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Sulfonated hierarchical H-ZSM-5 monoliths were synthesized via
ice-templating as solid acid catalysts for biodiesel production.
Characterization confirmed successful —-SOs; group grafting,
increasing acid density. The catalysts achieved over 90% conversion
of oleic acid in esterification, with easy recovery and reuse, and the
relationship between porosity and acid density was explored.

Acid catalysts are widely used in organic reactions, but homo-
geneous catalysts like H,SO, have limitations, such as separa-
tion difficulties, lack of reusability, and equipment corrosion."
To address these challenges, researchers focus on developing
heterogeneous solid-acid catalysts like zeolites, known for their
natural acidity and large surface area.>® Zeolites are particu-
larly useful due to their aluminosilicate structure, which pro-
vides catalytic sites that can be enhanced by modifying
aluminium content or grafting functional groups.*

Sulfonated zeolites have been shown to exhibit high catalytic
activity,> but their traditional powder form lacks stability in
industrial processes, causing issues such as pressure drop,
mass transfer, and recovery.® Monolithic zeolite structures
present a promising approach due to their advantages of high
efficiency, ease of recovery, and minimal catalyst loss.” Li et al.
fabricated H-ZSM-5 and HY monoliths, which showed greater
stability in n-hexane cracking and higher selectivity to light
olefins than their powder counterpart.® Chai et al. produced
Cr-Mn bimetallic functionalized USY zeolite monolithic
catalyst, demonstrating high catalytic performance for the
production of 2,5-furandicarboxylic acid from raw biomass with
good recyclability.®

In this work, we present a novel approach to synthesising
sulfonated hierarchical ZSM-5 monoliths. The macropores were
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introduced by ice-templating, while the mesopores were
formed through the use of cetyltrimethylammonium bromide
(CTAB) micelle templating.”*® The fabricated zeolite monoliths
were further treated with nitric acid to increase the amount of
silanol groups,"' to enhance subsequent grafting of 3-
mercaptopropyltrimethoxysilane (3-MPTMS) and sulfonation
by oxidizing —-SH groups. The resulting sulfonated hierarchical
ZSM-5 monoliths exhibited high acidity and improved catalytic
performance in the esterification of oleic acid with methanol
(Scheme S1, ESIt). Furthermore, the monolithic form of the
catalyst showed easy recovery and good recyclability.

The morphology of the catalysts was investigated by scan-
ning electron microscopy (SEM). During the freezing process,
water was frozen to form ice crystals, and the NH4-ZSM-5
particles, along with polyvinyl alcohol (PVA) molecules, were
excluded from the freezing front. This caused the zeolite
particles and PVA to aggregate between the ice crystals, which,
upon sublimation during the freeze-drying process, resulted in
the formation of macropores within the monolith. The PVA
played a crucial role as a stabilizer by preventing the zeolite
particles from settling before freezing, and also acted as a
sacrificial binder that held the particles together to form a
cohesive monolith. Without PVA, the monoliths were fragile or
disintegrated and no stable monoliths could be formed.

SEM images (Fig. 1) confirmed the formation of aligned
macropores in the monoliths. The images showed that the
NH,-ZSM-5 particles were evenly distributed and that the
macroporous structure was formed after freeze-drying
(Fig. 1b). The freeze-dried zeolite monoliths were treated with
tetraethyl orthosilicate (TEOS) sol to form silica coating around
zeolite particles. This silica coating, particularly after calcina-
tion, enhanced the mechanical stability of the monoliths. The
aligned structure remained intact after the silica coating pro-
cess (Fig. 1c) and no significant morphological changes, i.e.,
aligned macropores, were observed after the sulfonation treat-
ment (Fig. 1d). The presence of aligned macropores is critical
for enhancing molecular diffusion and catalytic efficiency.
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Fig.1 SEM images of zeolite particles and monoliths. (a) NH4-ZSM-5
particle. (b) Freeze-dried NH4-ZSM-5 monolith. (c) Non-sulfonated
monolith H-0.5-Z. (d) Sulfonated monolith H-0.6-SOz-0.5-Z. The pre-
pared zeolite monoliths were named in the form of H-A-SO3-B-Z, where:
H indicates treatment with HNOs, A specifies the mass ratio of 3-MPTMS
to monoliths and always appear with SOz, B denotes CTAB concentrations
(M), Z stands for zeolite.

The X-ray diffraction (XRD) patterns of the parent ZSM-5
particles and the modified ZSM-5 zeolites showed the presence
of crystalline zeolite particles (Fig. S1, ESIT). The characteristic
diffraction peaks of the parent ZSM-5 corresponded to the MFI
framework structure. After the sulfonation treatment, the SO;-
ZSM-5 particles retained the characteristic peaks of the parent
ZSM-5, with only a slight reduction in peak intensity. This
suggests that the sulfonation process did not introduce new
phases or alter the crystalline structure of ZSM-5. Notably, no
new peaks related to sulfonate groups appeared, indicating that
the sulfonate functionalization was successfully dispersed within
the zeolite structure without disrupting its framework."?

The decrease in intensity of the XRD peaks after coating the
parent ZSM-5 with SiO, was more pronounced, indicating a
reduction in crystallinity. This observation could be attributed
to the presence of amorphous silica on the zeolite monolith.
Nevertheless, the characteristic peaks of the MFI structure
remain prominent even after silica coating, suggesting that
the fabricated ZSM-5 monoliths retained their ZSM-5 structure.

FTIR spectroscopy (Fig. S2, ESIt) was employed to characterize
the modifications of zeolite monoliths. Strong absorption bands
near 1050 cm™ ', corresponding to the asymmetric stretching
vibrations of SiO, or AlO, tetrahedra, were observed in all
samples. A peak around 790 cm ' was associated with the
symmetric stretching of O-Si-O bonds."® The increase in the
intensity of these bands after treatment with TEOS sol and
sulfonation indicated that the silica content in the monoliths
had increased.

Moreover, the FTIR spectra showed the presence of O-H
stretching vibrations in the range of 3500-3300 cm ™", confirm-
ing the presence of -OH groups and qualitative increase in
intensity following silica coating and sulfonation (Fig. S2,
ESI)." It is difficult to quantify the strength of -OH groups
from the FTIR data. The subsequent KOH titration and
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NH;-TPD (temperature programmed desorption) analysis pro-
vided evidence of total acid density and the differentiation of
Si-OH and SOz;H group when discussing the catalytic
performance below. Although the characteristic S—O stretch-
ing vibrations, typically appearing near 1050 cm™' and
1170 cm ™', were not distinguishable due to overlap with the
ZSM-5 framework bands,"* the presence of sulfonic acid groups
was confirmed by the detection of a C-S stretching vibration
peak at around 690 cm ™ "."®> Weak peaks at 1460 cm™ " and 2930
em™ ' were also observed, corresponding to the asymmetric
stretching vibrations of alkyl groups originating from 3-
MPTMS,'® further confirming successful grafting of the sulfo-
nic acid precursor onto the ZSM-5 zeolite. The intensity of these
peaks increased with higher concentrations of 3-MPTMS, indi-
cating that the grafting was more extensive in samples with
higher loading of the functionalizing agent.

X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted to determine the surface chemical composition and
sulphur oxidation states before and after the oxidation process
(Fig. 2a and Fig. S3, ESIt). The monolith treated with 3-MPTMS
exhibited a doublet peak at 163.4 eV, characteristic of thiol
(-SH) groups. Post-oxidation, a new doublet peak emerged at
168.4 eV, while the thiol peak disappeared, indicating the
successful conversion to sulfonic acid (-SO;H) groups
(Fig. 2a)."” No significant changes in other surface elements
(such as C, Si) were detected after oxidation (Fig. S3, ESIY),
confirming the effective transformation of thiol to sulfonic acid
groups through the sulfonation process.

Nitrogen adsorption-desorption isotherms (Fig. 2b) were
obtained before and after modification. The parent ZSM-5
particles exhibited a typical type I isotherm, with a steep
nitrogen uptake at low relative pressures, indicative of a pre-
dominantly microporous structure."® The presence of a hyster-
esis loop at higher relative pressures suggested the existence of
mesopores,"® likely formed by the aggregation of small ZSM-5
crystallites. After coating with silica, the surface area of the non-
sulfonated ZSM-5 monolith (0-Z) decreased due to the micro-
pores being partially obstructed by the amorphous silica
layer. However, in samples treated with CTAB, such as 0.5-Z
and 0.8-Z (Fig. S4a, ESIY), the surface area significantly
increased due to the formation of mesopores, resulted from
the CTAB micelles after calcination. For sulfonated ZSM-5, the
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Fig. 2 Characterization of ZSM-5 zeolite materials. (a) XPS spectrum of
H-0.6-S0O3-0.5-Z and H-0.6-SH-0.5-Z (b) N, adsorption—desorption iso-
therms of ZSM-5 particles and monoliths.
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Table 1 The surface areas, acid density, and turnover frequency (TOF) of ZSM-5 particles and monoliths

“SBET b8 hicro-BET b8 heso-BET °-S0; density dTotal acid density ‘TOF
Catalyst (m*g™) (m*g™) (m*g™) (mmol g™ ) (mmol g ") (h™
fParent ZSM-5 408 303 105 0 0.46 1.7
SO;-ZSM-5 particle 53 2 51 0.47 0.97 2.4
H-0.2-SO3-0-Z 38 0 38 0.37 0.81 10.8
H-0.2-S0O5-0.5-Z 306 120 186 0.33 0.84 8.7
H-0.2-S03-0.8-Z 465 180 285 0.34 0.89 11.9
H-0.6-S0O3-0.5-Z 21 11 10 1.12 1.58 9.8
H-2.5-S0O5-0-Z 14 0.5 13.5 0.57 1.14 9.4
H-2.5-S03-0.5-Z 71 30 41 0.9 1.55 10.5
H-2.5-S03-0.8-Z 19 0 19 1.19 1.92 8.7
0.2-SO5-0.5-Z 333 98 235 0.31 0.73 10.4

“ BET method applied to the N, isothermal (p/p, 0.05-0.3). ” Surface area of micropores and mesopores by ¢-plot method. © Based on elemental
analysis. ¢ Based on NaOH titration. ° Based on the oleic acid conversion in the first hour of the reaction./ H-ZSM-5 particle (NH,-ZSM-5 particle

after calcination).

nitrogen adsorption isotherms showed a reduction in BET
surface area after sulfonation, with the SO;-ZSM-5 particles
experiencing a decrease from 408 m* g~ ' to 53 m* g~ (Table 1
and Fig. 2b). This sharp decline was attributed to the grafted
sulfonic acid groups blocking nearly all the micropores within
the ZSM-5 particles instead of structural change of the zeolite
particles (Fig. S1, ESIt). This trend became more significant for
the sulfonated monoliths, particularly when the zeolite mono-
liths were grafted with high concentration of 3-MPTMS and
subsequently oxidized (Table 1). In this case, a high percentage
of mesopores were also blocked (e.g., H-2.5-SO5-0.8-Z). Despite
the decrease in surface area, the hierarchical structure of the
sulfonated monoliths still allowed for sufficient diffusion path-
ways, particularly in samples like H-0.2-SO,-0.5-Z and H-0.2-
S0,-0.8-Z where the mesopores remained largely intact, leading
to a relatively high surface area of 306 m> g ' and 465 m> g~ *
(Table 1 and Fig. S4b, d, ESIt) compared to the other sulfonated
samples. The acid density of sulfonated samples also had a
significant increase after the sulfonation process.

Thermal stability of parent and modified zeolite samples
was examined by thermogravimetric analysis (TGA) (Fig. S5,
ESIt). Non-sulfonated samples, including parent ZSM-5 and
0.5-Z, exhibited mass loss between 30 °C and 180 °C due to
moisture, with 0.5-Z absorbing more water due to its larger
surface area and mesopores. Sulfonated samples showed mass
loss between 280 °C and 570 °C from decomposition of sulfonic
acid groups. SO3-ZSM-5 had lower mass loss compared to the
monoliths, indicating fewer sulfonic groups present. Higher
3-MPTMS concentrations increased sulfonic group grafting, but
after the mass ratio of 0.6 g g~ ' to zeolite monolith, further
grafting was minimal, indicating grafting saturation.

The catalysts were evaluated by the esterification of oleic
acid with methanol. The only product of this reaction was
methyl oleate (Fig. S6, ESIt). The non-sulfonated ZSM-5 mono-
liths exhibited moderate catalytic performance (Fig. S7, ESIT).
The conversion of oleic acid increased from 27.4% to 45.8%
within 5 h as the CTAB concentration was raised from 0 to
0.8 M. This was because higher CTAB concentrations led to the
formation of more mesopores (Table S1, ESIT), which facilitated
mass transfer of reactant molecules and improved the catalytic
performance. However, the catalytic performance of the
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non-sulfonated monoliths remained limited due to low acid
site density.

In contrast, sulfonated monoliths showed significantly
higher catalytic efficiency (Fig. 3a). Among them, the H-0.6-
S0;-0.5-Z monolith exhibited superior performance compared
to the SO3-ZSM-5 particles (Fig. 3a), primarily due to its higher
acid density and macroporous structure. The monoliths treated
with 0.6 g ¢ ' and 2.5 g g of 3-MPTMS showed similar
performance due to comparable acid densities (Table 1), while
the monolith treated with 0.2 g ¢~ " had lower performance, but
still higher than sulfonated ZSM-5 particles. The turnover
frequency (TOF) for sulfonated ZSM-5 particles was 2.4 h™*
whilst higher TOFs were achieved for the monoliths, e.g.,
9.8 h™" for H-0.6-S05-0.5-Z (Table 1). The higher catalytic
performance could be attributed to higher acid density
(Table 1), which was also confirmed by NH,;-TPD analysis,
with the sulfonated monolith showing NH; adsorbed at
7.5 mmol g~ " (compared to 5.0 mmol g ' for SO;ZSM-5
particles) (Table S2, ESIt). The NH;-TPD profile exhibited large
peaks at 100-200 °C non-sulfonated samples (which could be
attributed to weak acid sites such as Si-OH?°) and much larger
peaks at 200-450 °C for sulfonated samples, indicating
enhanced presence of strong acid sites (likely to be -SO3H in
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Fig. 3 Conversion rate of oleic acid with methanol using sulfonated
zeolite monoliths as catalysts. (a) The sulfonated monolith catalysts com-
pared with ZSM-5 particles and the non-sulfonated zeolite monolith. (b)
Reuse of the sulfonated monolith catalyst H-0.2-SO3-0.5-Z for five cycles.
Reaction conditions: temperature 120 °C, catalyst loading: 5 wt%, molar
ratio of methanol and oleic acid 10: 1.
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this study, Fig. S8, ESIt). The larger peak moved further to
higher temperatures for the sulfonated zeolite monolith
(Fig. S8, ESIY), suggesting a higher density of strong acid sites,
which could explain the better catalytic performance for sulfo-
nated zeolite monoliths.

Other reaction parameters were also investigated. The treat-
ment of zeolite monoliths with HNO; led to a slight improve-
ment due to improved grafting of 3-MPTMS (Fig. S9a, ESIT).
This treatment could remove Al species (detectable by induc-
tively coupled plasma analysis). The XPS analysis of sulfonated
zeolites only showed negligible presence of Al species. The
concentrations of CTAB added (0, 0.5, and 0.8 M) were varied
to investigate the effect on catalytic performance. For the
monoliths treated with 0.2 g g ' 3-MPTMS (Fig. S9b, ESI{),
higher CTAB concentrations improved the conversion rate. For
the monoliths treated with 2.5 g g7, all three samples exhib-
ited low surface areas (Table 1), limiting the influence of
porosity on catalytic performance. The conversion performance
showed a similar trend, i.e., higher CTAB concentration leading
to higher conversion of oleic acid (Fig. S9¢, ESIt). However, the
difference in conversion performance was smaller, compared
with the monoliths treated with 0.2 g g~* 3-MPTMS (Fig. S9b,
ESIT). The reaction temperature and catalyst loading were then
assessed for the same catalyst. Catalytic performance was
enhanced with increasing reaction temperatures (90 °C,
120 °C and 150 °C) (Fig. S10a, ESI{) and catalyst loadings
(1 wt%, 5 wt% and 10 wt%) (Fig. S10b, ESIT). Both acid density
and catalyst structure, including porosity and surface area, are
crucial for catalytic efficiency.

Further tests were conducted to assess the stability and
recyclability of the sulfonated hierarchical ZSM-5 monoliths.
This was demonstrated with the sulfonated zeolite monolith
H-0.2-S05-0.5-Z. After five reaction cycles, the catalyst retained
most of its catalytic activity (conversion changed from ca. 84%
to 68%) (Fig. 3b). There is a larger decrease of conversion from
1st reaction to the 2nd re-cycle reaction, which was attributed to
the leaching of unstable grafted acid groups from the mono-
lithic catalyst in the first run. The crystallinity, functionality
and structural integrity of the monolith catalyst after 5 cycles of
reaction were preserved (Fig. S11-S14, ESIT).

The performance of our sulfonated zeolite monoliths was
compared with other modified zeolite catalysts for esterifica-
tion reactions in literature (Table S3, ESIt). The sulfonated
hierarchical ZSM-5 monoliths outperformed other reported
zeolites in terms of short reaction time for higher conversion
of oleic acid and showed good recyclability.

In conclusion, sulfonated hierarchical ZSM-5 monoliths
were prepared via ice-templating and subsequent modifica-
tions. The hierarchical zeolite monoliths with sulfonic acid
groups resulted in improved mass transfer, higher acid site
density, and enhanced overall catalytic efficiency. The mono-
lithic form of the catalyst also facilitated easy recovery and
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minimized catalyst loss, making these materials well-suited for
potential industrial applications, particularly in processes like
biodiesel production and oleic acid esterification.
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