
O, nanobelts), SNO-ANB (SrNb,Og4 aggregated nanobelts), and
HMF yield, Y = I'Jr(?c'luced mole of HMF (2) SNO-NR (SrNb,O¢ nanorods), respectively. Fig. 2a shows the
initial mole of fructose XRD patterns of the as-prepared SNO catalysts under
different synthesis conditions. As observed in the figure, the
HMEF selectivity, S = produced mole of HMF 3) diffraction peaks in all the catalysts at approximately 22.6°,
converted mole of fructose 23.1°, 28.4°, 29.2°, 32.1°, 36.7°, 40.2°, 43.3°, 46.3°, 47.1°,
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Fig. 2
SNO-NP, (d) SNO-NB, (e) SNO-ANB, and (f) SNO-NR, respectively.
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(a) XRD patterns and (b) FT-IR profiles of all the SNO catalysts including the spent SNO-NR. The N, adsorption-desorption isotherms of (c)
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(020), (014), (204), (222), (024), (400), (033), and (413) lattice
planes of monoclinic SrNb,O¢ (JCPDS card, No. 72-2088).%”
The XRD result suggested the successful synthesis of highly
crystalline StNb,Os. Moreover, the crystallinity of the SNO-NR
catalysts after reuse remained largely unaffected, suggesting
its stability. It was revealed that variations in synthesis
conditions between SNO-NP, SNO-NB, SNO-ANB, and SNO-NR
could lead to different growth kinetics and crystallographic
orientations, presenting various crystal sizes along with
different prominent crystal faces but the bulk structure still
exhibited the crystal characteristics of SrNb,O¢. For example,
the peaks of SNO-NP were the sharpest whereas SNO-ANB
featured the broadest peaks, which could probably be
associated with their crystal sizes. Large crystal sizes lead to
sharp peaks while small crystal sizes result in peak
broadening. Additionally, certain planes may diffract more
strongly if the sample has a preferred orientation or texture,
resulting in  higher peak intensities for specific
reflections.**™*' This could possibly account for the most
prominent peak of SNO-NP at 23.1° instead of 29.2° which
was more applicable for other materials. Surface functional
groups of these SNO catalysts were further identified by FT-
IR spectroscopy as seen in Fig. 2b. The distinct bands at
~3435 em !, 1635 cm™!, 1380 cm™', and 835-606 cm ' are
assigned to the O-H, C=C, C-H, and Sr-O/Nb-O stretching
vibrations, respectively.>™** It could be observed that the
metal-oxide stretching vibrations of SNO-NP were more
prominent and intense than those of the other SNO catalysts.
This may be associated with its larger crystal size leading to
improved crystallinity and reduced scattering effects, which
was consistent with the XRD results. Moreover, in the profiles
of SNO-ANB and SNO-NR, the relatively more pronounced
peaks of O-H, C=C, and C-H vibrations might result from
different pH environments during the synthesis process. The
availability of hydroxide ions under more basic conditions
could promote the adsorption of water molecules and
carbon-containing species, facilitating the formation of
surface functional groups including O-H, C=C, and C-H
bonds on the catalyst surface. The presence of these carbon-
containing species could enhance the affinity for organic
substrates, facilitating their adsorption and subsequent
transformation during catalytic reactions. They may thus
potentially result in improved catalytic performance.
Nevertheless, the intensity of the C-H band noticeably
disappeared when the spent SNO-NR was subject to
subsequent recovery possibly owing to the decomposition of

Table 1 The textural properties of various SrNb,Og catalysts
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carbonaceous species at elevated reaction temperatures or
their elimination during washing procedures. It is also worth
mentioning that the fainter presence of O-H groups in SNO-
NR may be attributed to a higher Nb addition compared to
that in SNO-ANB, leading to a more Bregnsted acidic
environment facilitating the interaction with hydroxyl
groups.*>*® Their textural properties summarized in Table 1
characterized by N,  adsorption-desorption
measurements with their isotherms demonstrated in
Fig. 2c-f as well. As shown in the table, SNO-NP exhibited
the lowest surface area (8.42 m” g™') along with the smallest
pore diameter (7.20 nm) and pore volume (0.02 cm® g™)
when compared with the other SNO catalysts. This may be
attributed to the effects of faster precipitation kinetics and
agglomeration under mildly acidic conditions. Faster
crystallization under lower pH values may lead to larger
crystal sizes and reduced surface area due to the limited
nucleation and growth of smaller particles with higher
surface-to-volume ratios,*” which in turn affected the catalytic
performance. By contrast, SNO-NB, SNO-ANB, and SNO-NR
possessed higher surface areas, increased pore volumes, and
larger pore diameters ranging from 14.00-25.51 m’> g,
0.05-0.11 c¢cm® g ', and 13.73-18.50 nm, respectively. This
could be ascribed to improved dispersion, reduced
agglomeration, and enhanced porosity under a more basic
environment. Among them, SNO-ANB with a smaller ratio of
Nb addition compared to SNO-NR featured an extraordinarily
highest surface area of 25.51 m* g™, which may be primarily
associated with the growth rates of certain crystal facets or
phases leading to the formation of void spaces and
interparticle boundaries.*®*° This could account for its
propensity for potentially enhanced catalytic activity. Fig. 2c-f
and Fig. S1 display type IV isotherms for all the SNO catalysts,
indicating the existence of typical mesoporous structures in
them. In addition, the porosity properties of SNO-NR after
reuse remained almost unchanged and even slightly improved
from both Table 1 and Fig. S1, indicating the conspicuous
reusability of SNO-NR which was in accordance with the
aforementioned discussion. It could be concluded that the
crystallization behaviors during the synthesis process under
different pH conditions influenced not only the porosity
properties of these SrNb,Og catalysts, but also the crystal
growth orientations as well as morphologies.

The above conclusion could be further supported by the
FESEM and TEM images (Fig. 3), from which both surface
and structural morphologies of SNO catalysts were revealed.

were

Surface area (m”> g™")

3 1
Pore volume (cm” g ) Average pore

Entry Catalysts SpeT Total pore diameter (nm)
1 SNO-NP 8.42 0.02 7.20
2 SNO-NB 14.00 0.06 18.50
3 SNO-ANB 25.51 0.11 17.68
4 SNO-NR 14.63 0.05 13.73
5 Used SNO-NR 15.29 0.08 20.77
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100 nm

Fig. 3 FESEM images of (a) SNO-NP, (b) SNO-NB, (c) SNO-ANB, and (d) SNO-NR, respectively. (e-h) TEM images of these SNO nanomaterials
accordingly as well as their magnification. (i-i5) TEM mapping images of SNO-NR.

It can be seen from Fig. 3a-d that these SNO nanomaterials
exhibited diverse morphologies including nanoparticles,
nanobelts, and nanorods, different from the reported
morphologies by Xie et al.** such as plate-like shapes. It is
important to note that while our synthesis approach was
largely guided by established methods, the differences in
material sources and equipment resulted in unique catalysts
with distinct properties. This underscores the importance of
synthesis conditions in tailoring catalyst characteristics.
Specifically, SNO-NP (Fig. 3a) featured rod-like nanoparticles
which aggregated together. Fig. 3b (SNO-NB) shows bundled
and intersected nanobelts. Irregular aggregation consisting of
nanobelt composites in different sizes is found in Fig. 3c
(SNO-ANB) with smaller thicknesses and higher-degree
interpenetration. Comparatively, more regular and uniform
nanorod morphologies appeared in SNO-NR as seen from
Fig. 3d. These described morphologies were basically
consistent with the TEM micrographs (Fig. 3e-h), where
various clear lattice fringes were involved with an interlayer

Table 2 Summary of related parameters of various SrNb,Og catalysts

spacing of 0.50 nm, 0.39 nm, 0.28 nm, and 0.28 nm ascribed
to the (011), (200), (113), and (020) lattice plane of SrNb,Og,
respectively. Furthermore, TEM mapping results in Fig. 3i
manifested the uniform distribution of these elements on the
catalyst surface, indicating the successful synthesis of StNb,Og
nanostructure. Collectively, the related parameters of crystal
growth sizes corresponding to these four morphologies are
summarized in Table 2. As shown in the table, both the
length and diameter/width of SNO-NP and SNO-NR (300-
400 nm and 80-140 nm, respectively) appeared to be larger
than those of the other two SNO catalysts (100-179 nm
and 20-52 nm, respectively). The large crystal size of SNO-
NP along both two dimensions produced the lowest aspect
ratio of 2.14, possibly resulting from the effects of faster
crystallization and poor nucleation under a lower pH
environment. Meanwhile SNO-ANB and SNO-NR featured
the highest aspect ratio of 5.00 which may be attributed to
the promoted anisotropic growth and favorable elongation
along a particular crystallographic direction under a more

Catalysts Precursor Sr/Nb ratio pH Morphology Length (nm) Diameter/width (nm) Aspect ratio
SNO-NP Sr(NO;), + Nb,Os 1:1 8 Rod-like nanoparticles ~300 ~140 2.14
SNO-NB Sr(Ac), + Nb,Os 1:1 10 Nanobelts ~179 ~52 3.44
SNO-ANB Sr(OH), + Nb,O5 1:1 13 Aggregated nanobelts ~100 ~20 5.00
SNO-NR Sr(OH), + Nb,O5 1:2 13 Nanorods ~400 ~80 5.00

This journal is © The Royal Society of Chemistry 2025
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alkaline environment. This could aptly account for their
corresponding order in the surface area as shown in
Table 1, where SNO-NP exhibited the lowest surface area
due to its large crystal size and minimum aspect ratio.
Meanwhile the highest surface area was observed in SNO-
ANB resulting from its smallest crystal size as well as
highest aspect ratio. As for SNO-NR, the same high aspect
ratio compensated for the effects of the largest crystal size
along one dimension, leading to its halfway value in terms
of surface area. Likewise, a similar tendency could be
observed in the XRD peaks, where peak broadening existed
in the case of SNO-ANB due to its smallest crystal size,
whereas SNO-NP exhibited the sharpest peaks compared to
others resulting from its large crystallite size along both
two dimensions. These results were in good alignment with
the aforementioned discussion.

3.1.2. Acid properties and XPS analysis. Considering that
the type and quantity of acid sites on the catalyst surface could
play a pivotal role in the selective dehydration of fructose to
HMEF, FT-IR experiments on pyridine adsorption at 150 °C were
afterwards carried out to identify and quantify Brensted acid
and Lewis acid sites on the SNO catalysts. Fig. 4a shows
the Py-FTIR spectra of these catalysts. There are mainly
three distinguished pyridine FT-IR peaks within the range
of 1400-1600 cm™". Specifically, the characteristic adsorption
peaks at 1444 cm™" could be assigned to the Lewis acid sites
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(denoted as L). The peaks at 1490 cm ™ could be attributed to
the overlap of the Bronsted and Lewis acid sites (denoted as L +
B). Besides, the peaks at 1540 cm ™' could be ascribed to the
Bronsted acid sites (denoted as B).* It is well acknowledged that
B-acid sites facilitate the protonation of fructose, promoting its
dehydration to generate HMF. Meanwhile L-acid sites can not
only help in activating fructose through coordination but also
stabilizing the transition states or intermediates formed during
the reaction.”’ > The synergistic effect between L and B acid
sites could give rise to the remarkable catalytic efficiency of these
as-synthesized catalysts. It could also be observed from Fig. 4a
that the peak intensity of these acid sites in the spectra of SNO-
ANB and SNO-NR was more pronounced than that of SNO-NP
and SNO-NB. Fig. 4b further illustrates the comparison between
the amounts of these acid sites on the catalyst surface more
clearly and intuitively with their related acid parameters
summarized in Table 3 as well. As shown in the figure, SNO-NR
featured the highest amounts of L and B acid sites with 78.48
and 42.12 pumol g, respectively, while the lowest acid amounts
were found in SNO-NP with only 6.89 pmol g " of L acid and
0.61 pmol g™* of B acid. Similar to the trend observed in Fig. 4a,
the acid amounts in the latter two SNO catalysts were far higher
than the former two catalysts. This result could largely account
for enhanced catalytic performance of SNO-ANB and SNO-NR as
more active sites corresponding to their higher acid density
could be available for the reaction. After reaction, the total acid
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(a) Pyridine-desorption FT-IR spectra at 150 °C and (b) acid properties of all the SNO catalysts including the spent SNO-NR. XPS spectra of

the SNO-NR catalyst: (c) survey spectrum, (d) O 1s spectrum, (e) Sr 3d spectrum, and (f) Nb 3d spectrum, respectively.
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Table 3 The acid amounts of various SrNb,Og catalysts

Acid amount (umol g)

B/L
Entry Catalysts B acid L acid Total ratio
1 SNO-NP 0.61 6.89 7.50 0.09
2 SNO-NB 1.31 15.03 16.34 0.09
3 SNO-ANB 25.13 51.12 76.24 0.49
4 SNO-NR 42.12 78.48 120.60 0.54
5 Used SNO-NR 43.18 46.77 89.94 0.92

density of SNO-NR decreased from the original 120.60 umol g™
to 89.94 umol g~* with L acid declining to 46.77 umol g and B
acid almost unchanged. This may lead to decreased catalytic
activity and selectivity of SNO-NR after reuse. The slight decline
of acid density for the used SNO-NR also confirmed its
robustness which aligned with the discussion in section 3.1.1. In
terms of the B/L ratio, SNO-NP and SNO-NB exhibited the lowest
value (0.09), whereas the spent SNO-NR demonstrated the
highest (0.92). This indicated that an optimal ratio between L
and B acid sites is crucial. A high B/L ratio could enhance the
protonation and dehydration steps leading to higher HMF yield.
However, imbalances such as too high B/L ratio may result in
increased formation of wundesired byproducts and thus
decreased catalytic efficiency.”®>”

The XPS spectra displayed in Fig. 4c-f demonstrate the
chemical states and surface composition of the SNO-NR
catalyst. The XPS survey (Fig. 4c) shows the typical peaks of O
1s, Nb 3d, and Sr 3d. Besides, the atomic ratio of metallic
element Sr to Nb was close to 1:2, further proving the
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successful synthesis of StNb,Os. The O 1s spectra shown in
Fig. 4d were deconvoluted into three dominant peaks at
~529.9 eV, 531.6 €V, and 532.8 €V, attributed to lattice oxygen
in the metal-oxygen bond (Oy.), surface oxygen vacancies
(Oyac), and chemically adsorbed hydroxide species due to
moisture or contamination (Ogqs), respectively.”® In the Sr 3d
spectra (Fig. 4e), two dominant peaks centered at ~133.0 eV
and 134.7 eV were observed after deconvolution, which were
assigned to Sr 3d;/, and Sr 3ds,, respectively. They were both
associated with Sr** ions present in oxide compounds
containing Sr-O bonds.>>®® Moreover, the Nb 3d spectra
shown in Fig. 4f involve two splits of Nb 3d;, and Nb 3ds),,
where deconvoluted peaks centered at ~207.0 eV and 209.7
eV were both ascribed to the presence of Nb°" ions regarding
Nb-O bonds.®"*?

3.2. Catalyst activity evaluation

3.2.1. Catalyst screening. As depicted in Fig. 5a, the
fructose dehydration to HMF catalyzed by Nb,Os; was
conducted at 120 °C for 60 minutes. This was done to
facilitate a comparison with the catalytic efficiency of SrNb,-
Og catalysts, in which Sr species are incorporated into the
structure of Nb oxides. It can be observed in the figure that
an increase in reaction time led to a boost in fructose
conversion and HMF yield accordingly. Its catalytic
performance improved slowly during the first 30 minutes,
but sharply at 60 min with the maximum fructose
conversion and HMF yield reaching up to 89.0% and 68.5%,
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Fig. 5 Catalytic performance of various catalysts: (a) Nb,Os and (b) SNO catalysts with various morphologies. Effects of (c) reaction temperature,
(d) catalyst dosage, and (e) reaction time on the dehydration of fructose to HMF over SNO-NR. (f) Recycle tests over SNO-NR. Reaction conditions:
4 wt% fructose solution (5 mL DMSO), 120 °C, 60 min, 0.05 g catalyst except for (b) 110 °C, (c) 80-140 °C, (d) 0.00-0.20 g catalyst, (e) 10-120 min,

and (f) 30 min.
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respectively. Fig. 5b shows the comparison of catalytic
performance toward fructose dehydration into HMF using
SrNb,Og catalysts with different morphologies at a reaction
temperature of 110 °C for 30-60 min. Likewise, both
fructose conversion and HMF yield increased gradually as
the reaction time proceeded for all four SNO materials. The
difference between their catalytic performance was more
pronounced at 30 min, where the catalytic activity of SNO-
NR was revealed as the highest with 72.3% fructose
conversion and 54.7% HMF yield, while SNO-NP showed the
minimum values of 59.7% and 36.5% respectively. This
result may be primarily ascribed to more accessible active
sites on the catalyst surface of SNO-NR and higher B/L ratio
in the aforementioned discussion. A similar trend could be
observed in the context of 60 min where each SNO catalyst
exhibited approaching catalytic activity, yet the highest
fructose transformation and HMF yield were still obtained
by SNO-NR, reaching up to 92.6% and 67.3%, respectively.
SNO-ANB came second with a conversion of 91.4% and yield
of 66.0%. The distinct differences between the catalytic
performance of these four SNO catalysts may be associated
with various preparation conditions leading to differences
in their intrinsic physicochemical properties such as crystal
growth characteristics and acid properties as discussed in
section 3.1. Therefore, the optimum catalyst was selected as
SNO-NR for the subsequent investigation into the effects of
different factors on the catalytic performance to optimize
the reaction parameters.

3.2.2. Reaction parameter optimization. The effects of
reaction temperature, catalyst dosage, and reaction time on
the fructose dehydration to HMF over the SNO-NR catalyst
were further investigated within the range of 80-140 °C,
0.00-0.20 g, and 10-120 min, respectively. It can be observed
from Fig. 5c that fructose was consumed faster at higher
temperatures. Overall, an increase in reaction temperature
and time led to an increase of fructose conversion and HMF
yield accordingly. For instance, the conversion rate and HMF
yield increased progressively from 28.3% to 93.7% and from
12.9% to 71.5%, respectively, with temperature increasing
from 80 to 140 °C at the reaction time of 30 min. Likewise,
they increased gradually from 68.9% to 89.5% and from
51.6% to 65.5% at 100 °C as the reaction time proceeded.
These results indicated that sufficient reaction time and high
temperature facilitate the fructose catalytic conversion
process. It is important to note that these values appeared to
reach a plateau gradually and even decreased slightly at 140 °C
at 60 min. This implied that overreaction resulting from
higher temperatures and longer time under -certain
conditions would lead to the formation of undesirable by-
products. A similar phenomenon could also be observed in
the variation of HMF selectivity as reaction temperature
varied. It initially demonstrated a rapid increase from 80 °C
to 100 °C, followed by a plateau of slow rise and even slight
decline as the temperature further increased to 140 °C.
Therefore, the optimum HMF yield of 74.9% was obtained at
120 °C for 60 min with a high fructose conversion of 95.4%.
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Additionally, it is important to compare this result obtained
by SNO-NR with those by Nb,O5 as illustrated in Fig. 5a from
which the former catalyst exhibiting better catalytic
effectiveness and faster reaction kinetics than the latter could
be concluded. Further, the effect of catalyst dosage on
catalytic efficacy was examined under these optimal
conditions, as shown in Fig. 5d. For comparison, a fructose
solution without any catalyst was also subjected to the same
reaction conditions in order to validate the contribution of
other factors to the overall catalytic performance. It was
found that very limited HMF could be obtained from fructose
under these conditions. The effective catalytic performance
was observed as the catalyst dosage increased. Specifically,
the fructose conversion rate continually increased to 95.4%
and HMF yield increased to 74.9% with the addition of only
0.05 g catalyst. The highest HMF yield of 77.7% was achieved
at the catalyst dosage of 0.15 g although it was not a
significant improvement compared with the result of 0.05 g
catalyst and could hardly be further enhanced by the
continuous increase of catalyst dosage. A slight decrease in
HMF yield was observed even, which could be ascribed to
potentially excessive active sites resulting in undesired
reactions. Given that varying catalyst dosage demonstrated
approximate catalytic performance, the optimum catalyst
addition was still 0.05 g due to potential environmental
impact and cost efficiency. Additionally, Fig. 5e displays the
effect of reaction time on the fructose-to-HMF dehydration
reaction under these predetermined conditions. As observed
in this figure, an extended reaction time from 10 min up to
120 min contributed to the unceasing increase of fructose
conversion into HMF and final near-finished transformation.
The highest HMF yield of 76.1% was obtained at the reaction
time of 120 min which was close to that of 60 min. This
indicates that the reaction was essentially completed within
60 minutes. In summary, the optimum HMF yield of 74.9%
was obtained at 120 °C for 60 min with a high fructose
conversion of 95.4% when 0.05 g catalyst was added.

3.2.3. Catalyst stability and reusability tests. The stability
and reusability of the SNO-NR catalyst were further evaluated
in 4 wt% fructose solution (5 mL DMSO) with a catalyst
dosage of 50 mg at 120 °C for 30 min (Fig. 5f). Normal
recycling measure involves centrifugation after reaction,
washing twice with ethanol, and finally oven-drying at 60 °C
for the next run. As seen from the figure, a decrease in the
DFF yield from 68.4% achieved by the fresh SNO-NR to
54.6% by the reused one was observed under the same
reaction conditions. Then this value further declined to
48.0% in the 3rd run, followed by a plateau and even slight
resurgence till the 6th run of 52.5%. The initial activity loss
may be mainly due to decreased acid capacity and
imbalanced B/L ratio, as supported by the Py-IR analysis in
section 3.1.2. Nevertheless, such negligible deactivation
confirmed the robustness of SNO-NR, proved by ICP results
where insignificant amounts of Sr (61-92 ppb) were detected
in the leachate. This conclusion was in good alignment with
diverse characterization analyses as discussed in section 3.1.
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3.2.4. By-product analysis. The types of by-products were
identified by combination of GC-MS and HPLC analytical
techniques as revealed in Fig. S2 and S3 correspondingly. It
was found in the figures that the dominant product was
HMF, and the concentration of other by-products was
excessively low. Specifically in Fig. S2, the most prominent
peak at 13.08 min represented HMF, whereas the faint peaks
at 7.16 min and 7.32 min, respectively, were mainly
attributed to  2,5-furandicarboxaldehyde and  furyl
hydroxymethyl ketone, respectively. The negligible peak at
6.66 min might be related to impurities. As for Fig. S3, the
most remarkable peak at 25.97 min was ascribed to the
solvent peak, and the second noteworthy signal at 28.71 min
revealed the presence of HMF. For the weak peaks eluted
before 20 min, ~8-9 min signified the existence of glucose
and fructose while the almost indistinguishable peak at
around 15 min was associated with levulinic acid (LA). These
results were obtained and determined by comparing them
with standard samples. Collectively, several by-products
involving glucose, levulinic acid, 2,5-furandicarboxaldehyde,
and furyl hydroxymethyl ketone were recognized by HPLC
and GC-MS analysis. They were generated through side
reactions by the isomerization of fructose, the rehydration of
HMF, the oxidation of HMF, and the condensation of HMF,
respectively. Their extremely low contents indicated that the
fructose dehydration reaction in DMSO over SNO-NR was
selective for HMF generation and could effectively avoid
these side reactions.

3.3. Plausible reaction mechanism

3.3.1. Pathway for HMF formation from fructose
dehydration in DMSO. The pathway for the formation of HMF
by dehydration of fructose was investigated by in situ "H NMR.
Fig. 6a shows the time progression of the NMR spectra for
fructose dehydration to HMF over SNO-NR in DMSO-dg at
120 °C. The peaks between 3.0 and 4.5 ppm were attributed
to fructose while the peak at 3.3 ppm was assigned to H,O
in DMSO-de. Additionally, the peaks at 4.48, 6.58, 7.48, and
9.53 ppm were ascribed to HMFE.®® As the reaction time
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increased from 0 to 120 min (120 °C), the intensity of HMF
peaks gradually enhanced whereas the fructose peaks faded.
This result indicated that fructose reactants dehydrated
progressively to form HMF products. No signals associated
with other potential by-products, such as levulinic acid, were
observed in the "H NMR spectra under these conditions. This
might be due to its concentration being below the detection
limit as supported by the discussion in the previous section.
It could be suggested that this SNO-NR-catalyzed fructose-to-
HMF conversion reaction was selective, which was in good
accordance with the aforementioned conclusions.

3.3.2. Comparison of catalytic performance and possible
reaction mechanism. The SrNb,Og-catalyzed dehydration of
fructose into HMF in DMSO demonstrated a conspicuous
catalytic performance among various heterogeneous metal-
based catalysts as summarized in Table 4 with a high HMF
yield of 74.9% and impressive selectivity of 78.5%. Such
achievements could be largely credited to specific structural
and physicochemical properties of the SNO-NR crystallites,
especially the presence of sufficient acid capacity and optimal
B/L ratio with their synergistic effects as previously discussed
playing crucial roles in activating fructose transformation into
highly selective HMF. It is also important to mention that
DMSO as the reaction solvent possesses one of the benefits
associated with water produced during the fructose
dehydration reaction.®® Specifically, side reactions that involve
the rehydration of HMF due to the intermediate water,
resulting in the formation of levulinic acid and formic acid,
might be greatly suppressed when DMSO is sufficiently in
excess to combine with all the water released during the
reaction. This could also be another factor in the high
selectivity for HMF formation in DMSO compared with other
solvents in Table 4.°°® A possible mechanism for fructose
dehydration to HMF over the SNO-NR catalyst is proposed in
Fig. 6b. First, the reaction route shown in the figure involved
initial adsorption of fructose molecules on the SNO-NR surface,
where both B-acid sites and L-acid sites actively participated in
the dehydration steps. On the one hand, B-acid sites facilitated
the protonation of the hydroxyl groups in the fructose
molecules. On the other hand, L-acid sites helped to stabilize

Fructose conversion mechanism
by three-step dehydration

Desorption of 5-HMF
products eventually

Fig. 6 (a) In situ *H NMR spectra as a function of time for the dehydration of 4 wt% fructose catalyzed by SNO-NR in DMSO-dg at 120 °C. (b)
Proposed reaction mechanism for the SNO-catalyzed dehydration of fructose to HMF.
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Table 4 Various heterogeneous catalysts for fructose dehydration to HMF
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Catalyst Solvent Temp. (°C) Time (min) HMF yield (%) Reference
Mesoporous TiO, Water 120 5 32.8 9
Sulfonated carbon Water 120 960 35.6 71
Nb,O5-nH,0 2-Butanol/H,0-5:2, V/V 140 120 42.0 72

S-GCN Water 200 300 43.0 73
Sulfonated lignin carbon DMSO 130 40 50.8 74
S0./WO,~ZrO, DMSO 140 5 70.8 75
S0,>7/Zr0, Acetone-DMSO 180 20 72.8 76
SBA-15-SO;H Ionic liquid 120 60 81.0 21
M-Zr0,/S0,*" DMSO 120 60 85.0 77
SrNb,O4-NR DMSO 120 60 74.9 This work

the transition state of the dehydration reaction. This
coordination may enhance the electrophilicity of carbonyl
carbon, making it more susceptible to nucleophilic attack by
the B-acid which was conducive to the elimination of water to
form HMF as reported in ref. 51, 67 and 68. Then, under the
synergistic effect of B-acid and L-acid sites on this bifunctional
catalyst surface, the C,-OH of the reactant fructose was
attacked by the H' provided by the B-acid sites on SNO-NR to
complete the first dehydration step. After that, the C=C bond
on the ring was attacked to form the -CHO group and the
second water molecule was lost. Further, the C,—~OH bond on
the ring was also attacked by the protonation effect and the
third water molecule was lost. After the three-step dehydration
catalyzed by the adjacent B-acid and L-acid sites on SNO-NR,
the final product 5-HMF was formed and released eventually
from the catalyst surface.”>**7”°

4. Conclusions

This study introduced bifunctional SrNb,O, catalysts for the
efficient dehydration of fructose into HMF. The catalysts
differed in pH values as well as niobium additions during
the synthesis process and were successfully prepared using a
facile one-step hydrothermal method. Screening of SrNb,Og
with various morphologies revealed the best performance of
SNO-NR with a yield of 74.9% and selectivity of 78.5% under
optimized reaction conditions within 1 h at 120 °C in DMSO.
This could be credited to its superiority in physicochemical
properties, especially sufficient acid capacity and balanced B/
L acid ratio with synergistic effects, which were verified by
diverse characterization analyses. Furthermore, this SNO-NR
catalyst could be reused successively for six runs without
substantial loss in activity. Overall, the development of SrNb,-
O catalysts in this work not only advances the design of Nb-
based metal catalysts but also provides valuable insights into
the potential application of these materials as recyclable
catalysts in sustainable biorefineries, promoting more
efficient and eco-friendly conversion processes. Given the
limitations associated with fructose as a feedstock, future
research will focus on extending this catalytic system to more
abundant and cost-effective substrates such as glucose and
cellulose, with the aim of further enhancing the practical
applicability and sustainability of HMF production.
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