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Thiol—ene click functionalization of a MCM-41/
FezO4 nanocomposite with acrylic acid: a
magnetically recoverable solid acid catalyst for
efficient conversion of sugars to 5-HMF

Abdul R Mkia,” Suhas Ballal,” Shaker Al-Hasnaawei,“* Shelesh Krishna Saraswat,®
Subhashree Ray,*" Naveen Chandra Talniya,®" Aashna Sinha' and Vatsal Jain’

The development of efficient solid acid catalysts is critical for the sustainable production of
5-hydroxymethylfurfural (5-HMF), an important foundational chemical obtained from biomass. In this
work, mesoporous silica MCM-41 was prepared and modified with FesO4 nanoparticles to impart
magnetic recoverability. The surface was further functionalized with 3-mercaptopropyltriethoxysilane to
introduce thiol groups, followed by a thiol—ene click reaction with acrylic acid to graft carboxylic acid
functionalities onto the surface. The resulting magnetically recoverable nanocomposite was comprehen-
sively characterized using FT-IR spectroscopy, acid—base titration, EDX, XRD, BET, TEM, SEM, TGA, and
VSM analyses. The nanocomposite combined the high surface area and ordered mesoporosity of MCM-
41 with the magnetic separability of FesO4 nanoparticles. It was used as a solid acid catalyst for the
transformation of sugars into 5-HMF. The influences of several reaction parameters like the reaction
temperature, catalyst amount, reaction time, and type of solvent were assessed for the transformation of
fructose into 5-HMF. The optimized reaction conditions were determined to be a temperature of
120 °C, 30 mg of catalyst, a reaction time of 1 h, and the reaction medium with a dimethyl sulfoxide/
H,O (V/V) ratio of 2/1. Under these conditions, the conversion of fructose resulted in 94% 5-HMF yield.
The catalyst also demonstrated outstanding reusability across multiple cycles with a minimal loss of
effectiveness. Moreover, the turnover number (TON) and turnover frequency (TOF) were calculated to
be 25.2 and 25.2 h™?, respectively, highlighting the efficiency of our developed catalytic system.

1. Introduction

Today, the world’s attention to green technologies and pollu-
tion reduction is increasing."™* The growing environmental
issues linked to the use of fossil fuels and the rising demand
for sustainable energy and chemicals have driven significant
research into biomass conversion technologies.”® Among
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numerous platform chemicals obtained from biomass, 5-hydro-
xymethylfurfural (5-HMF) has attracted considerable attention
owing to its versatile applications as a pivotal intermediate for
biofuels, bioplastics, and pharmaceuticals.®'° 5-HMF contains
both aldehyde and hydroxymethyl functional groups, as well as
a furan ring, making it highly versatile for downstream
chemical transformations." 5-HMF can be synthesized
through the acid-catalyzed dehydration of hexose sugars like
fructose and glucose, and its efficient production is critical for
the development of a sustainable biorefinery.'*"?

The conversion of sugars into 5-HMF typically requires
acidic conditions, and although homogeneous acid catalysts
such as HCI and H,SO, have shown high catalytic activity, they
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pose several drawbacks including corrosion, difficulty in separa-
tion, and environmental hazards.’* To overcome these issues,
heterogeneous acid catalysts (solid acids) have gained attention
as promising alternatives.'®™” These include sulfonated carbon
materials, metal oxides, heteropoly acids supported on porous
supports, zeolites, and functionalized mesoporous silica. Solid
acid catalysts offer significant advantages such as ease of separa-
tion, recyclability, tunable acidity, and reduced environmental
impact.'®'® Moreover, the use of bifunctional catalysts combin-
ing Brgnsted and Lewis acid sites has been found to enhance the
conversion of more recalcitrant sugars like glucose and disac-
charides by promoting isomerization-dehydration tandem
reactions.?®?! In this context, surface functionalization of var-
ious solid support materials with acidic groups has been widely
employed to develop solid acid catalysts for the transformation
of sugars into 5-HMF.>>??

Among numerous solid supports, mesoporous silica MCM-
41 has gained prominence due to its unique structural and
textural properties, including a highly ordered hexagonal
arrangement of uniform mesopores, large surface area, and
tunable pore sizes.>*® Moreover, the high thermal and
mechanical stability of MCM-41 makes it a suitable support
for a wide range of catalytic reactions under different operating
conditions.”” In addition, the surface of MCM-41 can be easily
functionalized or modified to anchor various metal ions, nano-
particles, or organometallic complexes, enabling the design of
tailored catalytic systems.>®

Despite the high effectiveness of MCM-41-based catalytic
systems, their practical application is often hindered by diffi-
culties in separation from the reaction mixture. Owing to
their fine powder form and lack of magnetic properties, con-
ventional MCM-41 catalysts require time-consuming and
energy-intensive separation techniques such as filtration or
centrifugation, which can result in catalyst loss and reduced
process efficiency.”® Therefore, enhancing the separability of
MCM-41 materials is essential to fully exploit their catalytic
potential in practical applications. This issue can be effectively
addressed by incorporating magnetic Fe;O, nanoparticles into
the MCM-41 framework. The magnetic properties of Fe;O,
facilitate easy separation and recycling of the catalyst using an
external magnet, enhancing the overall efficiency and sustain-
ability of catalytic processes.’** The incorporation of Fe;0, can
improve the separation of the MCM-41 framework, while main-
taining its high surface area and uniform pore structure.*>*°

On the other hand, the covalent attachment of catalytically
active sites to solid supports represents a pivotal strategy in the
design and development of heterogeneous catalysts. In this
regard, the thiol-ene click reaction has emerged as a particularly
attractive method owing to its regioselectivity, high efficiency,
mild reaction conditions, and broad functional group
compatibility.*>*' This radical-mediated addition of thiols to
alkenes proceeds rapidly under ambient conditions and often
requires only photochemical or thermal initiation, making it
highly suitable for surface functionalization without compromis-
ing the structural integrity of the support or the catalytic moiety.*>
Consequently, the thiol-ene click reaction offers a robust and
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versatile platform for the immobilization of catalytic active species
on a variety of solid supports, thereby advancing the design of
efficient and recoverable heterogeneous catalytic systems.
Herein, we reported the synthesis of a novel magnetically
recoverable heterogeneous acid catalyst based on MCM-41
functionalized with Fe;O, nanoparticles, followed by surface
modification with 3-mercaptoprpopyltriethoxysilane through the
post-synthesis method and subsequent thiol-ene click functio-
nalization with acrylic acid. Using this strategy, acrylic acid, a
carboxylic acid-containing molecule, can be covalently attached
to the modified surface, thereby introducing Brensted acid sites
that are essential for the conversion of sugars to 5-HMF. The
catalyst was thoroughly characterized using different physico-
chemical techniques and evaluated for its catalytic performance
in the synthesis of 5-HMF from sugars including fructose,
glucose, sucrose, maltose, and cellulose. The influences of
reaction parameters and catalyst reusability were also system-
atically examined in the dehydration of fructose to 5-HMF.

2. Experimental

2.1. General

All chemicals utilized in this work were obtained from Sigma-
Aldrich and utilized without further purification. All solvents
were of analytical grade and used as supplied. Deionized water
was used throughout the experiments. The prepared materials
were thoroughly characterized via a range of analytical methods
such as Fourier-transform infrared spectroscopy (FT-IR), energy-
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD),
Brunauer-Emmett-Teller (BET) analysis, transmission electron
microscopy (TEM), scanning electron microscopy (SEM), vibrat-
ing sample magnetometry (VSM), acid-base titration, thermo-
gravimetric analysis (TGA), and nuclear magnetic resonance
(NMR) spectroscopy. Detailed information on the instrumenta-
tion and characterization procedures is given in the SI.

2.2. Synthesis of mesoporous silica MCM-41

Mesoporous silica MCM-41 was prepared based on the experi-
mental procedure reported in the literature.”® In a typical
procedure, 2.5 g of cetyltrimethylammonium bromide (CTAB)
was dissolved in 50.0 mL of deionized water under constant
stirring. After complete dissolution, 60.0 g of ethanol and 16.8 g
of ammonium hydroxide (25%) were added to modify the pH to
around 11. Subsequently, 4.7 g of tetraethyl orthosilicate (TEOS)
was added dropwise to the solution under vigorous stirring. The
mixture was stirred at room temperature for 2 h. The obtained
white solid was isolated by filtration, rinsed several times with
deionized water and ethanol, and dried at 80 °C overnight. The
dried solid was calcined at 550 °C for 6 h to remove the
surfactant template, affording pure mesoporous silica MCM-41.

2.3. Synthesis of the magnetic MCM-41 nanocomposite
(MCM-41/Fe;0,)

The magnetic MCM-41 nanocomposite (MCM-41/Fe;0,) was
prepared via an in situ co-precipitation method. Briefly, 1.0 g

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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of MCM-41 was dispersed in 100.0 mL of deionized water using
ultrasonication for 30 min. Then, FeCl,-4H,0 (4.0 mmol, 0.8 )
and FeCl;-6H,0 (8.0 mmol, 1.1 g) were added to the dispersion
under a nitrogen atmosphere. The mixture was heated to 80 °C
under mechanical stirring. Subsequently, 20.0 mL of ammo-
nium hydroxide (25%) was added dropwise to initiate the
precipitation of Fe;O,. The reaction mixture was maintained
at 80 °C for 2 h. The resulting black solid was magnetically
separated, rinsed several times with deionized water and etha-
nol, and then dried at 80 °C overnight.

2.4. Synthesis of mercaptopropyl-functionalized MCM-41/
Fe;0, (MCM-41/Fe;0,-SH)

Typically, 1.0 g of MCM-41/Fe;0, was dispersed in 50.0 mL of
anhydrous toluene under a nitrogen atmosphere. Then, 1.0 mL
of 3-mercaptoprpopyltriethoxysilane (MPTES) was added, and
the mixture was refluxed for 24 h under continuous stirring.
After cooling to room temperature, mercaptopropyl-function-
alized MCM-41/Fe;0, (MCM-41/Fe;0,-SH) was isolated using a
magnet, rinsed thoroughly with toluene and ethanol to remove
unreacted MPTMS, and dried at 80 °C overnight.

2.5. Synthesis of acrylic acid-functionalized MCM-41/Fe;0,
(MCM-41/Fe;0,~COOH)

The MCM-41/Fe;0,-SH was further modified with acrylic acid
through a thiol-ene click reaction. In a typical procedure, 1.0 g
of MCM-41/Fe;0,-SH was dispersed in 50.0 mL of chloroform
under a nitrogen atmosphere. To this, 2.0 mmol of acrylic acid
and benzoyl peroxide (0.1 mmol) were added as initiators. The
mixture was refluxed for 2 h under continuous stirring. After
completion, the obtained product (MCM-41/Fe;0,~COOH) was
separated using an external magnet, rinsed thoroughly with
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chloroform to remove unreacted reagents, and then dried at
80 °C overnight.

2.6. General method for the catalytic dehydration of fructose
to 5-HMF over MCM-41/Fe;0,~COOH

In a typical experiment, fructose (100.0 mg) and the desired
amount of MCM-41/Fe;0,~COOH were added to a sealed
reactor containing 3.0 mL of solvent. The reaction mixture
was stirred and heated at the desired temperature (ranging
from 80 to 140 °C) for a specified duration (15-60 min). Upon
completion, the reaction mixture was allowed to cool to room
temperature, and the catalyst was magnetically removed from
the reaction mixture. The liquid phase was diluted with ethyl
acetate as the extracting solvent to extract 5-HMF and then
subjected to solvent removal under reduced pressure. The 5-
HMF was purified by column chromatography on a silica gel
utilizing an appropriate eluent (e.g:, ethyl acetate/hexane). The
purified 5-HMF was analyzed by NMR and FT-IR spectroscopy
and the yield of 5-HMF was calculated based on the initial
amount of fructose used, as follows:

5-HMF yield (%) = [moles of 5-HMF formed/moles of preli-
minary fructose] x 100%

3. Results and discussion

The catalyst was prepared following the methodology presented
in Scheme 1. The synthetic procedure began with the prepara-
tion of mesoporous silica MCM-41, providing a high surface
area and a uniform pore structure ideal for further functiona-
lization. Subsequently, MCM-41 was modified by incorporating

FeCl,4H,0
FeCly6H,0
OH OH OH
HS MCM-41/Fe;04
Eto,
si _siTN"sh
1\ Et0” \
"0 o OEt

A “xn’

MCM-41/Fe;04-COOH
Scheme 1 Synthesis procedure of MCM-41/Fez0,—-COOH.
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Fe;0, nanoparticles, producing the MCM-41/Fe;O, nanocom-
posite with magnetic properties for easy separation. The sur-
face of MCM-41/Fe;0, was then functionalized with MPTES to
introduce thiol groups, yielding mercaptopropylated MCM-41/
Fe;0, (MCM-41/Fe;0,-SH). Finally, a thiol-ene click reaction
was carried out between the surface thiol groups and acrylic
acid, leading to the covalent attachment of carboxylic acid
groups onto the surface of MCM-41/Fe;0, (MCM-41/Fe;0,—
COOH).

FT-IR spectroscopy was used to confirm the effective surface
functionalization of MCM-41, as shown in Fig. 1. The spectra of
all samples exhibited characteristic bands at 1085 cm ™' and
800 cm ', corresponding to the asymmetric and symmetric
stretching vibrations of Si-O-Si, along with a band at
460 cm™ " attributed to the bending vibration of Si-O-Si, con-
firming the mesoporous silica framework.***> Upon incorpora-
tion of Fe;0, nanoparticles, a band appeared at 593 cm ™" in the
spectrum of MCM-41/Fe;0, due to the Fe-O stretching vibration,
approving the successful preparation of the MCM-41/Fe;0,
nanocomposite.*®*” Functionalization with MPTES introduced
some bands at about 2800-3000 cm ™" in the spectrum of MCM-
41/Fe;04-SH, corresponding to the -CH stretching vibration in
methylene groups from the MPTES, verifying the successful
grafting of thiol groups.*® Further modification via the thiol-
ene click reaction with acrylic acid resulted in the emergence of a
new band around 1735 cm ™" in the spectrum of MCM-41/Fe;0,~
COOH, characteristic of C=O0 stretching from carboxylic acid

MCM-41/Fe304-COOH

v
COOH

MCM-41/Fe304-SH

Transmittance (a.u.)

MCM-41/Fe3Oq

v

Fe-O
MCM-41
_\/ N s
Si-O-Si
Si-O-Si
Si-O-Si >/
4000 3400 2800 2200 1600 1000 400

Wavenumber (cm'')

Fig.1 FT-IR spectra of MCM-41, MCM-41/Fez0,4 MCM-41/Fes0,4-SH,
and MCM-41/Fez04—-COOH.

17746 | New J. Chem., 2025, 49,17743-17752

View Article Online

NJC
groups.'>*° These spectral changes collectively confirmed the step-
wise surface modification of the MCM-41/Fe;0, nanocomposite.

EDX spectroscopy was employed to analyze the elemental
composition of MCM-41/Fe;0,~COOH. The EDX spectrum of
MCM-41/Fe;0,—~COOH (Fig. 2a) revealed the presence of key
elements including silicon (Si), oxygen (O), iron (Fe), sulfur (S),
and carbon (C). The EDX mapping images (Fig. 2b-f) further
showed a uniform distribution of Si, O, Fe, S, and C across the
catalyst, suggesting homogeneous surface modification.

The acid-base titration experiment was performed to calcu-
late the amount of carboxylic acid groups introduced via the
thiol-ene click reaction with acrylic acid. According to the
titration result, the quantity of carboxylic acid groups in
MCM-41/Fe;0,~COOH was 0.69 mmol g~ .

XRD analysis was conducted to explore the crystal structures
of MCM-41, MCM-41/Fe;0,, and MCM-41/Fe;0,~COOH (Fig. 3).
The XRD pattern of pure MCM-41 revealed a wide peak at about
20-30° corresponding to amorphous silica.’® After incorpora-
tion of Fe;O, nanoparticles, characteristic diffraction peaks at
20 =30.3°% 35.6° 43.4°, 53.8°, 57.3°, and 62.8° were observed in
the XRD pattern of MCM-41/Fe;0,, which can be indexed to the
(220), (311), (400), (422), (511), and (440) planes of the inverse
spinel structure of Fe;0,.°" Functionalization with MPTES and
the subsequent thiol-ene click reaction with acrylic acid did not
significantly alter the XRD pattern of MCM-41/Fe;0,-COOH,
indicating that the crystalline nature of MCM-41/Fe;0, was
preserved throughout the functionalization steps. In addition,
the crystallite size of Fe;O, nanoparticles in the catalyst was
estimated to be approximately 26 nm which was calculated
using the Debye-Scherrer equation based on the XRD peak
broadening. This value confirmed the nanoscale nature of
Fe;0, particles incorporated in the MCM-41 framework.

Nitrogen adsorption-desorption isotherm analysis was per-
formed to investigate the textural properties and porosity
changes of the synthesized materials. The isotherms of MCM-
41, MCM-41/Fe;0,, and MCM-41/Fe;0,~COOH (Fig. 4) exhibited
a typical type IV curve with a distinct hysteresis loop, confirming
the presence of uniform mesoporous channels.”® These results
also affirmed that the stepwise functionalization preserved the
overall mesostructure of the MCM-41 framework. Moreover,
BET theory was conducted to evaluate the textural properties,
including the specific surface area and the pore volume of the
synthesized materials. The pristine MCM-41 exhibited a high
specific surface area (1200 m*> ¢g~') and a large pore volume
(0.9 mL g "), characteristic of its well-ordered mesoporous struc-
ture. A noticeable decrease in the surface area (900 m* g~ ') and the
pore volume (0.7 mL g~ ') was observed for MCM-41/Fe;O, com-
pared to the bare MCM-41, which was attributed to partial pore
blockage or occupation by Fe;O, nanoparticles. The surface area
(289 m* g~ ") and the pore volume (0.3 mL g~ ') of MCM-41/Fe;0,~
COOH further reduced, consistent with the introduction of addi-
tional organic moieties within the mesoporous channels. Overall,
these results corroborated the successful stepwise modification of
MCM-41 while retaining its mesoporous nature.

TEM analysis was utilized to investigate the morphology
and structural integrity of MCM-41, MCM-41/Fe;0,, and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 2 EDX spectrum of MCM-41/Fez04—COOH (a) and the corresponding mapping images of Si (b), Fe (c), O (d), S (e), and C (f).
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Fig. 3 XRD patterns of (a) MCM-41, (b) MCM-41/Fez0y4, and (c) MCM-41/
F6304—COOH.

MCM-41/Fe;0,~COOH (Fig. 5). The TEM image of pure MCM-
41 revealed a uniform, well-ordered mesoporous structure with a
hexagonal arrangement of pores, characteristic of the MCM-41
framework. In the TEM image of MCM-41/Fe;0,, dark contrast

spherical particles were observed embedded within or attached to
the silica matrix, confirming the successful integration of Fe;O,
nanoparticles without significant disruption of the mesoporous
structure. In the case of MCM-41/Fe;0,~COOH, the overall mor-
phology remained unchanged, although a slight increase in con-
trast and particle aggregation was noted, likely due to the presence
of organic moieties on the surface. These observations confirmed
the successful functionalization while maintaining the structural
integrity and mesoporosity of the MCM-41/Fe;O, nanocomposite.
Besides, the SEM image of the MCM-41/Fe;0,~COOH (Fig. S1)
showed a uniform spherical morphology, demonstrating the suc-
cessful formation of the nanocomposite with a well-defined
particle shape.

VSM analysis was employed to estimate the magnetic prop-
erties of MCM-41/Fe;0, and MCM-41/Fe;0,~COOH (Fig. 6).
Both samples exhibited clear superparamagnetic behavior with
no remanence or coercivity. A decrease in the saturation
magnetization value of MCM-41/Fe;0,~COOH compared to
MCM-41/Fe;0, was ascribed to the increased mass of non-
magnetic organic layers in the catalyst. Despite the gradual
decrease in magnetization, the catalyst retained sufficient
magnetic responsiveness, enabling easy separation from the
reaction mixture using a magnet.

TGA was performed to estimate the thermal stability and the
presence of organic functional groups on the surface of the

MCM-41 MCM-41/Fe3Oq

Va/cm*(STP) g!
Va/em*(STP) g1

—8—-ADS —e—DES

—8-ADS —e—DES

MCM-41/Fe304-COOH

Va/cm3(STP) g!

—8—ADS —@—DES

0 02 04 06 08 1 12 0 02 04
p/po
Fig. 4 N, adsorption—desorption isotherms of MCM-41,
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Fig. 5 TEM images of MCM-41 (a), MCM-41/Fez04 (b), and MCM-41/Fez0,-COOCH (c).
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Fig. 6 VSM curves of MCM-41/Fez04 (a) and MCM-41/Fes04—COOH (b).

MCM-41/Fe;0,~COOH (Fig. 7). The TGA curve showed an initial
weight loss of approximately 2% below 200 °C, which was
ascribed to the removal of physically adsorbed water and
residual solvents trapped within the mesoporous structure. A
second significant weight loss was observed in the range of
200-700 °C, which was related to the thermal decomposition of
the organic moieties introduced during surface functionaliza-
tion, including the mercaptopropyl and carboxylic acid groups.
Overall, the catalyst displayed good thermal stability up to
200 °C, beyond which the degradation of the grafted organic
functionalities begins. This thermal behavior confirmed the
successful functionalization of the catalyst and showed its

100 4

o
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L
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o
o
"
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0 100 200 300 400 500 600 700 800

Temperature (°C)
Fig. 7 TGA curve of MCM-41/Fez0,4,—-COOH.
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suitability for catalytic applications under moderate thermal
conditions.

The catalytic activity of MCM-41/Fe;0,~COOH was assessed
in the conversion of fructose to 5-HMF. A systematic investiga-
tion of the solvent type, reaction temperature, reaction time,
and catalyst loading was conducted to optimize the reaction
conditions.

The choice of solvent plays a key role in the conversion of
fructose to 5-HMF, influencing both 5-HMF yield and selectiv-
ity. To examine the impact of solvent on 5-HMF yield, the
reaction was conducted in various solvents including dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), ethanol (EtOH),
and water under identical conditions (120 °C, 40 min, 30 mg
of catalyst). As can be seen in Fig. 8, the nature of solvent
significantly influenced the 5-HMF yield. Among the examined
solvents, DMSO provided the best 5-HMF yield (76%) due to its
known capacity to suppress side reactions like rehydration of
5-HMF to levulinic acid or humin formation.’> Moderate yield
was obtained in DMF (61%), which could be ascribed to its
lower ability to stabilize 5-HMF in comparison to DMSO. In
contrast, ethanol and pure water resulted in significantly lower
5-HMF yields of 29% and 19%, respectively, likely due to faster
5-HMF degradation and construction of byproducts in these
solvents.”

Although pure DMSO achieved the best 5-HMF yield, it is
known that the use of DMSO/water mixtures can fine-tune
the reaction environment, potentially enhancing 5-HMF yield.
Previous studies have demonstrated that incorporating a con-
trolled amount of water into DMSO can help moderate the
dehydration kinetics of fructose and suppress unwanted side
reactions by maintaining a favorable balance between dehydra-
tion and rehydration processes.> Motivated by these findings,
we explored how water content affected 5-HMF yield in various
DMSO/water mixtures. The reaction was carried out using
DMSO/water mixtures with different volume ratios. Interest-
ingly, the highest yield of 5-HMF (85%) was observed at a
DMSO/water ratio of 2/1, which was slightly higher than the
5-HMF yield obtained in pure DMSO. However, when the water
content was further increased (DMSO/water ratios of 1/1 and
1/2), a noticeable decline in 5-HMF yield was observed. This
behavior was likely due to the enhanced rehydration of 5-HMF
in the presence of excess water, leading to the formation of
byproducts and humins.
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COOH, 3 mL of solvent, 120 °C, 40 min.

The temperature-dependent behavior of the catalytic system
was explored by carrying out the reaction at diverse tempera-
tures (80, 100, 120, 140, and 160 °C). The results are summar-
ized in Fig. 9a. At lower temperatures (<100 °C), fructose
dehydration proceeded slowly, resulting in lower 5-HMF yields.
The maximum 5-HMF yield of 85% was attained at 120 °C,
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highlighting this as the optimal reaction temperature for
effective fructose conversion to 5-HMF. However, further
enhancing the temperature to 140 and 160 °C led to a slight
decline in 5-HMF yield owing to the thermal degradation of 5-
HMF and creation of humins or byproducts at elevated
temperatures.™*

To fix the optimal reaction time, the reaction was performed
for varying durations of 10, 20, 40, 60 and 80 min at the
optimized temperature of 120 °C using 30 mg of the catalyst.
As presented in Fig. 9b, 5-HMF yield increased with time,
reaching a maximum at 60 min (94%). Further extension of
the reaction time to 80 min led to a slight reduction in 5-HMF
yield (87%), which could be ascribed to the onset of side
reactions like 5-HMF rehydration or humin formation under
prolonged heating. These results confirmed that 60 min was
the optimal reaction time for achieving the highest 5-HMF yield
with minimal byproduct formation.

The impact of catalyst loading on the 5-HMF yield was
examined by changing the catalyst quantity from 10 to 50 mg.
The results revealed a significant influence of the catalyst
amount on 5-HMF yield (Fig. 9c). In the presence of lower
catalyst dosages (10 and 20 mg), 5-HMF yield was limited due to
insufficient availability of active sites. As the catalyst quantity
increased to 30 mg, a marked enhancement in 5-HMF yield was
detected, which was attributed to the increased density of acid
functionalities that facilitated the dehydration process. How-
ever, beyond 30 mg, the 5-HMF yield slightly decreased,
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Fig. 9 Effects of (a) reaction temperature, (b) the reaction time, (c) catalyst loading, and (d) the substrate type on 5-HMF yield. Reaction conditions: (a)
100 mg of fructose, 30 mg of MCM-41/Fez0,—-COOH, 3 mL of DMSO/water (2/1, v/v), 40 min; (b) 100 mg of fructose, 30 mg of MCM-41/Fes04—-COOH,
3 mL of DMSO/water (2/1, v/v), 120 °C; (c) 100 mg of fructose, 3 mL of DMSO/water (2/1, v/v), 120 °C, 60 min; and (d) 100 mg of substrate, 30 mg of

MCM-41/Fe;04-COOH, 3 mL of DMSO/water (2/1, v/v), 120 °C; 60 min.
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possibly due to mass transfer limitations or side reactions
promoted by excess acidic sites. Therefore, 30 mg of catalyst
provided sufficient active sites for effective dehydration of
fructose to 5-HMF. On the other hand, control experiments
using MCM-41/Fe;0, and MCM-41/Fe;0,-SH under the same
reaction conditions revealed no detectable formation of 5-HMF,
demonstrating that the presence of Fe;O, nanoparticles and
thiol groups alone was insufficient for catalyzing the dehydra-
tion of fructose and highlighting the essential role of the
surface carboxylic acid groups in promoting the reaction.

The catalytic activity of MCM-41/Fe;0,~-COOH was also
investigated for the transformation of other carbohydrates like
glucose, sucrose, maltose, and cellulose to 5-HMF under the
optimal reaction conditions for the transformation of fructose
into 5-HMF. The obtained results are provided in Fig. 9d. The
catalyst exhibited the highest efficiency with fructose, achieving
the maximum 5-HMF yield owing to the furanose structure of
fructose, which undergoes direct dehydration under mild
acidic conditions. In contrast, glucose yielded lower 5-HMF
yield, which was attributed to the necessity of a prior isomer-
ization step to fructose. Disaccharides like sucrose and maltose
provided moderate 5-HMF yields, as their hydrolysis to mono-
saccharides is a prerequisite for effective dehydration. Among
the tested substrates, cellulose gave the lowest 5-HMF yield,
largely due to its crystalline structure and limited solubility,
hindering effective catalytic interactions. These results demon-
strated the effectiveness of the developed catalyst in the con-
version of sugars to 5-HMF, particularly for monosaccharide
substrates.

The recyclability of MCM-41/Fe;0,~COOH was examined
through successive catalytic runs for the dehydration of fruc-
tose to 5-HMF under the optimal reaction conditions. After
each run, the catalyst was magnetically separated, rinsed thor-
oughly with ethyl acetate and deionized water to remove any
residual reactant or product, dried at 80 °C, and then reused
without any further modification. As shown in Fig. 10, 5-HMF
yield showed a slight decrease over five consecutive cycles. To
further assess the stability of the acidic functional groups

100
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60 e
40 r
20 A
0 E
2 3 4 5

Reaction cycle

5-HMF yield (%)

Fig. 10 Recyclability of MCM-41/Fes0,—-COOH in the conversion of
fructose to 5-HMF. Reaction conditions: 100 mg of fructose, 30 mg of
MCM-41/Fe;0,-COOH, 3 mL of DMSO/water (2/1, v/v), 120 °C, 60 min.
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Table 1 Comparison of the catalytic activity of MCM-41/Fez0,-COOH
with that of several reported heterogeneous catalysts in the conversion of
fructose to 5-HMF

Temperature Time 5-HMF

Catalyst Solvent (°Q) (h) yield (%) Ref.
S0,>7/TiO, DMSO 150 6 74.7 55
Al-KCC-1 DMSO 162 1 92.9 56
g-C;N,~SO;H  DMSO 120 3 60 57
SiO,-Imi-SOzH-2 DMSO 120 8 74.1 58
Aquivion@silica DMSO 120 1.5 85 59
MCM-41/Fe;0,~ DMSO/water 120 1 94 This work

COOH

responsible for the catalytic activity, acid-base titration was
performed to quantify the surface acidity of the used catalyst.
The recovered catalyst after five runs demonstrated a slightly
reduced acidity (0.64 mmol g~ ') compared to the fresh catalyst
(0.69 mmol g~ ). Besides, the XRD pattern (Fig. S5) and the FT-
IR spectrum (Fig. S6) of the recovered catalyst after five runs
were almost the same as those of the fresh catalyst. The
combined results from the recyclability test and acid-base
titration suggested that MCM-41/Fe;0,~COOH was a stable
catalyst for the dehydration of fructose to 5-HMF.

To validate the heterogeneous nature of MCM-41/Fe;0,-
COOH, a hot-filtration test was performed. The reaction was
conducted under optimized conditions (120 °C, 60 min) and
after 30 min, the catalyst was rapidly removed from the reaction
mixture via magnetic separation while maintaining the reaction
temperature. The resulting catalyst-free filtrate was then
allowed to continue reacting for the remaining 30 min under
the same conditions. No significant increase in 5-HMF yield
was observed after catalyst removal, demonstrating that the
active catalytic species were not leached into the solution and
confirming the heterogeneous nature of the catalyst.

As shown in Table 1, the catalytic activity of MCM-41/Fe;0,—
COOH was found to be comparable or superior to that of
several reported heterogeneous catalysts used for the dehydra-
tion of fructose to 5-HMF. Moreover, according to the experi-
mental findings and supported by previous literature,®® a
probable reaction mechanism for the transformation of fruc-
tose into 5-HMF over MCM-41/Fe;O0,~COOH is illustrated in
Scheme 2.

4. Conclusions

Herein, a magnetically recoverable solid acid catalyst, MCM-41/
Fe;0,-COOH, was successfully synthesized through surface
modification of mesoporous silica MCM-41 with Fe;O, nano-
particles and subsequently carboxylic acid groups via the thiol-
ene click reaction. Comprehensive characterization techniques,
including FT-IR spectroscopy, acid-base titration, EDX, XRD,
BET, TEM, and VSM, established the successful incorporation
of the magnetic nanoparticles, preservation of the mesoporous
structure, and the presence of surface acid groups. The catalyst
showed outstanding activity in the dehydration of fructose to 5-
HMF, achieving a high yield of 94% at 120 °C using 30 mg of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Scheme 2 Reaction mechanism for the dehydration of fructose to 5-HMF over MCM-41/FezO4—COOH.

catalyst for 60 min in a DMSO/H,0 (2:1 v/v) solvent system.
The catalyst also demonstrated excellent stability and reusa-
bility, maintaining high efficiency over five consecutive cycles
with only a slight decrease in 5-HMF yield. Overall, this study
presents a promising, sustainable, and magnetically recover-
able catalyst that combines the advantages of mesoporous
materials with surface acidity and easy magnetic separation,
showing great promise for application in biomass valorization.
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