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Article Info Abstract

Article history: NaX zeolite, widely recognized for its applications in cation exchange, adsorption,
and catalysis, was successfully synthesized from Blitar natural kaolin using an
alkali fusion pre-treatment, followed by two comparative synthesis methods:
hydrothermal and sonication. The synthesis was conducted at 70°C for 2 and 4
hours. Optimal conditions were achieved with a NaOH/kaolin weight ratio of 2.0
and a synthesis gel composition of 10Si0,: 1Al,0;: 6Na,0: 180H-0 (molar ratio). X-
ray diffraction (XRD) confirmed the transformation of natural kaolin into sodium
silicate, with sonication yielding phase-pure NaX zeolite, while the hydrothermal
method resulted in NaX with sodalite impurities. Fourier-transform infrared
(FTIR) spectroscopy identified characteristic NaX vibrations, and scanning
electron microscopy (SEM) revealed cubic-shaped particles in the sonication
method. The sonication process accelerated crystallization, producing higher-
purity zeolite in shorter times than hydrothermal synthesis. These findings
emphasize the effectiveness of sonication in enhancing the crystallinity and
purity of NaX zeolite, offering a robust, time-efficient alternative for large-scale
zeolite production.
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component [4, 11]. These chemical sources, while
effective, contribute significantly to the overall cost of the
synthesis process. To address this, more economical raw
materials such as natural clay minerals have been
explored [12], with Blitar kaolin emerging as a promising
alternative [13].

1. Introduction

Zeolites are porous aluminosilicate minerals
composed of interconnected alumina and silica
tetrahedra sharing oxygen atoms [1, 2]. Among various
zeolite types, NaX zeolite stands out for its significant
applications. The synthesis of NaX zeolite has garnered
considerable attention due to its unique properties,
including high catalytic activity [3], large surface area [4],
elevated surface energy [5], and acidic characteristics [6].
These properties make NaX zeolite widely used in

Blitar kaolin, sourced from East Java, Indonesia, is
abundant and relatively inexpensive, making it a
promising alternative to conventional silica-alumina
sources for zeolite production. The high Si/Al ratio of

applications such as cation exchange [7], adsorption [8],
molecular sieving [9], and as a catalyst in gas separation
and organic compound processing [10].

NaX zeolite is traditionally synthesized using high-
cost chemical precursors such as colloidal silica, sodium
silicate, and tetraethyl orthosilicate (TEOS) as silica
sources, along with aluminate, gamma alumina, alumina
trihydrate, and sodium aluminate for the alumina

approximately 3.25 further supports its suitability for
NaX zeolite synthesis. In addition to its chemical
appropriateness, the wide availability of kaolin in
Indonesia ensures a steady and sustainable raw material
supply, potentially reducing production costs and
promotinglocalized, eco-friendly industrial applications.

However, the primary challenge in synthesizing
zeolite from kaolin lies in the high quartz content [14],
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which acts as an impurity and can adversely affect the
purity and quality of the final product [15]. To mitigate
this, an alkali fusion pre-treatment is employed, where
NaOH is mixed with the kaolin, followed by a calcination
step [16, 17]. This process helps to convert the kaolin into
a more reactive form by removing or reducing its quartz
content [18].

Previous studies have used NaOH/kaolin ratios of 1.7
and 1.2, which, although effective in synthesizing zeolite,
still resulted in the presence of quartz impurities [16]. The
alkali fusion pre-treatment is essential for transforming
inert kaolin, especially its quartz component, into a
reactive amorphous sodium silicate phase by thermal
activation with sodium hydroxide. This process improves
the availability of silicon and aluminum species for
zeolite framework formation and has been shown to
enhance crystallinity and phase purity in subsequent
synthesis steps [18].

The crystallization process in zeolite synthesis can
be optimized using different methods, primarily
hydrothermal [19] and sonication techniques [20]. The
hydrothermal method, widely used and well-
documented, involves the use of high temperature and
pressure in a hydrothermal reactor to promote the
formation of zeolite crystals [21]. In contrast, the
sonication method employs ultrasound energy to
accelerate the reaction between the chemical
components, enhancing the crystallization process at a
faster rate [22]. While the hydrothermal method has been
extensively reported in the literature for NaX zeolite
synthesis, the use of sonication remains relatively less
explored [23, 24]. By comparing these methods under
controlled conditions, this work aims to determine
optimal strategies for producing high-purity, crystalline
NaX zeolite.

This study aims to synthesize high-purity NaX
zeolite from Blitar kaolin by employing two synthesis
routes—hydrothermal and sonication —following alkali
fusion pre-treatment. The alkali fusion step enhances the
reactivity of kaolin by converting it into sodium silicate,
while the subsequent crystallization methods are
evaluated in terms of their efficiency, phase purity, and
morphology. By analyzing the effects of crystallization
time, this work provides a comparative assessment and
determines the optimal conditions for efficient, scalable
NaX zeolite synthesis.

These parameters were evaluated using X-ray
diffraction (XRD), Fourier-transform infrared (FTIR)
spectroscopy, and scanning electron microscopy (SEM) to
comprehensively  analyze the  structural and
morphological characteristics of the synthesized
materials. This study aims to provide a comparative
analysis of both methods and determine the optimal
conditions for obtaining high-purity NaX zeolite. To
systematically investigate the influence of alkali
concentration, this study varied the NaOH/kaolin weight
ratio (1.0, 2.0, and 3.0) during the fusion process, which
significantly impacted quartz removal and precursor
reactivity.

2. [Experimental
2.1. Materials and Instrumentations

Kaolin, sourced from Blitar, East Java, Indonesia, was
ground to a particle size of 200—300 mesh to serve as the
starting material. Sodium hydroxide (NaOH; Merck,
>99%), aluminum oxide (Al:O;; Merck, 99%), and
distilled water were also used in the synthesis process.
The identification of the zeolite phase was conducted via
X-ray diffraction (XRD) using a Philips diffractometer
equipped with Cu-Ka radiation (Philips XRG 3100) over a
20 range of 5° to 60°. Infrared (IR) spectra were obtained
using a Perkin Elmer Spectrum GX Fourier-transform
infrared (FTIR) spectrometer. The morphology of both
kaolin and the synthesized products was examined using
a Hitachi S-570 scanning electron microscope (SEM)
operated at 15 kV.

2.2. Alkali Fusion Process

To investigate the impact of alkali concentration on
the reactivity of kaolin, samples were prepared with
NaOH/kaolin weight ratios of 1.0, 2.0, and 3.0, as
summarized in Table 1. The NaOH and kaolin were
thoroughly mixed and ground for 30 minutes to ensure
homogeneity before thermal treatment. The mixtures
were then subjected to alkali fusion at 600°C for 1 hour, a
process designed to disrupt the crystalline structure of
kaolin and facilitate the formation of sodium silicate
(Na,Si0s).

Post-fusion, the resultant products were re-
grounded to achieve a uniform particle size and
subsequently characterized using a comprehensive suite
of analytical techniques. XRD was employed to identify
phase transformations and quantify the reduction of
quartz impurities. FTIR provided insights into the
chemical bond alterations and the emergence of sodium
silicate-specific vibrations. SEM was utilized to examine
the morphological changes induced by the alkali fusion
process. This systematic approach to sample preparation
and characterization ensures a detailed understanding of
the structural and compositional evolution of kaolin
under varying alkali conditions, laying the groundwork
for optimizing precursor materials in zeolite synthesis.

2.3. Reaction Pathways for NaX Zeolite Formation

During the alkali fusion pre-treatment stage, kaolin
(AL:Si.05(0H),) is mixed with NaOH and heated at high
temperatures. This process facilitates the breakdown of
the kaolin structure and the removal of quartz impurities.
The reaction produces Na,SiO; and aluminum hydroxide
(Al(OH)3), which are more reactive precursors for zeolite
synthesis. The reaction (1) is represented in Equation (1).

Table 1. Weight of NaOH and kaolin

Weight ratioof ~Weight of NaOH  Weight of kaolin
NaOH/Kaolin (g) (g)
1.0 £4.29 4.29
2.0 8.58 £4.29
3.0 12.87 £4.29
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ALSi>05(0H), + 4NaOH - 2Na,SiO; + 2A1(0OH); (1)

This transformation improves the reactivity of the
kaolin by converting it into an amorphous phase, mainly
Na.SiOs;, which is essential for the crystallization of
zeolite frameworks.

Following alkali fusion, the resulting Na,SiOs is used
as a precursor for NaX zeolite synthesis. In this stage,
Na,SiO; reacts with Al,O3;, NaOH, and water. Using a molar
ratio of 10Si0,: 1AL:0;: 6Na.0O: 180H,0, the components
are aged and then subjected to two different
crystallization methods: hydrothermal and sonication.
The overall reaction is described by the chemical equation
shown in Equation (2).

Na,SiO; + Al,O; + NaOH + H,O > NaX Zeolite  (2)

In the hydrothermal method, this reaction occurs
under moderate heating (70°C) in a sealed environment,
allowing crystal growth over time. In contrast, the
sonication method uses ultrasonic irradiation (42 kHz,
100 W) to accelerate the reaction, enhancing nucleation
and reducing synthesis time while achieving comparable
or superior crystallinity.

2.4. Synthesis of NaX Zeolite

The alkali fusion product prepared with a
NaOH/kaolin weight ratio of 2.0 was selected as the
precursor for NaX zeolite synthesis. The synthesis was
conducted using a molar composition of 10Si0>: 1AL0;:
6Na,0: 180H.0, which is optimized for the formation of
NaX zeolite. The precursor mixture was aged at ambient
temperature (~30°C) for 10 days to allow uniform gelation
and enhanced nucleation.

The hydrothermal method involves crystallization
under controlled thermal conditions in a sealed reactor.
The precursor gel, prepared from the alkali fusion
product, Al,O3;, NaOH, and water in a molar ratio of 10Si0.:
1A1,03: 6Na,O: 180H,O, was transferred into a
hydrothermal reactor. The system was heated at 70°C for
2 and 4 hours, respectively. This method allows slow and
uniform crystal growth under moderate pressure and is
commonly used in conventional zeolite synthesis.

The sonication method uses ultrasonic waves to
accelerate the nucleation and crystallization of NaX
zeolite. Using the same precursor composition as in the
hydrothermal method, the mixture was exposed to
ultrasonic irradiation at a frequency of 42 kHz and power
of 100 W, while maintaining the temperature at 70°C for 2
and 4 hours. Ultrasonic cavitation improves mass transfer
and enhances the formation of crystalline structures in a
shorter time frame compared to hydrothermal treatment.

Following the synthesis, the resultant products were
filtered to remove residual reagents and washed with
distilled water until the filtrate reached a stable pH of
9— 10. The samples were subsequently dried at 100°C for
12 hours to obtain solid zeolite products suitable for
characterization. To confirm the phase purity, structural
properties, and morphology of the synthesized NaX
zeolite, a suite of advanced analytical techniques was
employed, including XRD for phase identification, FTIR
for chemical bonding analysis, and SEM for

morphological evaluation. This detailed synthesis
protocol underscores the importance of controlled
experimental conditions in achieving high-purity NaX
zeolite and provides a foundation for comparative
analysis between the hydrothermal and sonication
methodologies.

2.5. Characterization of Synthesized NaX Zeolite
2.5.1. X-ray Diffraction (XRD)

XRD was employed to identify the crystalline phases
and evaluate the phase purity of NaX zeolite.
Measurements were performed using a Philips XRG 3100
diffractometer equipped with Cu-Ka radiation, scanned
over a 20 range of 5° to 60°. Both hydrothermal and
sonication products were analyzed to detect phase
transitions and crystallinity differences.

2.5.2. Fourier-Transform Infrared Spectroscopy
(FTIR)

FTIR spectra were recorded using a Perkin Elmer
Spectrum GX spectrometer to investigate the chemical
bonding and functional groups of the zeolite framework.
Characteristic absorption bands such as O—H stretching
(3500-3200 cm™), H-O—H bending (~1650 cm), and
T—-O-T stretching vibrations (1250-950 cm) were
examined to confirm the formation of NaX zeolite.

2.5.3. Scanning Electron Microscopy (SEM)

SEM analysis was carried out using a Hitachi S-570
instrument operated at 15 kV. The morphology, crystal
shape, and size distribution of the synthesized NaX
zeolite were observed for both synthesis methods to
evaluate the degree of crystal formation and structural
uniformity.

3. Results and Discussion
3.1. Pre-treatment: Alkali Fusion

Characteristic of Blitar kaolin based on XRF analysis
reported in our previous study [16], Blitar kaolin
primarily consists of silica (Si) and alumina (Al).
Following HCl washing, the Si content increased from
65.4% to 75.2%, while the Al content decreased from 12%
to 8.8%. This shift in the Si/Al ratio indicates a substantial
removal of impurities and an enrichment of silica,
enhancing the suitability of the kaolin as a high-silica
precursor for NaX zeolite synthesis.

The XRD analysis (Figure 1) reveals that kaolin
contains substantial quartz impurities, which pose a
challenge to its direct use in zeolite synthesis. The alkali
fusion process effectively reduces the intensity of both
kaolin and quartz peaks, as evidenced by the XRD
patterns, with increasing amounts of NaOH facilitating
this transformation. At a NaOH/kaolin weight ratio of 1.0,
the reduction in quartz intensity is accompanied by the
emergence of distinct peaks corresponding to Na.SiOs,
indicating partial conversion.

The process achieves complete transformation with
higher ratios of 2.0 and 3.0, producing pure Na.SiOs. This
suggests that quartz dissolves into Na.SiO; under the
synergistic effects of thermal and alkali activation. The
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maximum intensity of Na.SiO; peaks observed at a
NaOH/kaolin weight ratio of 3.0 indicates optimal
conditions for its formation. These findings underline the
critical role of the alkali fusion process in enhancing the
reactivity of kaolin by minimizing quartz content and
generating a suitable precursor for zeolite synthesis.

The alkali fusion treatment significantly alters the
crystallinity of raw kaolin, as evidenced by reduced
intensity and eventual disappearance of quartz and
kaolinite peaks in the XRD patterns (Figure 1). This
reduction in crystallinity is attributed to the disruption of
the layered aluminosilicate structure, resulting in the
formation of an amorphous Na,SiO; phase. The decrease
in structural order facilitates the depolymerization of
silicate and aluminate frameworks, thereby enhancing
the chemical reactivity of the precursor. This amorphous
state is beneficial for zeolite synthesis, as it supports the
rearrangement and nucleation of framework species into
more ordered, crystalline structures. These findings align
with previous reports indicating that alkali-induced
decrystallization is a critical step in producing high-
purity, highly crystalline faujasite-type zeolites [18].

The FTIR spectrum (Figure 2) provides critical
insights into the compositional and structural changes in
kaolin during the alkali fusion process. The initial kaolin
spectrum reveals prominent silica vibrations at 754 cm™?,
indicating substantial quartz impurities. In addition, the
spectrum exhibits several well-defined absorption bands
indicative of kaolin’s layered aluminosilicate structure.
These include Al-OH stretching vibrations at 3699 and
3450 cm™, associated with the hydroxyl groups in the
octahedral layer, and water bending vibrations at 1633
cm™, attributable to interlayer water molecules. The
tetrahedral asymmetric T-O-T (T = Si or Al) stretching
mode at 1037 cm* further confirms the presence of silica-
alumina frameworks, while the octahedral Al-OH
stretching band at 912 cm™ reflects the aluminum
coordination environment. The symmetric T-O-T
bending vibrations appear at 694 and 528 cm™, with
asymmetric bending observed at 493 cm™, collectively
representing the structural integrity of the kaolin matrix.
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Figure 1. The XRD patterns of kaolin and alkali fusion
products
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Figure 2. The FTIR spectra of kaolin and alkali fusion
products

Upon alkali fusion, the kaolin undergoes a marked
transformation, as evidenced by the emergence of
distinct absorption bands at 986, 984, and 974 cm™.
These bands are characteristic of tetrahedral asymmetric
T-O-T stretching vibrations in the Na,SiO; structure,
signifying the conversion of kaolin into a reactive Na.SiO;
phase. This transformation is driven by the dissolution of
quartz and the disruption of the original silica-alumina
network under the combined effects of thermal and alkali
activation.

The observed spectral changes confirm the
successful reduction of quartz impurities and highlight
the formation of a more amorphous and reactive
precursor, which is essential for subsequent zeolite
synthesis. This detailed analysis underscores the utility of
FTIR spectroscopy in elucidating the molecular-level
changes that occur during the alkali fusion process,
providing a robust framework for optimizing precursor
preparation in advanced material synthesis.

The morphological evolution of kaolin during the
alkali fusion process was comprehensively analyzed
using SEM, as depicted in Figure 3. The SEM images of
natural kaolin reveal a distinctive layered structure
characterized by the stacking of tetrahedral silica and
octahedral alumina sheets. This well-ordered
arrangement is typical of kaolin minerals, where the
interlayer interactions are stabilized by hydrogen
bonding. Such a structure contributes to the material’s
inherent chemical inertness and limited reactivity in its
raw state.

Upon alkali fusion with a NaOH/kaolin weight ratio
of 1.0, the SEM micrographs indicate that the Na.SiOs;
retains a partially layered morphology. This observation
suggests that the thermal and chemical disruption of the
alumina and silica stacking is incomplete, with residual
structural elements from the original kaolin framework
still apparent. The limited transformation at this stage
highlights the insufficient dissolution of quartz and the
partial conversion of kaolin into a more reactive form.
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Figure 3. Micrographs of (a) kaolin and alkali fusion
products prepared at NaOH/kaolin weight ratios of
(b) 1.0, (c) 2.0,and (d) 3.0

As the NaOH/kaolin weight ratio increases to 2.0, the
morphology undergoes a significant transformation,
exhibiting irregular structures with no discernible
layering. This change reflects the complete dissolution of
the original kaolin framework and the reorganization of
the material into an amorphous Na.SiO; phase. The
irregularity and heterogeneity in morphology at this
stage can be attributed to the synergistic effects of
thermal energy and alkali activation, which facilitate the
breakdown of both tetrahedral and octahedral layers into
amore disordered but highly reactive state.

At a weight ratio of 3.0, the morphology becomes
increasingly irregular and assumes a cloud-like
appearance. This drastic morphological shift is associated
with the hygroscopic properties of Na,SiOs;, which readily
absorbs moisture from the environment, leading to
structural expansion and deformation. The SEM images
at this stage reveal a material with high porosity and
surface area, which are advantageous for subsequent
zeolite synthesis. These findings highlight the critical
role of NaOH concentration in dictating the degree of
structural disintegration and morphological evolution,
underscoring the importance of optimizing alkali fusion
parameters for efficient precursor preparation.

This detailed morphological assessment not only
elucidates the structural transitions occurring during the
alkali fusion process but also provides valuable insights
into the physicochemical mechanisms underlying the
conversion of natural kaolin into Na,SiOs;. Such
understanding is pivotal for advancing the synthesis of
high-purity zeolites and other functional materials.

3.2. Sonication and Hydrothermal Method for Zeolite
Synthesis

The alkali fusion product prepared with a
NaOH/kaolin weight ratio of 2.0 was employed as a
precursor to evaluate the efficacy of sonication and
hydrothermal methods for NaX zeolite synthesis. The
XRD patterns of the synthesized NaX zeolite exhibit
prominent diffraction peaks at 26 = 6.05°, 9.49°, 22.28°,
and 26.67°, which correspond well with the standard
reference values for NaX zeolite listed in the Joint

Committee on Powder Diffraction Standards (JCPDS 39-
0238). These peaks confirm the formation of a phase-
pure NaX structure in the 2-hour crystallization samples.

The diffractogram results of the hydrothermal
method, presented in Figure 4, reveal that a
crystallization time of 2 hours produces pure NaX zeolite.
This is confirmed by the presence of characteristic
diffraction peaks at 28 values of 6.05° and 26.67°, which
correspond to the standard crystallographic reflections of
NaX zeolite. However, when the crystallization duration
is extended to 4 hours, the diffractogram indicates the
formation of sodalite impurities, evidenced by additional
peaks at 26 values of 14.5° and 24.9°, which align with the
standard pattern for sodalite.

The appearance of characteristic NaX diffraction
peaks at 26 values of 6.05° and 26.67° after 2 hours of
hydrothermal crystallization aligns with the findings of
Samadhi et al. [13], who reported similar peak positions
for NaX synthesized from kaolin using alkali fusion.
Additionally, the formation of sodalite as a secondary
phase at 4 hours is consistent with the report by Foroughi
et al. [14], which showed that prolonged crystallization
favors thermodynamically stable phases such as sodalite.

e = NaX zeolite

V= sodalite

o = kaolin
R ¢ = sodium silicate
= * = Quartz
z ° ol o e V 4 hours
z e lle - -
=
= 2 hours

0 Ratio 2.0

Py, MMM “w. . 00
kaolin

(e}

A A,

10 20 30 40 50
2 theta (")

Figure 4. The XRD patterns of hydrothermal products
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Figure 5. The XRD patterns of sonication products
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Figure 6. The FTIR spectra of synthesized products (s =
sonication, h = hydrothermal)

These findings underscore the critical influence of
crystallization time on the phase purity and composition
of the synthesized product. The transition from NaX
zeolite to sodalite with prolonged crystallization time
aligns with Ostwald’s rule of stages, which suggests that
metastable phases such as NaX and NaA zeolites may
dissolve over time, giving way to the formation of
thermodynamically more stable phases like sodalite. This
phenomenon reflects a dynamic equilibrium during the
crystallization process, where increased reaction times
provide sufficient energy and mobility to rearrange
silicate and aluminate species into a more stable sodalite
framework.

The XRD analysis of the samples synthesized using
the sonication method (Figure 5) demonstrates the
successful formation of pure NaX zeolite at both 2-hour
and 4-hour crystallization durations. The characteristic
diffraction peaks corresponding to NaX zeolite are
present in both samples, confirming phase purity.
However, the sample subjected to a 4-hour
crystallization process exhibits sharper and more intense
diffraction peaks, indicative of higher crystallinity. This
observation highlights that extended crystallization time
under ultrasonic conditions promotes a more ordered and
well-defined zeolite framework.

The enhanced crystallinity observed in the 4-hour
sample underscores the role of sonication in facilitating
the crystallization process. The ultrasonic energy,
delivered at a frequency of 42 kHz and power of 100 W,
provides continuous agitation and cavitation effects,
which enhance the diffusion of reactant species and
promote nucleation and crystal growth. These dynamic
conditions reduce the likelihood of defect formation and
contribute to developing a highly crystalline zeolite
structure.

Moreover, the ability of the sonication method to
consistently produce high-purity NaX zeolite across
different crystallization times highlights its robustness
and efficiency compared to traditional hydrothermal
methods. While the hydrothermal method is limited by

time-dependent phase transformations, the sonication
process maintains phase stability over prolonged
durations, emphasizing its potential as a superior
alternative for zeolite synthesis.

Our findings are consistent with those of Ojumu et al.
[20], who reported that sonication accelerates zeolite
formation and improves product purity compared to
hydrothermal synthesis. Jusoh et al [23] further
confirmed that sonication enhances nucleation and
reduces impurity formation in NaX. Similarly, Khaleque et
al. [24]) demonstrated that sonication leads to more
uniform and stable NaX zeolite structures, even under
varying crystallization times. These studies support the
conclusion that ultrasonic methods offer a superior
approach to zeolite synthesis, particularly in maintaining
phase purity and reducing synthesis time.

The FTIR spectra shown in Figure 6 provide clear
evidence of the transformation of Na,SiO; into NaX
zeolite, as indicated by the appearance of distinct
absorption bands. Broad O-H stretching vibrations
between 3500—-3200 cm~ suggest the presence of surface
hydroxyl groups and adsorbed water, typical of zeolitic
materials. This is further supported by the O-H bending
vibrations at 1650—-1600 cm, reflecting the interaction
of water within the zeolite framework. Additionally, the
asymmetric T-O-T (tetrahedral Si-O-Si or Si-O-Al)
stretching vibrations in the 1250-950 cm-'range indicate
the successful incorporation of silicate and aluminate
units, characteristic of the NaX zeolite structure. External
asymmetric T-O-T stretching bands between 1150 and
1050 cm™ further confirm the formation of a robust
tetrahedral framework within the zeolite.

Moreover, the internal symmetric T—O—T stretching
vibrations between 720-650 cm™ and external
symmetric bands between 820-720 cm™ confirm the
stability of the NaX zeolite framework. A key feature of
NaX is the presence of D6R (double six-ring) vibrations in
the 650-500 cm™ range, which correspond to the
faujasite structural units—key indicators of successful
crystallization. The emergence of these characteristic
bands, which are intrinsically linked to the D6R structure,
confirms the successful crystallization of NaX zeolite. The
asymmetric T-O-T stretching vibrations observed in the
1250—-950 cm region correspond to the framework
vibrations of Si—0-Si and Si—0-Al bonds, as previously
described by Krachuamram et al. [4], further confirming
the successful formation of NaX zeolite structure.

Figure 7 depicts the morphological evolution of NaX
zeolite synthesized by hydrothermal and sonication
methods at different crystallization times, based on SEM
analysis. After 2 hours of crystallization using the
hydrothermal method, the resulting particles exhibit an
irregular and disordered morphology, suggesting
incomplete crystal formation at this stage. However,
extending the crystallization time to 4 hours promotes
the development of more well-defined, cubic-shaped
crystals, characteristic of the NaX zeolite structure. This
shift indicates that prolonged hydrothermal treatment
enhances nucleation and crystal growth, leading to more
uniform and stable zeolite particles.
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Figure 7. Micrographs of synthesized products obtained
by (a) hydrothermal method at 2 hours,
(b) hydrothermal method at 4 hours, (c) sonication
method at 2 hours, and (d) sonication method at 4 hours

In comparison, the sonication method also produces
irregular-shaped particles after 2 hours of
crystallization, similar to the hydrothermal process at the
same duration. However, after 4 hours of ultrasonic
treatment, the morphology transitions to more well-
formed crystalline shapes, with notable improvements in
structural regularity and definition. The high-energy
sonication environment likely accelerates nucleation by
providing continuous agitation and cavitation effects,
promoting rapid crystallization. This suggests that while
both methods can achieve well-crystallized NaX zeolite,
the sonication process is more efficient at driving
uniform crystal growth in shorter timeframes.

The comparative analysis of the SEM images reveals
that the hydrothermal method, particularly at extended
crystallization times, produces finer particles with more
uniform dimensions compared to the sonication method.
This observation may be attributed to the controlled heat
and pressure environment in hydrothermal synthesis,
which offers greater regulation over the crystal growth
process. In contrast, the sonication method, though
faster in promoting crystallization, may induce higher
particle heterogeneity due to the dynamic nature of
ultrasonic energy.

After /4 hours of hydrothermal treatment, the
appearance of well-defined cubic crystals is in agreement
with the study by Garcia-Villén et al. [21], which showed
improved morphology with extended crystallization.
Conversely, SEM images from the sonication method
after 2 hours revealed more irregular and heterogeneous
particles, similar to the results observed by Jusoh et al.
[23], who noted that ultrasonic irradiation often leads to
rapid but less uniform crystal growth.

In summary, these findings suggest that while the
sonication method excels in accelerating crystallization
and producing well-defined NaX crystals in a shorter
time, the hydrothermal approach offers superior control
over particle size and uniformity, particularly with
extended crystallization periods. The choice between
these methods should, therefore, be guided by the desired

balance between crystallization speed, particle
morphology, and application-specific performance
characteristics of the synthesized zeolite.

These findings are consistent with previous research
showing the distinct advantages of both methods.
Khaleque et al. [24] reported that sonication improves
crystallization speed and yields higher-purity NaX zeolite
with fewer secondary phases compared to hydrothermal
synthesis. Jusoh et al. [23] further demonstrated that
sonication enhances nucleation kinetics and prevents
sodalite formation even at longer durations. Moreover,
Askari et al. [25] confirmed that sonication improves
phase stability and crystallinity, making it a promising
method for efficient, scalable NaX zeolite production.
These studies support the conclusion that sonication is
highly effective for producing high-quality NaX zeolite in
a shorter time, while hydrothermal synthesis remains
valuable for controlling particle size and uniformity.

4. Conclusion

NaX zeolite was successfully synthesized from Blitar
kaolin through alkali fusion pre-treatment, followed by
hydrothermal and sonication methods. The sonication
method demonstrated superior performance, producing
high-purity NaX zeolite with well-defined cubic
morphology and enhanced crystallinity in shorter
crystallization times compared to the hydrothermal
method, which exhibited sodalite impurities at extended
durations. Among the tested parameters, a NaOH/kaolin
weight ratio of 2.0 was found to be optimal for producing
a reactive Na.SiO; precursor, which ultimately enhanced
the phase purity and crystallinity of the resulting NaX
zeolite. SEM and XRD analyses confirmed the structural
integrity of the synthesized zeolite, while FTIR
spectroscopy verified the characteristic NaX framework.
The findings highlight the potential of sonication as a
time-efficient and scalable approach for synthesizing
high-purity NaX zeolite, offering significant advantages
for industrial applications in catalysis, adsorption, and
ion exchange. The choice between the sonication and
hydrothermal methods should be carefully considered
based on the desired balance between crystallization
speed, particle morphology, and the specific performance
characteristics required for the intended application. As
demonstrated in our study, the sonication method excels
in accelerating crystallization and producing high-purity
NaX zeolite in a shorter time, making it highly suitable for
industrial-scale = production and time-sensitive
applications. In contrast, the hydrothermal method
allows for better control over particle size and uniformity,
especially during extended crystallization, which may be
advantageous for applications requiring precise
morphological control.
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