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The selective conversion of glucose to 5-hydroxymethylfurfural (5-HMF) remains a key challenge in

biomass valorization due to the complex interplay between Brønsted and Lewis acid sites. In this work,

iron-supported HMOR and HZSM-5 zeolites were synthesized and systematically investigated to

elucidate the roles of acid site nature, strength, and iron speciation in glucose conversion.

Comprehensive characterization using XANES, UV-vis DRS, XPS, NH3-TPD, and pyridine-IR revealed that

Fe incorporation generates bifunctional catalysts containing Fe-based Lewis acid sites (Fe2O3 and Fe3O4)

together with Brønsted acid sites derived from framework Si–OH–Al, surface Fe–OH, and extra-

framework Al–OH species. Py-IR analysis showed that Fe/HMOR exhibits a higher Brønsted/Lewis (B/L)

acid ratio than Fe/HZSM-5 due to the formation of oligomeric and hydrated Fe species. Catalytic

evaluation in a biphasic n-butanol/water system demonstrated that moderate acidity and an optimized

B/L ratio are critical for enhancing 5-HMF selectivity while suppressing levulinic acid formation. The

highest 5-HMF yield (∼44–45%) was achieved with 6Fe/HMOR at 190 °C, which correlated strongly with

a high fraction of Fe3O4 species. These findings provide mechanistic insight into acid site synergy and

offer design principles for improved glucose to 5-HMF catalysts.
1 Introduction

As demand for ne chemicals continues to rise, the production
of energy and petroleum-based products has increased
accordingly, raising concerns about the depletion of fossil fuels
and environmental pollution. In response, biomass has gained
attention as a renewable and sustainable alternative for
producing value-added chemicals, reecting a broader societal
shi toward environmental responsibility and economic
sustainability. Recent studies indicate that while 5-hydroxy-
methylfurfural (5-HMF) can be efficiently produced from fruc-
tose, its high cost limits commercial viability. Glucose, being
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more abundant and cost-effective, is derived from lignocellu-
losic biomass.1–3 The conversion of glucose to 5-HMF involves
isomerization to fructose, typically using Lewis acids, followed
by Brønsted acid-catalyzed dehydration. However, side reac-
tions can produce unwanted byproducts, such as levulinic acid
and formic acid.4 To improve catalytic efficiency, both homo-
geneous and heterogeneous catalysts have been studied. While
homogeneous acids, such as HCl, can be effective, they face
challenges in separation and high energy consumption.5

Heterogeneous catalysts, excellent acids such as metal oxides
and zeolites, are preferred due to their selectivity and ease of
recovery.6 Recent studies have shown that sulfonic acid (–SO3H)
functionalized solid acids as the heterogeneous catalysts, such
as carbon-based materials, mesoporous silicas, and hybrid
composites, exhibit remarkable catalytic performance for the
dehydration of glucose and fructose to 5-HMF, achieving yields
as high as 98% under optimized conditions.7–9 These catalysts
combine high Brønsted acidity, tunable pore architectures, and
excellent thermal stability, while solvent effects and acid-site
accessibility are crucial for improving selectivity and suppress-
ing humin formation. Furthermore, the immobilization of –

SO3H groups or sulfonated ionic liquids on ordered meso-
porous supports such as SBA-16 has been demonstrated to
RSC Adv., 2026, 16, 18591–18611 | 18591
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enhance both catalytic efficiency and recyclability, offering
a promising route toward sustainable 5-HMF production.9

Porous materials, especially microporous and mesoporous
structures, enhance sugar conversion by improving mass
transfer in fructose dehydration.10 Zeolites possess a well-
dened crystalline structure with a porous architecture, allow-
ing for controlled modication of Brønsted acidity through the
framework composition and Lewis acidity via specic iron
speciation; however, research in this area is sparse and warrants
investigation.10,11 The acid sites present in these zeolites play
a crucial role: Lewis acid sites facilitate the conversion of
glucose to fructose, while Brønsted acid sites catalyze the
subsequent dehydration process to produce 5-HMF. Thus, both
Lewis and Brønsted acid sites are essential for efficient
conversion of glucose.12–14 Additionally, incorporating metals
such as Sn, Cr, Al, and Fe into zeolite frameworks can enhance
acidity, thereby aiding both isomerization and dehydration.15–17

The incorporation of iron into zeolite frameworks results in the
formation of distinct iron oxide structures, which signicantly
impact glucose conversion efficiency and 5-HMF selectivity. At
low Fe loadings (1–3 wt%), iron is predominantly found as
isolated Fe3+ species in extra-framework positions, exhibiting
rm Lewis acidity that is vital for the isomerization of glucose to
fructose.18,19 A recent review on acid–base bifunctional catalysts
for 5-HMF production highlights the importance of synergistic
active sites and rational design in achieving up to 93% glucose
to 5-HMF yields. It emphasizes balancing hydrolysis, isomeri-
zation, and dehydration to enhance catalytic efficiency. These
insights inform the design of our iron-supported zeolite cata-
lysts, where the interaction between Fe species and zeolitic acid
sites may enhance 5-HMF production while ensuring structural
stability.20

However, as Fe loading increases beyond 5 wt%, the emer-
gence of a-Fe2O3 (hematite) clusters becomes more prevalent,
especially in large-pore zeolites such as HY and b-zeolite. These
clusters exhibit weak Lewis acidity and tend to catalyze glucose
degradation to levulinic acid rather than promoting the
productive formation of 5-HMF.19 In contrast, the presence of
Fe3O4 (magnetite) species, characterized by mixed Fe2+/Fe3+

oxidation states, shows superior activity in glucose isomeriza-
tion due to enhanced Lewis acid sites that promote the activa-
tion of C–O bonds.21 The topology of the zeolite framework plays
a crucial role in determining the speciation of iron. HMOR and
HZSM-5 were chosen as zeolite supports due to their different
frameworks and pore architectures, which allow for an evalua-
tion of how these structures affect iron species distribution and
acid site balance. HMOR has one-dimensional 12-membered-
ring channels and large pores, promoting the aggregation and
hydration of metal species. In contrast, HZSM-5 features
a three-dimensional system of 10-membered rings that restricts
metal mobility and stabilizes isolated oxide species. For
instance, the medium-pore structure of HZSM-5 constrains the
growth of Fe2O3 clusters, leading to better dispersion of active
Fe3+ species. Meanwhile, the one-dimensional, large pores of
HMOR may facilitate Fe clustering while also providing excel-
lent accessibility for glucose.17,21
18592 | RSC Adv., 2026, 16, 18591–18611
Biphasic solvent systems have been studied to enhance
process efficiency and stability, thereby allowing better control
of reaction conditions and improving product yield. The
exploration of organic solvents could also expand the range of
substrates and optimize production.22,23 In these systems, an
immiscible organic solvent facilitates phase separation,
enabling the generation of 5-HMF via dehydration reactions of
glucose in the aqueous phase. Organic solvents like tetrahy-
drofuran (THF),24 ethyl acetate,25 dimethyl sulfoxide (DMSO),26

and butyl alcohol (BuOH)27 effectively extract 5-HMF from the
aqueous phase and reduce its degradation. THF-based systems,
although achieving respectable yields (42–65%), are plagued by
volatility (b.p. 66 °C), resulting in solvent loss, safety concerns
due to peroxide formation, and difficulties in maintaining
stable biphasic conditions over extended reaction periods.17,28,29

DMSO/water systems exhibit excellent 5-HMF extraction effi-
ciency (80–90%) due to the high polarity of DMSO and the
capacity to solvate glucose; however, the high boiling point (189
°C) necessitates energy-intensive separation processes. Addi-
tionally, the viscosity of DMSO contributes to mass-transfer
limitations that reduce overall reaction rates.18,28 Acetone-
based biphasic systems suffer from poor phase-separation
stability and have limited 5-HMF extraction capacity (50–
60%), while ethyl acetate systems experience catalyst deactiva-
tion due to ester hydrolysis under acidic reaction conditions.30

The salting-out effect, typically achieved with NaCl or KCl,
enhances 5-HMF partitioning into organic phases by decreasing
its aqueous solubility, yet optimizing salt concentration
remains a challenge across various solvent systems.31,32 The
proposed n-BuOH/aq. NaCl biphasic system addresses these
limitations by providing optimal polarity (m = 1.63 D) for
effective 5-HMF extraction while maintaining a clear phase.

Supported metal catalysts (Fe/HZSM-5 and Fe/HMOR) were
synthesized by impregnating Fe3+ onto HZSM-5 and HMOR
zeolites. Rice husk served as the biomass feedstock for
preparing the zeolites, which were synthesized using hydro-
thermal methods. Before using the catalysts for glucose
conversion to 5-HMF, we characterized their physicochemical
properties. The catalytic conversion of glucose was monitored
by high-performance liquid chromatography (HPLC), and the
yield and product distribution of 5-HMF were analyzed in
relation to catalyst properties and the iron species formed on
the different zeolite types.

2 Experiments
2.1 Materials

Rice husk was collected from agricultural waste (local supplier,
Thailand) and used as the silica source. Sodium hydroxide
(NaOH, $98%, Merck), sodium aluminate (NaAlO2, technical
grade, Sigma-Aldrich), tetrapropylammonium bromide (TPABr,
$98%, Sigma-Aldrich), ammonium nitrate (NH4NO3, $99%,
Merck), tetrahydrofuran (THF, $99.5%, HPLC grade, Sigma-
Aldrich), iron(III) nitrate hexahydrate (Fe(NO3)3$6H2O, $98%,
Sigma-Aldrich), D-glucose ($99%, Sigma-Aldrich), sodium
chloride (NaCl, $99%, Merck), n-butanol (n-BuOH, $99%,
Merck), hydrochloric acid (HCl, 37%, ACS reagent, Sigma-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Aldrich), and sulfuric acid (H2SO4, 95–98%, ACS reagent, Merck)
were used as received without further purication.

2.2 Silica extraction from rice husk

Rice husk was thoroughly washed and dried with distilled
water, then dried at 80 °C overnight. A total of 100 g of the dried
rice husk was reuxed with 3 M HCl in a round-bottom ask
using a microwave-assisted method at 600 W for 2 h. Aer
reuxing, the rice husk was washed with distilled water until the
pH reached neutrality, then dried overnight at 80 °C. Finally, the
rice husk was calcined at 450 °C to extract silica.

2.3 Synthesis of NaZSM-5 zeolite

NaZSM-5 was synthesized using a hydrothermal method. The
process began by dissolving 8.64 g of silica in a NaOH solution
prepared by mixing 10.34 g of NaOH with 60 mL of deionized
(DI) water. This was followed by the sequential addition of
0.81 g of NaAlO2 in 50 mL of DI water and 5.9 g of TPABr in
23.5 mL of DI water, which served as the structure-directing
agent. The pH of the mixture was adjusted to 9–11 using 2 M
H2SO4. The resulting gel was hydrothermally treated at 170 °C
for 72 h in a Teon-lined autoclave. Aerward, it was washed to
a neutral pH, dried, and calcined at 550 °C for 5 h, yielding
NaZSM-5 as a ne, white powder.

2.4 Synthesis of NaMOR zeolite

NaMOR zeolite was synthesized by rst dissolving 18.00 g of
silica in a NaOH solution comprising 7.96 g NaOH in 80 mL of
DI water. This was followed by the addition of 2.46 g of NaAlO2,
dissolved in diluted H2SO4, and 12.17 mL of THF. The pH of the
mixture was adjusted to 9–11 using 2MNaOH. The resultant gel
was hydrothermally treated at 180 °C for 72 h in a Teon-lined
autoclave. Aerward, it was washed to achieve a neutral pH,
dried, and calcined at 550 °C for 5 h to yield NaMOR as a ne
white powder.

2.5 HZSM-5 and HMOR preparation

The sodium forms of the zeolites (NaZSM-5 and NaMOR) were
transformed into their protonic counterparts (HZSM-5 and
HMOR) through ion exchange with ammonium ions. This was
achieved by reuxing 1 g of the corresponding sodium zeolite in
30 mL of 1.25 M NH4NO3 solution at 70 °C for 6 h. The process
involved centrifugal washing at 3500 rpm for 3 min, followed by
drying and calcination to form proton-form zeolites.

2.6 Preparation of iron-supported catalysts

The section on iron-supported catalysts has been developed to
address both 2% and 6% iron-loading preparations. For the 2%
preparation, 0.17 g of Fe(NO3)3$6H2O was dissolved in 4 mL of
deionized water until a clear solution was obtained. Similarly,
for the 6% preparation, 0.52 g of Fe(NO3)3$6H2O was used. This
iron solution was then gradually added to 2 g of the previously
synthesized HZSM-5 and HMOR support. Themixture was dried
on a hot plate at 80 °C for 24 h. The dried samples were nely
milled using a mortar and subsequently calcined in a muffle
© 2026 The Author(s). Published by the Royal Society of Chemistry
furnace at 450 °C for 4 h to yield the 2Fe/HZSM-5, 6Fe/HZSM-5,
2Fe/HMOR, and 6Fe/HMOR catalysts.
2.7 Catalytic conversion of glucose to 5-HMF

Catalytic activity was assessed by measuring glucose conversion
through the following procedure: 0.2 g of glucose, 0.2 g of
catalyst, and 5 g of NaCl were mixed in a biphasic solvent system
comprising 25 mL of DI water and 25 mL of n-butanol. This
mixture was stirred vigorously until a clear solution was ach-
ieved. The reaction mixture was transferred to an autoclave and
heated to varying temperatures for 4 h. Aer the reaction, the
product solution was ltered through lter paper to separate
the reaction products from the catalyst for further analysis. The
resulting ltrate, containing the reaction products, was subse-
quently passed through a 0.22 mm microlter to separate the
organic solvent and aqueous phases.

The elemental composition of the products and the glucose
conversion were determined via HPLC (GPC, Agilent Technol-
ogies) with a refractive index (RI) detector and a Hiplex-H
column. The column temperature was maintained at 50 °C,
and a ow rate of 0.550 mL min−1 was used with an aqueous
sulfuric acid solution as the mobile phase. The conversion of
glucose, product yield, and selectivity were analyzed and
calculated using the following eqn (1)–(3), respectively.

% Glucose conversion ¼
Moles of initial glucose � Moles of remaing glucose

Moles of initial glucose
� 100%

(1)

% 5-HMF yield ¼ Moles of obtained 5-HMF

Moles of initial glucose
� 100% (2)

% LA yield ¼ Moles of obtained LA

Moles of initial glucose
� 100% (3)
2.8 Characterization

The crystalline structures of the synthesized materials were
conrmed using a PANalytical EMPYREAN Powder X-ray
Diffractometer (XRD). Structural conrmations of the mate-
rials were determined by using the Fourier-Transform Infrared
Spectrometer (FT-IR), Bruker in the TENSOR27 model. Diffuse
reectance UV-visible (DR UV-vis) spectra were obtained in the
range of 200–800 nm using a Shimadzu UV-VIS-NIR3101PC
scanning spectrophotometer. 0.2 g of the sample was loaded
into a holder covered with a quartz cell, and BaSO4 was used as
the reference material. Temperature-Programmed Desorption
(TPD) was performed under pure NH3 at an adsorption pressure
of 100 mbar. TPD was performed in a vacuum system. More-
over, 50 mg of the pure sample was heated at a ramp rate of 5 °
C min−1. The produced gas was analyzed using mass spec-
trometry (MS; Pfeiffer Vacuum QMA 200 with a tungsten la-
ment and a SEM detector). The oxidation state and speciation of
the iron species were determined by X-ray absorption spec-
troscopy (XAS) and provided at BL1.1W, Synchrotron Light
RSC Adv., 2026, 16, 18591–18611 | 18593
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Research Institute (SLRI) in the intermediate photon energy
range of 7.0–8.0 keV for Fe K-edge, respectively. The chemical
states of Fe, O, Si, and Al were analyzed using X-ray photoelec-
tron spectroscopy ((XPS), PHI5000 VersaProbe II, ULVAC-PHI,
Japan) at BL 5.3, the SUT-NANOTEC-SLRI Joint Research
Facility, Synchrotron Light Research Institute (SLRI), Thailand.
The composition and thermal stability of the catalysts were
determined using TGA on a thermal analyzer (Netzsch-
Gerätebau GmbH-STA 409 PC Luxx Simultaneous). Small
samples (30 mg) were heated from RT to 700 °C at 10 °C min−1

in air and nitrogen. In situ diffuse reectance infrared Fourier
transform spectroscopy (DRIFTS) of adsorbed pyridine was
collected in the range of 4000–400 cm−1 using a Nicolet FTIR
spectrometer (64 scans, 4 cm−1 resolution). Samples were acti-
vated at 400 °C under vacuum (10−3 Torr) for 2 h, cooled to 50 °
C, and a background spectrum was recorded. Pyridine was
adsorbed at 50 °C until saturation, then the sample was evac-
uated to remove excess pyridine. Desorption was performed
under vacuum at 100–250 °C, with spectra recorded at each
temperature aer 10 min holding. Pyridine adsorption spectra
were obtained by subtracting the background spectrum.
Fig. 1 The XRD patterns of Fe/HMOR (a), Fe/HZSM-5 (b) compared with th

18594 | RSC Adv., 2026, 16, 18591–18611
3 Results and discussion
3.1 Catalyst structures

3.1.1 X-ray diffraction (XRD). The XRD patterns of the Fe-
modied zeolite catalysts are presented in Fig. 1. The di-
ffractograms of HMOR (Fig. 1a) exhibit characteristic peaks at
2q = 6.5°, 9.8°, 19.6°, 22.3°, 25.6°, and 27.7°, conrming the
typical MOR structure with orthorhombic symmetry.33 In
contrast, the HZSM-5 samples (Fig. 1b) display characteristic
peaks at 2q = 7.9°, 8.8°, 23.1°, 23.9°, and 24.4°, associated with
the MFI topology.34 Aer iron modication, the primary peaks
of the zeolite were maintained, indicating that the zeolite
structures remained intact. Nonetheless, the intensities of these
peaks changed subtly, particularly for the 6% Fe-loaded
samples, suggesting a potential interaction between the iron
species and the zeolite framework. Notably, the 2% Fe-loaded
catalysts exhibited fewer distinct diffraction peaks associated
with crystalline iron oxide phases (such as a-Fe2O3 at 2q= 33.2°,
35.6°, and 54.1°), which is attributed to the well-dispersed iron
species as small clusters or isolated ions.35 Conversely, the 6Fe/
HZSM-5 sample exhibited faint reections indicative of Fe2O3,
e bare zeolites and their extended plot in the range of 19–29° (c and d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 N2 adsorption–desorption isotherms of the Fe/HMOR (a) and Fe/HZSM-5 (b) catalysts compared with the bare zeolites.
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implying the formation of larger iron oxide crystallites at
increased Fe loadings.36–38

3.1.2 N2-adsorption desorption. The N2 adsorption–
desorption isotherms of the catalysts are depicted in Fig. 2. Both
the HMOR and HZSM-5 parent zeolites exhibited Type I
isotherms with H4-type hysteresis loops, which are character-
istic of microporous materials that also possess some meso-
porosity.39 A summary of the textural characteristics obtained
from these isotherms is provided in Table 2. The BET surface
area (SA) of HMOR was measured at 334 m2 g−1, exceeding that
of HZSM-5 (239 m2 g−1), highlighting differences in their
framework structures. However, the addition of Fe3+ supported
on both zeolites resulted in a reduction in surface area, indi-
cating partial pore blockage by iron species at higher loadings.40

The average pore volume of the iron-modied catalysts
decreased as the iron loading increased. Notably, the decrease
in SA for Fe/HZSM-5 was more pronounced than that for Fe/
HMOR, suggesting a higher degree of surface blocking by
larger iron particles on HZSM-5. This observation correlates
with the increase in iron oxide particles on Fe/HZSM-5, as
conrmed by the UV-vis DRS analysis presented in Table 1. In
contrast, the mesopore volume increased slightly with
increasing iron loading. This observed increase in mesopore
volume in the iron-modied HMOR and HZSM-5 samples can
be attributed to some restructuring of the framework that
occurs during the impregnation and calcination processes.41
Table 1 The percent distribution of iron species on the catalysts provid

Modied zeolites I1
a [%] (l < 300 nm) I2

b [%] (l = 300–4

2Fe/HMOR 57 29
6Fe/HMOR 35 59
2Fe/HZSM-5 53 27
6Fe/HZSM-5 58 13

a I1 at l < 300 nm / isolated Fe3+ in tetrahedral and octahedral coordinat
450–600 nm / small particles. d I4 at l > 600 nm / large particles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.1.3 Scanning electronmicroscopy-energy dispersive X-ray
spectroscopy (SEM-EDS). The SEM micrographs and corre-
sponding EDS analyses of the parent zeolites (HMOR and
HZSM-5) and their iron-modied counterparts with varying iron
loadings are shown in Fig. 3. The HMOR zeolite displays char-
acteristic prismatic crystallites with a relatively uniform size
distribution (Fig. 3a). In contrast, HZSM-5 consists of smaller,
more cubic aggregated particles, which aligns with ndings in
the existing literature.42,43 Signicant morphological changes
were observed aer incorporating iron, resulting in a plate-like
structure for Fe/HMOR. However, the aggregated cubic shape of
Fe/HZSM-5 remained essentially unchanged compared to the
pristine HZSM-5. The elemental distribution, analyzed through
SEM-EDS (Fig. 3b), indicated a uniform distribution of iron
across the zeolite supports. The surface iron content in Table 2
closely matched the calculated iron loading amount (2 wt% and
6wt% Fe). Interestingly, the Si/Al ratios for Fe/HMOR and Fe/
ZSM-5 slightly increased with the addition of iron, suggesting
partial dealumination of the zeolite structures. These results
corresponded well with a decrease in peak intensity observed in
the XRD analysis. Notably, the most signicant increase in the
Si/Al ratio was seen in the 2Fe/HZSM-5 sample, indicating the
highest level of iron incorporation into the zeolite structure.

3.1.4 Fourier transform infrared spectroscopy (FTIR). The
FTIR analysis of both the bare and Fe/zeolite catalysts is shown
in Fig. 4, which highlights the characteristic framework vibra-
tions corresponding to the internal asymmetric stretching of Si–
ed by the decomposition of the UV-vis DRS spectra

50 nm) I3
c [%] (l = 450–600 nm) I4

d [%] (l > 600 nm)

14 0
4 2

20 0
28 1

ion. b I2 at l = 300–450 nm / oligomeric FexOy and clusters. c I3 at l =
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Fig. 3 SEM of HMOR, 2Fe/HMOR, 6Fe/HMOR, HZSM-5, 2Fe/HZSM-5, and 6Fe/HZSM-5 (a) elemental analysis by SEM-EDS of the catalysts (b).
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O–T linkages, occurring in the range of approximately 1064–
1100 cm−1. This is specically related to the TO4 (where T can be
Si or Al) units in the zeolite structures. For both the 2Fe/HMOR
and 6Fe/HMOR catalysts (Fig. 4a), the stretching vibrational
bands of the hydroxyl (OH) group are observed at 3794 cm−1
18596 | RSC Adv., 2026, 16, 18591–18611
and 3662 cm−1, corresponding to the presence of Si–OH and Al–
OH groups, respectively.44,45 Additionally, the band at 1647 cm−1

is indicative of water molecules adsorbed on the surface,
revealing the presence of some moisture within the catalysts.
Furthermore, absorption bands in the ranges of 1085 cm−1 and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The surface area and pore volume properties determined by N2-adsorption desorption isotherms compared with the Si/Al ratio and Fe
content deduced from the SEM-EDS techniquea

Samples
Surface area
[m2 g−1]

Microporous volume
[cm3 g−1]

Microporous area
[m2 g−1]

Mesopore volume
[cm3 g−1]

Mesopore area
[m2 g−1]

SEM-EDS

Si/Al Fe (wt%)

HMOR 334 0.16 428 0.14 21.4 8.1 —
2Fe/HMOR 333 0.16 421 0.19 27.1 8.1 1.7
6Fe/HMOR 317 0.14 402 0.17 25.1 9.0 6.1
HZSM-5 239 0.11 273 0.04 54.8 12.5 —
2Fe/HZSM-5 195 0.03 237 0.18 27.8 15.6 1.7
6Fe/HZSM-5 143 0.02 170 0.14 21.3 12.7 5.6

a Calculation: surface area by BET, micropore volume and area by MP plot, and mesopore volume and area by BJH method.

Fig. 4 FT-IR spectra of Fe/HMOR (a) and Fe/HZSM-5 (b) comparing with the bare zeolite supports.
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795 cm−1 are associated with the asymmetric and symmetric
stretching of the T–O–T bonds (where T represents Si or Al)
within the zeolite framework. The bonds associated with
framework zeolite structures were detected in both 2Fe/HZSM-5
and 6Fe/HZSM-5, as shown in Fig. 4b. Notably, the T–O–T bonds
were observed at slightly lower wavenumbers, indicating weaker
interactions within the zeolite framework. The presence of the
Fe–O bond is represented by bands at 452 cm−1 and 544 cm−1,
which are linked to the formation of Fe clusters.44,46

3.1.5 Iron species on the Fe/zeolite catalysts
3.1.5.1 Bulk analysis by XANES. The X-ray absorption near

edge structure (XANES) of Fe/HMOR and Fe/HZSM-5 is pre-
sented alongside reference spectra for Fe2O3 (hematite) and
Fe3O4 (magnetite), as shown in Fig. 5a. The present iron oxide
species play distinct roles in controlling these steps and the
overall product selectivity through glucose conversion. The
similarities in edge position and spectral shape suggest the
coexistence of Fe3+ and mixed-valence Fe2+/Fe3+ species within
the catalysts, indicating a partial reduction of iron. These redox
properties are signicant because they can inuence acidity and
catalytic redox activity.

The relative proportions of Fe2O3 and Fe3O4 in the Fe/HMOR
(Fig. 5b) and Fe/HZSM-5 (Fig. 5c) catalysts were quantied by
linear combination tting (LCF) of the Fe K-edge XANES
spectra. For both zeolite supports, catalysts with Fe loadings
© 2026 The Author(s). Published by the Royal Society of Chemistry
between 1 and 4 wt% exhibit Fe3O4 as the predominant iron
oxide species, indicating the stabilization of mixed-valence Fe2+/
Fe3+ states. Notably, Fe/HMOR shows a consistently higher
Fe3O4 fraction than Fe2O3 across the investigated loading range,
with the Fe3O4 contribution increasing progressively with Fe
content. The maximum Fe3O4 fraction (∼0.8) is observed for
6Fe/HMOR, evidencing a strong tendency toward partial
reduction of iron species on the MOR framework.

In contrast, Fe/HZSM-5 catalysts display a more balanced
distribution between Fe3O4 and Fe2O3. While 1Fe/HZSM-5 rea-
ches a relatively high Fe3O4 fraction (∼0.7), catalysts with 2–
4 wt% Fe stabilize an average Fe3O4 fraction of ∼0.6, implying
a comparatively higher proportion of Fe2O3 (Fe

3+-rich species).
These differences highlight the distinct inuence of zeolite
topology and metal–support interactions on iron redox chem-
istry. The larger one-dimensional channels and weaker
connement effects of MOR (0.6–0.7 nm in diameter) facilitate
FeOx aggregation and enhance Fe–O–Fe connectivity, which
favors the stabilization of mixed-valence Fe3O4-like species over
fully oxidized Fe2O3. In contrast, the medium-pore MFI struc-
ture (0.52–0.57 nm in diameter) of ZSM-5 with a 3-dimensional
pore structure, more effectively anchors isolated Fe3+ species to
framework Al sites, thereby suppressing extensive reduction.47

The observed variation in iron oxide composition has
important implications for catalysis. Fe2O3, composed
RSC Adv., 2026, 16, 18591–18611 | 18597
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Fig. 5 XANES spectra of iron-supported catalysts compared with Fe2O3 and Fe3O4 (a), the fractions of Fe2O3 and Fe3O4 calculated using a linear
combination fit of the XANES spectra for Fe/HMOR (b) and Fe/HZSM-5 (c).
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predominantly of Fe3+ ions, provides strong Lewis acid sites that
can promote glucose ring opening; however, their high electron-
accepting character oen leads to non-selective C–O bond
cleavage and enhanced side reactions, resulting in reduced
fructose selectivity.17,48,49 Conversely, Fe3O4 contains mixed-
valence Fe2+/Fe3+ species that generate moderate Lewis acidity
coupled with redox exibility. This balanced acidity facilitates
Fig. 6 XPS spectra of Fe 2p, O 1s, Si 2p, and Al 2p of Fe/HMOR and Fe/

18598 | RSC Adv., 2026, 16, 18591–18611
efficient and controlled glucose activation, minimizing exces-
sive fragmentation and humin formation.

3.1.5.2 Surface analysis by XPS. An analysis of X-ray photo-
electron spectroscopy (XPS) reveals the chemical environment
of iron in Fe/HZSM-5 and Fe/HMOR by examining the core-level
spectra of Fe 2p, Si 2p (or Si 1s), O 1s, and Al 2p, as reported in
Fig. 6. These elements provide insights into the local
HZSM-5.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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coordination of iron species and their interaction with the
zeolite framework. The Fe 2p3/2 peak, which appears in the
range of approximately 711–713 eV, conrms the presence of
Fe3+ species in the forms of Fe2O3 and FeOOH on the
surface.50,51 The absence of satellite peaks typically associated
with Fe2+ suggests that surface iron exists mainly as Fe2O3-like
species or Fe3+ incorporated into the zeolite framework or extra-
framework positions.52 Moreover, these Fe3+ centers act as Lewis
acid sites due to their electron-accepting nature, enabling
coordination with oxygen-containing functional groups in
glucose during the isomerization step.

The O 1s XPS spectra of the Fe/HMOR and Fe/HZSM-5
catalysts can be deconvoluted into distinct oxygen species that
directly relate to the surface acid properties. The component at
∼530 eV is attributed to lattice oxygen (O2−) in Fe–O bonds of
iron oxide species, which is associated with Fe3+ centers acting
as Lewis acid sites. Peaks at ∼532–533 eV correspond to
framework oxygen in Si–O–Si and Si–O–Al(Fe) linkages,53–55

reecting the intact zeolite structure and the presence of
framework Brønsted acid sites when Al is bonded to hydroxyl
groups (Si–OH–Al). A higher-binding-energy component at
∼534 eV is assigned to surface hydroxyl groups, including Si–
OH, Fe–OH, and extra-framework Al–OH species, which func-
tion as Brønsted acid sites capable of proton donation. The
Fig. 7 UV-vis spectra of the Fe/HMOR and Fe/HZSM-5 catalysts.

© 2026 The Author(s). Published by the Royal Society of Chemistry
relative intensity of these hydroxyl-related O 1s signals increases
upon Fe loading, indicating that iron incorporation introduces
additional metal-associated Brønsted acidity while simulta-
neously generating Fe-based Lewis acid sites. This coexistence
of lattice oxygen-associated Lewis sites and hydroxyl-derived
Brønsted sites on the catalyst surface provides a clear explana-
tion for the bifunctional acid behavior observed in glucose
conversion to 5-HMF.

The Si 2p peak at 103–104 eV observed for all catalysts
conrms the presence of framework SiO2,56,57 indicating that the
zeolite structure is largely preserved aer iron incorporation.
However, the shi of the Si 2p signal to ∼105 eV for the 6Fe/
HMOR and 6Fe/HZSM-5 catalysts suggests the formation of
amorphous SiO2,52,55 reecting partial framework deconstruc-
tion at high Fe loadings. The Al 2p spectra further reveal that
while most catalysts retain framework AlO4

− species (74–75 eV),
the 6Fe/HMOR catalyst exhibits an additional Al 2p component
at ∼76 eV, assigned to extra-framework Al2O3,58,59 consistent
with partial dealumination and SEM-EDS observations (Fig. 3b).
This structural modication implies that Fe3+ species partially
replace protons at framework Al sites, modifying the original
Brønsted acid sites. In parallel, the Fe 2p spectra conrm the
predominance of surface Fe3+ species, which act as Lewis acid
sites, while O 1 s deconvolution identies Fe–O lattice oxygen
RSC Adv., 2026, 16, 18591–18611 | 18599
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(Lewis acid-related) and surface hydroxyl groups (Si–OH, Fe–
OH, Al–OH) that function as Brønsted acid sites. Together,
these results indicate that high Fe loading leads to a surface
composed of framework SiO2, isolated and clustered Fe3+

species, Fe–O and Fe–OH groups, and extra-framework Al2O3,
creating a mixed Lewis–Brønsted acidic surface. This coexis-
tence of iron- and aluminum-derived acid sites provides
a rational explanation for the enhanced catalytic activity and
selectivity toward 5-HMF formation observed for the Fe-
supported zeolite catalysts.

3.1.5.3 Distribution of the iron species on zeolites by UV-vis
DRS. UV-vis Diffuse Reectance Spectroscopy (UV-vis DRS) is
a crucial technique for investigating the electronic environment
of metal species. The deconvoluted UV-vis results presented in
Fig. 7 offer quantitative information regarding the distribution
of various iron species, as expressed in Table 1. Four primary
absorption regions were identied: isolated Fe3+ in tetrahedral
and octahedral coordination (l < 300 nm), oligomeric FexOy

clusters (l = 300–450 nm), small iron oxide particles (l = 450–
600 nm), and large iron oxide particles (l > 600 nm).11 The 2Fe/
HMOR catalyst primarily contains isolated Fe3+ species, which
make up 57% of its composition. It also has signicant amounts
of oligomeric clusters (29%) and small particles (14%). In
comparison, the 6Fe/HMOR catalyst shows a noticeable
increase in oligomeric clusters, comprising 59%, while the
proportion of isolated Fe3+ species decreases to 35%. In the
HZSM-5 series, the 2Fe/HZSM-5 sample shows a distribution
comparable to that of the 2Fe/HMOR. However, the 6Fe/HZSM-5
sample displays a higher percentage of isolated Fe3+ (58%)
Fig. 8 NH3-TPD profiles of the Fe/HMOR and Fe/HZSM-5 catalysts com

18600 | RSC Adv., 2026, 16, 18591–18611
compared to the HMOR sample. Additionally, the 6Fe/HZSM-5
sample reveals an increased formation of small particles
(28%) instead of oligomeric clusters. The differences in iron
speciation highlight how zeolite composition and structure
affect the stabilization of various iron species. The broader
channels and higher aluminum content of HMOR enhance the
formation of oligomeric iron clusters at higher loadings.
Meanwhile, the more restricted pore system of HZSM-5
encourages the development of surface iron oxide
nanoparticles.

3.1.6 Acidity by ammonia temperature programmed
desorption (NH3-TPD). The NH3-TPD proles revealed signi-
cant differences in the acid properties of the catalysts, as shown
in Fig. 8. Total acidity indicates the amount of compensated H+

ions on the catalyst surfaces, comprising weak (100–250 °C),
medium (250–450 °C), and strong (450–600 °C) acid sites.60 The
weak acidic range is associated with physisorbed NH3 mole-
cules on Si–OH groups of zeolites. In contrast, the medium- and
strong-acid sites relate to chemically adsorbed NH3 on hydroxyl
groups (–OH) associated with Al sites.59 The HMOR zeolite
exhibited a total acidity of approximately 120 mmol g−1, con-
sisting of weak (49.6 mmol g−1), medium (13.0 mmol g−1), and
strong acid sites (57.4 mmol g−1), as summarized in Table 3. The
presence of highly acidic sites indicates strong chemisorption
of NH3 on hydroxyl-bound Al sites within the HMOR zeolite. In
comparison, the total acidity of HZSM-5 was approximately 80
mmol g−1, which is lower than that of HMOR. Additionally,
strong acid sites were not identied in HZSM-5. Aer iron
modication, the total acidity of Fe/HMOR decreased,
pared with the bare zeolites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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accompanied by a signicant decline in the number of strong
acid sites. These results suggest the ion exchange of Fe3+ ions
with –OH groups bound to the Al sites of the zeolite. For Fe/
HZSM-5, the total acidity decreased with increasing Fe
loading to 6 wt%. Notably, the medium acid site in 2Fe/HZSM-5
increased signicantly compared to bare HZSM-5. Furthermore,
the desorption temperature shown in Fig. 8e shied slightly to
a lower energy. This change can be attributed to an increase in
chemisorbed NH3 species associated with –OH groups bound to
oligomeric FexOy and clusters dispersed on the zeolite surface,
as determined by the UV-vis DRS analysis.

NH3-TPD was used to quantify the total acidity and acid
strength distribution of the catalysts, but cannot distinguish
between Brønsted and Lewis acid sites, as NH3 adsorbs non-
selectively on both. The parent HMOR exhibits higher total
acidity and a larger fraction of strong acid sites than HZSM-5,
which can promote side reactions during glucose conversion.
Aer Fe modication, the total acidity, particularly strong acid
sites, decreases, indicating partial ion exchange of Fe3+ with
framework Al–OH groups, as suggested by the XPS result, and
a moderation of acidity. In Fe/HZSM-5, the increase in medium-
strength acid sites at low Fe loading reects the formation of
accessible acidic centers associated with dispersed Fe species.

3.1.7 Diffuse reectance infrared Fourier transform spec-
troscopy (DRIFTS) of adsorbed pyridine (Py-IR). Pyridine
adsorption, as illustrated in Fig. 9, was employed to evaluate the
alterations in various types of acid sites. Typically, the pyridine
adsorption bands observed at approximately 1445 cm−1 and
1545 cm−1 are attributed to pyridine coordinated with Brønsted
(B) and Lewis (L) acid sites, respectively.61 The total acidity of the
catalysts declines with increasing Fe loading. The B/L ratios
calculated from the peak areas of the Py-IR spectra are also
presented in Table 3. The introduction of Fe through impreg-
nation on HZSM-5 and HMOR resulted in increased B/L ratios.
An increase in the B/L ratio signies a rise in Brønsted acids or
a reduction in Lewis acid sites. The specic characteristics and
dispersion of the iron species61 inuence the Lewis acidity of the
Fe-loaded catalyst. The observed decrease in Lewis acid sites
may be attributed to surface and pore blocking of the zeolite
crystalline structure by oligomeric, clustered, or smaller parti-
cles of the iron species, as determined by UV-vis DRS (in Table
1). A notable increase in the B/L ratio in Fe/HMOR correlates
well with a high concentration of oligomeric iron species.
Additionally, the presence of monomeric and oligomeric ferric
ions, such as [Fe(OH)2]

+ and [HO–Fe–O–Fe–OH]2+ in their
Table 3 Total acidity and distribution of the acid density in weak, med
profiles and the ratio of Brønsted and Lewis (B/L) acid sites integrated fr

Samples
Total acidity
[mM]

Weak [mM]
(100–250 °C)

HMOR 120.3 49.6
2Fe/HMOR 55.1 38.3
6Fe/HMOR 72.3 38.3
HZSM-5 80.5 61.5
2Fe/HZSM-5 82.7 55.5
6Fe/HZSM-5 59.6 42.8

© 2026 The Author(s). Published by the Royal Society of Chemistry
hydrated forms, acts as a Brønsted acid site. Upon dehydration,
these species are expected to convert to [FeO]+ and [–Fe–O–
Fe–]2+ in their dehydrated forms.62 Meanwhile, the modest
increase in the B/L ratio for Fe/HZSM-5 is associated with
a higher iron oxide cluster content.

The Py-IR results are crucial for assessing the relative
contributions of Lewis acid sites in the initial reaction phase,
specically the isomerization of glucose to fructose. While
Lewis acid sites typically play a key role in this process, the
current ndings suggest that the highly dispersed monomeric
and oligomeric Fe species in Fe/HMOR can generate Brønsted
acidity through hydrated Fe–OH species, which work synergis-
tically with the remaining Lewis sites. This phenomenon
accounts for the higher B/L ratio observed in Fe/HMOR, while
still preserving its effective catalytic activity. In contrast, the
moremodest increase in the B/L ratio for Fe/HZSM-5 aligns with
the presence of a greater proportion of iron oxide clusters,
which contribute less effectively to the catalysis.

3.1.7.1 Fe species and acid-site balance on glucose conversion
to 5-HMF. The combined characterization results reveal that the
nature and balance of Brønsted and Lewis acid sites strongly
depend on the zeolite support and iron speciation, which
together govern glucose conversion to 5-HMF. HMOR-
supported catalysts favor the formation of oligomeric and
hydrated Fe species, as evidenced by UV-vis DRS and XANES,
facilitated by the larger pore structure and higher aluminum
content of HMOR. These species generate both Lewis acid sites
(Fe3+ centers) and additional Brønsted acid sites (Fe–OH and
extra-framework Al–OH), as conrmed by XPS (Fe 2p and O 1s)
and reected in the signicantly increased B/L ratio observed by
Py-IR. In contrast, HZSM-5 stabilizes a higher fraction of iso-
lated Fe3+ and iron oxide clusters, leading to a more modest
increase in the B/L ratio, as Lewis acidity remains relatively
dominant. Although NH3-TPD shows that total acidity decreases
aer Fe incorporation for both supports, this technique cannot
distinguish acid types; Py-IR clearly demonstrates that Fe/
HMOR exhibits a Brønsted-enriched acidic surface, while Fe/
HZSM-5 retains a more Lewis-acid-dominated character.
Mechanistically, Lewis acid sites (Fe3+) promote glucose acti-
vation and isomerization to fructose, whereas Brønsted acid
sites (Si–OH–Al, Fe–OH, and Al–OH) drive the subsequent
dehydration of fructose to 5-HMF. The higher B/L ratio in Fe/
HMOR therefore reects a more effective bifunctional acid
system, enabling controlled isomerization–dehydration synergy
and improved 5-HMF formation, while excessive Lewis acidity
ium, and strong sites regarding desorption temperature in NH3-TPD
om Py-IR spectra

Medium [mM]
(250–450 °C)

Strong [mM]
(450–600 °C)

B/L ratio by
Py-IR

13.0 57.7 0.2
13.1 3.8 1.3
15.5 5.2 1.6
19.0 — 0.4
27.2 — 0.7
16.8 — 1.0

RSC Adv., 2026, 16, 18591–18611 | 18601
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Fig. 9 Py-IR of the Fe/HMOR (a) and Fe/HZSM-5 (b) catalysts compared with the bare zeolites.
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or strong Brønsted acidity can lead to side reactions. This
analysis demonstrates that tuning the B/L ratio through support
selection and iron speciation is critical for optimizing glucose-
to-5-HMF conversion.

The structural differences between Fe/HMOR and Fe/HZSM-
5 lead to variations in how iron oxide (FeOx) behaves and in its
acidity. Analyses show that Fe/HMOR mostly has larger FeOx
clusters with more Fe3O4, while Fe/HZSM-5 has more isolated
Fe2O3. The use of pyridine-IR indicates that Fe/HMOR has
a higher ratio of Brønsted to Lewis acid sites, due to the
combination of framework Brønsted sites and Fe–OH acidity. In
contrast, Fe/HZSM-5 has stronger Lewis acidity. These differ-
ences might affect how well they work in chemical reactions.
The balanced acidity and Fe3O4 in Fe/HMOR promote glucose
isomerization and the selective conversion to 5-HMF. In
comparison, the conned structure of Fe/HZSM-5 promotes
unwanted side reactions due to its high Lewis acidity. This
comparison shows that the structure of zeolites is crucial in
Fig. 10 Glucose conversion in water and n-butanol/water media system

18602 | RSC Adv., 2026, 16, 18591–18611
shaping how iron species form and how acid sites interact,
ultimately affecting the selectivity for 5-HMF.

Although Al- and Si-derived acid sites inherently participate
in glucose conversion, their inuence on product selectivity in
this study is deliberately controlled and secondary. All catalysts
were prepared from parent HMOR and HZSM-5 zeolites with
xed Si/Al ratios, and Fe was introduced viamild impregnation,
minimizing the generation of extra-framework Al species that
could increase Brønsted acidity. Pyridine-IR results show that
Fe incorporation predominantly introduces Fe-based Lewis acid
sites while leaving the framework Brønsted acidity (Si–OH–Al)
largely unchanged. Consistently, NH3-TPD indicates that Fe
loading mainly modies acid strength distribution rather than
total acidity. If Al or Si residues were the dominant factor,
comparable 5-HMF selectivity would be expected for catalysts
with similar Si/Al ratios; however, Fe/HMOR exhibits markedly
higher selectivity than Fe/HZSM-5. Furthermore, spectroscopic
analysis reveals a strong correlation between 5-HMF selectivity
s of 6Fe/HMOR.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and the fraction of Fe3O4 species, which provides an optimized
Brønsted/Lewis acid balance that promotes glucose isomeriza-
tion and dehydration while suppressing Brønsted-acid-driven
side reactions. These results demonstrate that Fe speciation
and its interaction with zeolite topology, rather than Al or Si
residues alone, govern the observed selectivity enhancement.
3.2 Catalytic performance for glucose conversion

3.2.1 Catalytic enhancement in a biphasic system. The
impact of employing a biphasic system of n-butanol (n-BuOH)
and water, as opposed to using pure water, was evaluated with
HMOR catalysts, as shown in Fig. 10. The results demonstrated
that the catalytic conversion of glucose and the selectivity for 5-
HMF in the biphasic system were signicantly enhanced
compared to the water-only system. However, LA production via
the hydration mechanism was hindered in both systems.
Additionally, introducing NaCl into the system increased the
selectivity for 5-HMF by raising the ionic strength of the
aqueous phase through ion–dipole interactions between Na+

and Cl− ions and water,63 as illustrated in the reaction scheme
in Fig. 10. This increase in ionic strength reduced the solubility
of 5-HMF in the aqueous phase, thereby preventing its further
degradation into LA. This change also facilitated the removal of
5-HMF, shiing the reaction equilibrium toward its formation.

Moreover, the biphasic system enhances mass transfer,
enabling glucose and its intermediates to diffuse more readily
Fig. 11 Temperature effect on glucose conversion of HMOR (a), 6Fe/HM

© 2026 The Author(s). Published by the Royal Society of Chemistry
between the aqueous and organic phases. The organic phase
provides a protective environment for 5-HMF, partially shield-
ing it from the acidic conditions in the aqueous phase, which
are conducive to LA formation. As a result, the biphasic system
proves to be more effective in converting glucose and producing
5-HMF compared to the monophasic system.

3.2.2 Effect of temperature. The effect of temperature on
glucose conversion and product yields was studied using 6Fe/
HMOR and 6Fe/HZSM-5, comparing these catalysts with bare
zeolites in a biphasic reaction system, as shown in Fig. 11. The
results indicated that both glucose conversion and the yield of
5-HMF increased with temperature, reaching up to 200 °C. At
temperatures of 190 °C and 200 °C, the catalytic conversion and
yield of 5-HMF for 6Fe/HMOR and 6Fe/HZSM-5 were signi-
cantly better than those of the bare zeolites. This demonstrates
that incorporating iron onto zeolites HMOR and HZSM-5
enhances catalytic performance in the conversion of glucose
to 5-HMF. Moreover, the byproduct of LA over 6Fe/HMOR and
6Fe/HZSM-5 was lower than that over the bare zeolite. The 6Fe/
HMOR catalyst achieved the highest yield of 5-HMF at 200 °C,
which was nearly the same as the yield obtained at 190 °C. In
contrast, the optimal yield for 6Fe/HZSM-5 occurred at 190 °C.
Therefore, to minimize energy consumption, a reaction
temperature of 190 °C is recommended for further studies.

3.2.3 Effect of Fe loading. The effect of iron loading on
catalytic performance was evaluated under optimized reaction
conditions, as summarized in Table 4. In the HMOR series, an
OR (b), HZSM-5 (c), and 6Fe/HZSM-5 (d).
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Table 4 The catalytic conversion of glucose for Fe/HMOR and Fe/
HZSM-5with different Fe-loading in a biphasic system at 190 °C for 4 h

Catalysts
%
Conversion

% Yield
of 5-HMF

% Yield
of LA

HMOR 90 34 31
2Fe/HMOR 87 36 14
6Fe/HMOR 79 44 2
HZSM-5 63 30 12
2Fe/HZSM-5 61 36 0
6Fe/HZSM-5 76 40 2
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increase in iron content was associated with a rise in the yield of
5-HMF from glucose. However, the glucose conversion
percentage did not increase gradually with increasing Fe
loading. This nding reveals the effects of metal dispersion on
the zeolite support. Reduction in glucose conversion due to
lower accessibility or weaker acid strength is presented on the
zeolite support. When Fe species are highly dispersed in zeolite
(as isolated Fe3+ or Fe–O–Si sites), they may be conned deep
inside micropores or strongly bonded to the framework. The
present active species well corresponded to a nding of extra-
Fig. 12 Relationship of the normalized product yields of 5-HMF and LA
conversion under a biphasic system at 190 °C.

Fig. 13 Relationship of 5-HMF yield and Fe2O3 (a) and Fe3O4 (b) on Fe/H
system at 190 °C.

18604 | RSC Adv., 2026, 16, 18591–18611
framework Al2O3 by XPS analysis on the catalyst. Conversely,
for the HZSM-5 series, glucose conversion improved with
increasing Fe content. These ndings align well with the
specic surface area of the catalysts. The yields of iron-
supported catalysts on both zeolites were enhanced with
greater Fe loading. The maximum yields were observed for the
6Fe/HMOR and 6Fe/HZSM-5 catalysts, reaching approximately
44% and 40%, respectively. However, LA production decreased
as Fe loading increased.

The physicochemical properties of the catalysts were thor-
oughly characterized, as they are linked to their catalytic activity
and selectivity for the identied products. The yields of 5-HMF
and LA were normalized by surface area, as shown in Fig. 12.
The normalized yields of the identied products increased with
increasing iron (Fe) loading for both HMOR and HZSM-5
supports. Notably, signicant improvements in yield were
particularly evident with the Fe/HZSM-5 catalysts, with the
highest yield achieved using the 6Fe/HZSM-5 catalyst. Addi-
tionally, both the 6Fe/HMOR and 6Fe/HZSM-5 catalysts
exhibited a reduction in LA byproduct compared to the bare
zeolites. Regarding the ratio of weak to medium acid sites (W/
with a weak to medium (W/M) acid ratio of the catalysts on glucose

MOR and Fe/HZSM-5 catalysts in glucose conversion under a biphasic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Reaction mechanism of glucose conversion to 5-HMF (a) and levulinic acid (b) catalyzed by Lewis acid site (LAS) and Brønsted acid site
(BAS).
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M), analyzed by HN3-TPD, the distribution of 5-HMF products
increased as the W/M ratio decreased. Conversely, the produc-
tion of LA increased with a higher W/M ratio (Fig. 12). This
© 2026 The Author(s). Published by the Royal Society of Chemistry
indicates that achieving a balance between weak acid sites (Si–
OH) and medium acid sites, which correspond to the hydroxyl
groups bound to Fe and Al within the zeolite structures, plays
RSC Adv., 2026, 16, 18591–18611 | 18605
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a crucial role in product selectivity during glucose conversion.
These ndings are essential for optimizing catalysts in iron-
supported zeolites.17,19,64

3.2.4 Effect of Fe species on 5-HMF selectivity. The distri-
bution of Fe2O3 and Fe3O4 in iron-supported zeolite catalysts
was analyzed using Linear Combination Fitting (LCF) of X-ray
Absorption Spectroscopy (XAS) spectra. The results were
plotted alongside the yield of 5-HMF for the catalysts, as shown
in Fig. 13(a) and (b). A strong correlation was observed between
the presence of Fe3O4 species, which contain both Fe2+ and Fe3+

ions, in the Fe/HMOR and Fe/HZSM-5 catalysts and the yield of
5-HMF. In the 6Fe/HMOR catalyst, the maximum yield reached
approximately 45%, with the fraction of Fe3O4 around 76% (see
Fig. 13b). In contrast, catalysts with a higher proportion of
Fe2O3, which primarily consists of Fe3+, displayed a lower yield
of 5-HMF. This lower yield can be attributed to the stronger
acidic character of Fe2O3 nanoparticles compared to Fe3O4,
which serves as the Lewis acid site in the catalysts. This differ-
ence creates a more favorable reaction pathway for the hydra-
tion process of 5-HMF, leading to the production of LA.

The proposed reaction mechanism for glucose conversion
considers the roles of both Brønsted and Lewis acid sites in the
catalysts, as illustrated in Fig. 14.64 The glucose is rst subjected
to Lewis acid catalysis. The heteroatom oxygen forms ionic
contact with the metal, facilitating aldehyde formation from the
alcohol by breaking the carbon-oxygen sigma bond. With the
ring broken, the aldose can undergo keto–enol tautomerization
to form the keto form, featuring a ketone. Cyclization generates
fructose. Fructose can undergo dehydration at a Brønsted acid
site, where three water molecules are lost. Initially, the
anomeric alcohol undergoes protonation, and the formation of
an oxocarbenium from the heteroatom oxygen facilitates water
removal. The removal of the acidic proton forms the enol, and
the deprotonated Brønsted acid catalyst deprotonates the
proton from the newly made oxonium ion. The removal of the
second water molecule occurs when the base removes the acidic
proton on the alpha carbon of the aldehyde, and the water is
eliminated. The nal water molecule is removed by base elim-
ination, with the driving force being the formation of a stable
ve-membered aromatic 5-HMF. Both Fe3O4 and Fe2O3
Fig. 15 Glucose conversion and 5-HMF yield over three catalytic cycles

18606 | RSC Adv., 2026, 16, 18591–18611
predominantly act as Lewis acid sites involved in the isomeri-
zation of glucose to fructose. However, the surface of these iron
oxides contains –OH groups that are relevant to Brønsted acid
sites, as conrmed by XPS.65 Thus, the Fe–OH and Si–OH groups
on the Fe/zeolite catalysts play a role in catalyzing the conver-
sion of fructose to 5-HMF. Moreover, the size of the Fe3O4

clusters signicantly inuences the pathway that determines
the yield of 5-HMF by modulating the strength of the Brønsted
acid sites on Fe3O4/SiO2, as reported in the literature.66 A larger
size of the iron oxide cluster found in the 6Fe/HMOR, as
determined by SEM-EDS, shows a higher yield of 5-HMF
compared to the 6Fe/HZSM-5 catalyst. Additionally, the pres-
ence of extra-framework Al2O3 on the surface of the 6Fe/HMOR
catalyst, as determined by XPS, also inuences the selectivity of
the 5-HMF product. This nding has been documented in the
literature.59,64 The relatively high amount of strongly acidic sites,
combined with the mixed acidic nature of Lewis and Brønsted
acid sites, can effectively tune the conversion of glucose to 5-
HMF.

The mechanistic scheme (Fig. 14) also illustrates the explicit
inuence of acid-site distribution and Fe-speciation on the
parallel formation pathways of 5-HMF and levulinic acid.
Mixed-valence Fe3O4 species provide moderate Lewis acidity
that promotes selective glucose isomerization, while the
Brønsted Fe–OH and Si–OH groups catalyze fructose dehydra-
tion to 5-HMF. A lower weak-to-medium acidity (W/M) ratio,
characteristic of Fe/HMOR, favors dehydration and suppresses
rehydration of 5-HMF. On the other hand, catalysts with higher
proportions of Fe2O3 and higher W/M ratios, such as Fe/HZSM-
5, display stronger Lewis acidity which can promote and accel-
erate the reaction of 5-HMF rehydration to levulinic acid. This
explains why Fe/HMOR and Fe/HZSM-5 exhibit comparable
glucose conversion and 5-HMF yield yet differ markedly in lev-
ulinic acid formation.

Although the 5-HMF yield (44%) is lower than reported in
some recent studies, this study provides detailed insights into
the synergistic roles of Fe species and the acid site balance,
which are crucial for designing improved catalysts for future
studies.
. Each cycle was performed in triplicate.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2.5 Reusability of 6Fe/HZSM-5 and 6Fe/HMOR. The
reusability of the 6Fe/HZSM-5 and 6Fe/HMOR catalysts was
evaluated at 190 °C over a period of 4 h in a biphasic solvent
Fig. 16 XRD patterns (a and b), TGA analysis (c and d), and FTIR spectra

© 2026 The Author(s). Published by the Royal Society of Chemistry
system, as illustrated in Fig. 15. The catalytic conversion and 5-
HMF yield from the 6Fe/HZSM-5 catalyst were slightly higher
than those from the 6Fe/HMOR catalyst across three running
(e and f) of the spent catalysts.
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Fig. 17 Fe-leaching percent determined through three cycles of
catalytic reaction.
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cycles. Both catalysts exhibited a slight decrease in conversion
over time, with 6Fe/HZSM-5 showing a slightly greater decline.
However, the yields of 5-HMF produced by the 6Fe/HZSM-5
catalyst remained relatively constant and even increased
somewhat during the second cycle. The repeated use of the
Fig. 18 XPS spectra of Fe 2p, O 1s, Si 2p, and Al 2p of Fe/HMOR and Fe

18608 | RSC Adv., 2026, 16, 18591–18611
catalyst may have resulted in slight surface roughening or pore
opening, enhancing the contact between glucose and acid sites
and thereby improving the efficiency of 5-HMF formation.

3.2.6 Characterization of the spent catalysts. The struc-
tures of the spent catalysts, 6Fe/HZSM-5 and 6Fe/HMOR, were
characterized using XRD, as shown in Fig. 16(a and b). The
intensity of the crystalline peaks corresponding to the HZSM-5
structure in the 6Fe/HZSM-5 catalyst was slightly reduced aer
repeated cycling. However, the intensity decreases from cycle 2
to cycle 3 wasminimal. A similar trend was observed for the 6Fe/
HMOR catalyst. Notably, mixed phases of HZSM-5 and HMOR
were detected aer the third cycle, indicating a phase trans-
formation of the zeolite support in the 6Fe/HMOR catalyst over
repeated use.

The changes in the zeolite structures were associated with
a dramatic increase in coke formation on the catalyst during
cycling, as determined by thermogravimetric analysis (TGA), as
shown in Fig. 16(c and d). This result contrasted with that of the
6Fe/HZSM-5 catalyst, where coke formation was reduced over
the course of the run. The FT-IR spectra of the spent catalysts
show that the characteristic vibrations of the zeolite framework
in the 6Fe/HZSM-5 and 6Fe/HMOR catalysts appear as bands at
1210 cm−1 and 1050 cm−1. This observation conrms their
/HZSM-5 spent catalyst.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structural stability, as illustrated in Fig. 16(e and f). However,
there are slight changes in the intensity and position of the
bands associated with surface hydroxyl groups and Brønsted
acid sites, located at 3750 cm−1 and 3500 cm−1, respectively.
These changes indicate modications or redistributions of the
acid sites aer the rst reaction cycle for both catalysts.

Furthermore, the percentage of Fe leaching over the repeated
use of the catalysts was below 2% (Fig. 17). The maximum
leaching for both catalysts occurred during the rst cycle and
decreased over time.

XPS analysis of the spent 6Fe/HMOR and 6Fe/HZSM-5 cata-
lysts aer one and three reaction cycles conrms their excellent
structural and chemical stability (Fig. 18). The Fe 2p spectra
show no shi in binding energy or change in spectral features
compared to the fresh catalysts, indicating that the iron oxida-
tion state and coordination environment remain unchanged
during reaction. In the O 1s region, a slight reduction of the Si–
OH component was observed for 6Fe/HMOR aer the rst cycle,
while the dominant Si–O–Si framework oxygen remained intact,
suggesting only minor surface hydroxyl modication without
framework degradation. The Si 2p spectra display exclusively
the characteristic Si4+ signal of the SiO2 framework, with no
evidence of sub-oxide species (Si2O3), and no extra framework
aluminum species were detected in Al 2p, indicating the
absence of dealumination. Overall, these results demonstrate
that the iron active sites and zeolite frameworks are well
preserved aer repeated catalytic cycles, conrming the dura-
bility and stability of the iron-supported zeolite catalysts.

4 Conclusions

This work demonstrates that glucose conversion to 5-HMF is
controlled by the balance and nature of Brønsted and Lewis acid
sites, which are strongly inuenced by zeolite support and iron
speciation. Characterization conrmed that Fe incorporation
generates Fe-based Lewis acid sites (Fe2O3 and Fe3O4) together
with Brønsted acid sites from framework Si–OH–Al, surface Fe–
OH, and extra-framework Al–OH species, with Py-IR revealing
a higher B/L ratio for Fe/HMOR than Fe/HZSM-5. Catalytic
results in a biphasic n-BuOH/water system showed that
moderate acidity and an optimized B/L ratio enhance 5-HMF
selectivity while suppressing levulinic acid formation. XANES
and UV-vis DRS established a strong correlation between Fe3O4-
rich species and higher 5-HMF yields, as mixed-valence Fe2+/
Fe3+ provides moderate Lewis acidity that favors glucose isom-
erization, while excessive Fe2O3 leads to side reactions. The
highest performance was achieved with 6Fe/HMOR at 190 °C,
where synergistic Lewis–Brønsted acidity and controlled acid
strength enabled efficient conversion of glucose to 5-HMF,
providing clear guidance for rational catalyst design.
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