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Introduction

Abstract

Recently, the conversion of agricultural waste into valuable materials offers a
promising pathway toward sustainable materials production. Concurrently, zeolite
ZSM-5, a prominent zeolite framework, has long been employed as a highly effective
catalyst for various reactions. Herein, the sugarcane bagasse ash (SCBA) was
employed as a silica source to synthesize hierarchical ZSM-5 zeolite via a
hydrothermal method assisted by polyethylene glycol (PEG). In this regard, the silica
extracted from SCBA was used as the primary silica source, while PEG served as a
mesoporogen to induce auxiliary mesoporosity, and commercial ZSM-5 acted as the
crystallization seed. The result showed the formation of an MFI framework, which
was confirmed through XRD and FTIR characterization. Moreover, the nitrogen
adsorption—desorption analysis revealed a considerable improvement in textural
properties. In this case, the surface area increased from 245 m?/g (without PEG) to
320 m?/g (PEG-assisted sample). The synergistic effect of silica from SCBA and
PEG-induced porosity resulted in a more accessible pore network, which is highly
advantageous for mass transport. Hence, this study may provide a sustainable and
economical route for producing hierarchical ZSM-5 from biomass waste.
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Hierarchical zeolite integrates micro-, meso-,
and/or macropores to improve the diffusion and

Zeolite ZSM-5 (Zeolite Socony Mobil-5) is a
microporous aluminosilicate zeolite with an MFI
framework structure and is widely used as a
catalyst in various chemical processes, such as
isomerization [, catalytic cracking?®, and
methanol-to-hydrocarbon (MTH) conversion!“l.
This is due to its high thermal stability, strong
acidity, and uniform pore size distribution -7,
However, the conventional ZSM-5 zeolite
possesses predominantly microporous, which
significantly hinder the diffusion of bulky
molecules into the active sites. As a result, recent
studies have increasingly focused on the
zeolite.

development of hierarchical

active-site accessibility 81101,

Generally, zeolite synthesis relies on synthetic
silica such as tetraethyl orthosilicate (TEOS),
Ludox, or other commercial sodium silicate. In
fact, the use of chemical precursors not only
increases production costs but also raises
environmental concerns. Consequently,
researchers have shifted their effort to natural or

biomass-derived silica sources as more
economical and environmentally friendly
alternatives 1HBL.  Among these wastes,

sugarcane bagasse ash (SCBA), a solid waste
generated from the combustion of sugarcane
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residues in the sugar and bioethanol industries,
has emerged as a promising candidate. SCBA
typically contains 60-80% amorphous silica
depending on combustion conditions, making it
an attractive precursor for zeolite synthesis
14151, Indonesia, as one of the largest sugarcane
producers in Southeast Asia, produces
significant amounts of bagasse waste annually
(1], In regions such as Berastagi, North Sumatra,
bagasse residue from local milling operations
remains underutilized and is often discarded
directly into the environment [¢. With
appropriate chemical treatment, involving acid
leaching for purification and alkaline extraction,
the ash produced from burning bagasse can
serve as a local silica source for zeolite catalyst
production 11,

Processing SCBA into usable silica generally
involves an alkaline—acid extraction route [4l. In
this method, NaOH is used to dissolve silica into
sodium silicate. Subsequently the resulted
mixing then precipitated using acids such as
HNO:s to form silica hydrogel 15117, Moreover,
variations in molar ratios, temperature, and
extraction time can influence the resulting silica
structure, which in turn affects the properties of
the synthesized zeolite 141115,

Several works showed that hierarchical zeolite,
including  ZSM-5, employed
polyethylene glycol (PEG) as a soft templating

frequently

agent to generate additional mesopores within
the zeolite framework 8119, PEG utilized as a
mesoporogen agent that decomposes during
calcination process, leaving the mesoporous
voids that enhance surface area and facilitate
molecular diffusion 181200, Although previous
studies have investigated hierarchical ZSM-5
using sugarcane bagasse-derived silica and
PEG-assisted mesostructured ZSM-5 separately,
their combined application provides an
opportunity to develop a sustainable approach
for preparing hierarchical zeolites [4/181121],
Herein, we report the synthesis of hierarchical
ZSM-5 using silica extracted from sugarcane
bagasse ash, commercial ZSM-5 as seeds, and
PEG as a mesoporogen. The novelty of this study
lies in integrating a waste-derived silica source,

ZSM-5 seeding, and PEG-assisted

mesostructuring within a single synthesis
approach, followed by a direct comparison
between PEG-free and PEG-assisted samples.
The resulting PEG-free and PEG-assisted ZSM-5
samples were compared in terms of their
structural and textural properties, including the
MFI framework formation, BET surface area,
external surface area, total pore volume, and
micropore volume. Ultimately, this study
demonstrates a viable and sustainable route for
transforming  agricultural =~ waste  into
hierarchical ZSM-5 with tailored textural
characteristics.

Experimental

Instruments

The instruments used in this work are
glassware, grinder, mortar, hotplate, autoclave,
oven, furnace, Fourier-transform Infrared
spectrometer (FTIR, Thermo Fisher Scientific),
X-ray Diffraction (XRD, Bruker D8 Advance
with radiation of Cu Ka), and N2 adsorption-
desorption analyzer (Quantachrome Autosorb
1Q) operated at 77 K.

Materials

The materials used in this work were sugarcane
bagasse from local farmers in Berastagi, North
Sumatera, sodium hydroxide (NaOH, analytical
grade, Merck), nitric acid (HNOs, 65%, Merck),
polyethylene glycol (PEG-4000, Merck), sodium
aluminate (NaAlO: Merck), distilled water
(H20), and commercial ZSM-5 as seed crystals.
All chemicals were used without further
purification.

Method

Silica Extraction from Sugarcane Bagasse Ash

The methodology of silica extraction was
adapted from Rilyanti et al 4. The sugarcane
bagasse was soaked in 2.5% HNOs and heated at
80 °C for 1 h to remove organic impurities. After
washing and drying at 100 °C, the sample was
calcined at 600 °C for 1 h to obtain sugarcane
bagasse ash (SCBA). The SCBA was then
extracted using 2 M NaOH at 80 °C for 1 h and
left at room temperature for 24 h. The resulting
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filtrate was added with 10% HNOs until pH 7 to
form a hydrogel, which was subsequently
incubated at room temperature for 24 h and
washed with deionized water to remove

residual salts. The resulting solid was dried at 80
°Cfor 12 h.

Synthesis of mesoporous ZSM-5 Zeolite

The extracted silica was mixed with the
aluminum source, PEG, and commercial ZSM-5
seed crystals. The molar ratio of components
used in the synthesis was SiO:z : Al2Os : NaOH :
H20:PEG=1:0.05:0.11:12:0.01, with ZSM-5
seeds added at 15 wt % of the total silica mass.
Hydrothermal crystallization was performed at
170 °C for 48 h. The solid product then washed
with distilled water, filtered, and dried
overnight (12 h) at 80 °C. Subsequently, the
resulting product was calcined at 550 °C for 6 h
to the remove PEG. For comparison, ZSM-5
zeolite without PEG was carried out with the
same method without PEG addition. The
samples then coded with ZSP, ZS, ZC for ZSM-5
with PEG, ZSM-5 synthesis without PEG, and
ZSM-5 commercial, respectively.

Results and Discussion

The IR spectrum recorded in absorbance mode,
as depicted in Figure 1la, shows characteristic
absorption bands at 1085 cm! which correspond
to Si—-O-5i stretching vibrations 221. The peak in
wavenumber of 968 and 790 cm! were attributed

Absorbance (a.u.)

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm’™)

to Si-O asymmetric stretching vibrations.
Moreover, the absorption bands at 3443 and
1631 cm! corresponding to the OH vibration of
Si-OH groups. These results indicate the
presence of Si-O-Si bonds in the extracted
material, supporting the formation of silica-
containing material from SCBAI4. The XRD
pattern (Figure 1b) exhibits a weak amorphous
hump around 20 = 22° indicating the
predominantly amorphous nature of the
extracted silica 2124, This result indicates that
the extracted material can be used as a silica
source for subsequent zeolite synthesis. This
result is consistent with the findings of
Keawkumay et al., who reported that acid—alkali
treatment of sugarcane bagasse ash effectively
removes organic groups and enhances the
intensity of the Si-O-Si band 5.

The FTIR spectra of all samples (ZC, ZS, and
ZSP) display the principal vibrational modes
associated with the aluminosilicate framework
(Figure 2a). The broad band in the region of 1080
cm? corresponds to the asymmetric stretching
of S5i-O-Si, which reflects the presence of
interconnected silica tetrahedra forming the
primary network structure of ZSM-5 2211251, The
absorption around 790 cm is attributed to the
symmetric stretching of tetrahedral linkages (Si—
O-Si / Si-O-Al) 1261271, The band at 550 cm
represents the characteristic double five-
membered ring vibration, commonly associated
with the MFI framework 1281,

Intensity (a.u.)

20 Cu Ka (%)

Figure 1. a) FTIR spectrum and b) X-ray diffraction pattern of extracted silica from SCBA.
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Figure 2. a) FTIR spectra and b) X-ray diffraction patterns of ZC, ZS, and ZSP samples.
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Figure 3. a) N2 adsorption-desorption isotherm and b) BJH pore size distribution of ZS and ZSP samples.

Meanwhile, the feature around 450 cm-! is
associated with T-O bending vibrations, further
confirming the presence of a tetrahedral
aluminosilicate lattice. All vibrational peaks
clearly verify that the fundamental structural
units connectivity required for the
formation of ZSM-5 are preserved in all samples.

and

In agreement with the FTIR results, the XRD
patterns exhibit the characteristic diffraction
reflections of ZSM-5 zeolite within the regions of
20 = 7-9° and 22-25°, confirming the presence of
the MFI topology across all the samples (Figure
2b) (1], While minor variations in peak
intensity and band broadening are observed,
these differences are attributed to intrinsic
effects of precursor composition and synthesis
conditions, but do not compromise structural

formation. Furthermore, these results verify that
silica derived from sugarcane bagasse ash is a
suitable precursor for producing ZSM-5. In
addition, the PEG incorporation does not hinder
the crystallization of the MFI framework. To
the  crystallinity
preservation upon PEG modification, the
relative crystallinity was evaluated based on the
peak area integration method in the 20 = 22-25°
range according to ASTM D5756. Taking the ZS
sample as the baseline reference (100% relative
crystallinity, integrated area =105736.29), the
relative crystallinity of the PEG-assisted sample
(ZSP) was determined to be 87.88% (integrated
area =92917.99).

quantitatively verify
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Table 1. The textural properties of ZSM-5 synthesized

Sample Seer (m?%/g)? Sext (m?/g)® Viotal (cm?/g) P Vmicro (cm3/g)
ZS 245 0.210 0.088
ZSP 320 142 0.280 0.096

adetermined using BET method
bdetermined using t-Plot method

This minor reduction indicates the formation of
mesopores induced by the PEG, which slightly
lowers the bulk crystalline volume density
without causing structural collapse or phase
transformation. Overall, the high retention of
relative crystallinity quantitatively confirms that
mesoporosity is successfully introduced while
maintaining the structural integrity of the MFI
framework.

The nitrogen adsorption—desorption result
reveals distinct porosity for ZS and ZSP. The ZS
sample exhibits a type I isotherm, characteristic
of predominantly microporous materials 1% In
contrast, ZSP presents a Type IV isotherm with
pronounced uptake at intermediate to high
relative pressures and a hysteresis loop,
indicating the presence of mesopores BU. In
agreement with these observations, the BJH
pore-size distribution analysis confirms the
development of secondary mesoporosity in ZSP,
displaying a distinct mesopore population
centered around 5-6 nm [32l. Conversely, ZS
does not show significant mesopore distribution
in the BJH range, consistent with its
predominantly = microporous  nature  as
determined by the t-plot method. These textural
differences suggest that PEG incorporation
contributes to the development of additional
mesoporous characteristics while preserving the
intrinsic microporous MFI framework [181133], The
resulting hierarchical textural characteristics
may facilitate mass transport and improve
accessibility to the internal pore system,
although direct evaluation of molecular
transport was not performed in this study [20/(32],

Table 1 exhibits the textural parameters of ZS
and ZSP samples. The ZS sample possesses a
BET surface area of 245 m?/g, with a relatively
low external surface area (89 m?/g) and a

micropore volume of 0.088 cm?/g, consistent
with its Type I isotherm and predominantly
microporous character. In comparison, the PEG-
assisted sample (ZSP) shows a higher BET
surface area of 320 m?/g and an increased
external surface area of 142 m?/g, alongside a
larger total pore volume (0.28 cm?¥/g). Although
the micropore volume of ZSP (0.096 cm3/g)
remains comparable to ZS, the substantial
increase in external surface area and total pore
volume indicates the successful development of
secondary mesopores [®3l. These enhancements
may be associated with the templating action of
PEG during crystallization, which promotes the
formation of additional mesopores without
compromising the intrinsic microporous MFI
structure 8. The BJH pore size distribution
further indicates the presence of pores within
the mesopore range. Further morphological
investigation, particularly using TEM, would be
beneficial for clarifying the nature and origin of
these additional pores, including whether they
arise from intracrystalline mesoporosity or
interparticle/ intercrystalline voids.

For comparison, the textural properties of the
present ZSM-5 samples were evaluated against
related systems reported in the literature. In a
previous study using sugarcane bagasse ash-
derived silica, the template-assisted ZSM-5
exhibited a BET surface area of 94.15 m?/g, an
external surface area of 13.34 m?/g, and a total
pore volume of 0.059 cm?g, while the
corresponding non-templated sample showed
values of 197.19 m?/g, 15.46 m?/g, and 0.115
cm?®/g, respectively [4. In comparison, both ZS
and ZSP in the present study exhibited higher
external surface areas and total pore volumes.
For PEG-assisted ZSM-5, Nanda et al. reported a
BET surface area of 400 m?/g and an external
surface area of 198 m?/g for the PEG-4000-
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assisted sample 08, Although the textural
parameters of ZSP (Seer = 320 m?2/g; Sext = 142
m?/g) are lower than those reported by Nanda et
al,, they remain substantially higher than those
of ZS (Sser = 245 m?/g; Sext = 89 m?/g). This
comparison suggests that the textural
development achieved in the present study is
consistent with the pore-structuring effects
reported for PEG-assisted ZSM-5, while the
incorporation of SCBA-derived silica and ZSM-
5 seeding provides a distinct synthesis
approach.

Based on the characterization results, a plausible
mechanism for the
mesostructuring behavior during the synthesis
of hierarchical ZSM-5 from SCBA-derived silica
using PEG and seed assistance can be
formulated. Initially, the amorphous silica

crystallization and

extracted from Berastagi sugarcane bagasse ash
dissolves into silicate species, which then
interact with the added sodium aluminate
precursor within the alkaline hydrothermal
medium, alongside polyethylene glycol (PEG)
molecules and commercial ZSM-5 seeds. As
energy is applied, structural
rearrangement through polycondensation takes
place. In this sense, the dispersed commercial

thermal

seeds act as preferred nucleation sites to
accelerate crystal growth kinetics and preserve
the MFI framework [221134],

Furthermore, the mechanism underlying the
formation of mesopores through PEG
intervention can be proposed as follows. This
phenomenon begins with interactions between
the hydroxyl groups of the PEG chains and the
surface silanol groups as well as aluminum
species present in the zeolite precursors.
Consequently, the flexible PEG molecules can
coat the growing crystal faces B33 Upon
calcination, removal of the organic species may
contribute to the development of additional pore
volume in the final zeolite product. The
combination of preserved microporosity and
newly formed mesopores confirms the
hierarchical nature of ZSP, consistent with its
Type IV adsorption profile. Such hierarchical
features are widely reported in the literature to
potentially reduce intracrystalline diffusion

resistance and facilitate accessibility to active
sites 21361, To be noted, direct evaluations of
molecular transport and catalytic performance
were not conducted in this study and remain
subjects for future investigation.

Compared with previous studies that
investigated sugarcane bagasse-derived silica
and PEG-assisted mesostructured ZSM-5
separately, the present study integrates these
approaches with commercial ZSM-5 seeding in a
single synthesis system. The direct comparison
between ZS and ZSP demonstrates that PEG
addition increases the external surface area from
89 to 142 m?g and the total pore volume from
0.21 cm?®/g to 0.28 cm?3/g, while maintaining a
comparable micropore volume. These results
demonstrate the development of hierarchical
textural characteristics in ZSM-5 synthesized
from sugarcane bagasse ash-derived silica using
a seed-assisted and PEG-assisted approach.
Thus, the present study extends the previous
approaches by combining a waste-derived silica
source, ZSM-5 seeding, and PEG-assisted
mesostructuring within one synthesis strategy.

Conclusions

Silica extracted from sugarcane bagasse ash was
successfully utilized as a silica source for ZSM-5
synthesis. Both ZS and ZSP samples successfully
crystallized into the MFI
demonstrating that SCBA-derived silica can
served as a potential alternative silica source for
ZSM-5 synthesis. Textural analysis showed that
ZS possessed a BET surface area of 245 m?/g,
while the PEG-assisted ZSP achieved a
substantially higher value of 320 m?/g. The
external surface area and total pore volume also
increased from 89 to 142 m?/g and 0.210 to 0.28
cm?/g, respectively, indicating the development
of additional mesoporous characteristic in ZSP.
The results suggets that PEG acts as an effective
soft template to generate mesopores without
compromising the microporous MFI
framework. Ultimately, the combination of
SCBA as natural silica resource with polymer

framework,

templating offers a practical approach to
synthesizing ZSM-5 zeolites with hierarchical
textural characteristics.
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