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Abstract. Nanocomposite ZnO-SiO: is widely known for its efficacy as a semiconductor photocatalyst. Current nanocomposite production methods
face challenges like particle agglomeration and inconsistent particle size control. To overcome this problem, the ultrasonication method was used to
prevent agglomeration and produce composites in nanoscale, where this study synthesized ZnO-SiO: for photocatalytic degradation of dye color. To
prepare this nanocomposite, the ultrasonication time was varied from 0 to 45 minutes to understand the particle properties and the effectivity on the
photocatalytic activity. Silica was prepared from water glass via sol-gel method to produce colloidal SiO: nanoparticles and then mixed with ZnO
with the ratio of 3% wt and subjected to ultrasonication method. Under various ultrasonication time, the FTIR analysis shows the Si-O peak at 895
cm™! indicates the presence of SiO; particles. The XRD validate the formation of ZnO-SiO; nanoparticles, supporting the FTIR analysis. The best
nanoparticle properties were achieved with 45 minutes of ultrasonication. The SEM analysis confirms the present of SiOz and ZnO. From BET analysis,
Zn0-SiO; has a high surface area (117.64 m?/g), moderate pore volume (0.46 cm®/g), and small particle pore size (11.59 nm). The photocatalytic
activity of ZnO-SiO, nanocomposites was evaluated by the degradation of methylene blue (MB) under sunlight and the best performance reached by
the nanocomposite prepared under 45 minutes ultrasonication. The results show that the ultrasonication technique efficiently reduces agglomeration,
as indicated by a reduction in particle diameter from 35.04 nm (pure ZnO) to 11.59 nm (ZnO-Si0,), and significantly enhances photocatalytic activity,
achieving 97% degradation of MB under sunlight after 180 minutes. The aforementioned technique demonstrates significant potential for industrial
use, providing higher efficiency and expandability in manufacturing superior photocatalytic substances.

Keywords: ZnO-SiO.; semiconductor; photocatalytic; ultrasonic; agglomeration.
m @ The author(s). Published by CBIORE. This is an open access article under the CC BY-SA license

Shedcfo (http://creativecommons.org/licenses/by-sa/4.0/).
r— Received: 24™ March 2025; Revised: 17" May 2025; Accepted: 24™ June 2025; Available online: 18" July 2025

1. Introduction byproducts (El Golli et al., 2023). Zinc oxide (ZnO) is one of the
most widely studied semiconductor photocatalysts because of
its excellent photocatalytic activity, strong chemical stability,
and non-toxic properties, and long-term photostability (Lee &
Abd Hamid, 2015). ZnO band gap was 3.37 eV and a binding
energy of 60 meV, making it suitable for applications under UV
light exposure. Interestingly, ZnO’s oxidation properties often
exceed those of TiO, under UV light, as ZnO can absorb a
broader UV spectrum (Joshaghani et al, 2017). ZnO has
demonstrated significant potential for degrading various
organic compounds under UV or sunlight irradiation.

Despite its promising photocatalytic performance, ZnO
faces practical challenges that limit its efficiency in real-world
applications. One of the main issues is particle agglomeration,
where ZnO nanoparticles tend to cluster together, leading to a
reduction in surface area and a loss of active sites for
photocatalytic reactions. Additionally, controlling the particle
size of ZnO is crucial, as nanoscale particles provide higher
surface-to-volume ratios, which are essential for enhancing
photocatalytic activity. Inconsistent particle size distribution
can lead to uneven performance and reduced effectiveness in

Environmental pollution, particularly the release of
harmful substances from industrial effluents, represents a
serious risk to ecosystems and human well-being. Among the
various pollutants, organic compounds such as dyes,
pharmaceuticals, and pesticides are especially concerning due
to their persistence and resistance to natural degradation
processes. These pollutants are often released into water bodies
from industries such as textiles, pharmaceuticals, and food
processing, where conventional wastewater treatment methods
may not efficiently remove them. Consequently, the search for
more effective, sustainable, and environmentally friendly
solutions has become a pressing global concern (El Golli et al.,
2023). In this context, the adoption of non-thermal and green
processing technologies has shown promise in enhancing
extraction and functional performance of natural materials
without compromising structural integrity (Faizah et al., 2024).
Semiconductor photocatalysts have emerged as one of the most
potential technologies for degrading organic pollutants. They
offer the advantage of utilizing sunlight or UV light to activate
the breakdown of harmful substances into less toxic or inert
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pollutant degradation. To further enhance the photocatalytic
performance of ZnO, surface modifications such as doping with
metals or non-metals, as well as forming composite materials,
have been widely explored (Elbanna et al, 2016). Recent
developments in material design have shown that the choice of
synthesis method significantly influences the structural,
morphological, and surface properties of photocatalytic
materials (Faizah & Qomariyah, 2024).

One particularly effective modification strategy is the
incorporation of silicon dioxide (SiO,) into ZnO to form ZnO-
SiO, nanocomposites. SiO, has been widely used as a doping
material due to its thermal stability and ability to serve as a
support for catalysts (Wang et al, 2014). In ZnO-SiO,
composites, SiO, enhances the structural stability of the
nanocomposite and increases its surface area, leading to
improved photocatalytic performance (Stanley et al., 2019). The
interaction between ZnO and SiO, facilitates better charge
separation, thereby reducing electron-hole recombination and
increasing photocatalytic efficiency under UV irradiation
(Winardi et al, 2020; Pratiwi et al, 2024). However, achieving
uniform particle size and preventing agglomeration during the
synthesis of ZnO-SiO, nanocomposites is challenging, as
traditional methods of nanocomposite production often result in
large agglomerates that negatively impact photocatalytic
performance. To overcome these challenges, ultrasonication
has been recognized as a potent method for enhancing the
synthesis of nanocomposites, including ZnO-SiO, (Rohilla et al.,
2021; Winardi et al., 2020).

Ultrasonication involves the application of high-frequency
sound waves to a liquid medium, creating microscopic bubbles
that collapse violently, generating intense localized energy
(Asadi et al., 2019). This process, known as cavitation, helps to
break up particle agglomerates and ensures that the
nanoparticles remain uniformly dispersed throughout the
solution  (Selvinsimpson et al, 2021). Additionally,
ultrasonication can assist in controlling the size and distribution
of nanoparticles, producing composites with more consistent
and desirable properties. The technique is relatively simple,
cost-effective, and scalable, making it a valuable tool for the
production of nanomaterials with enhanced properties.

The objective of this study is to determine the ideal
ultrasonication duration that achieves a balance between
particle size reduction, enhanced surface area, and reduced
agglomeration, ultimately improving the photocatalytic
efficiency of the nanocomposite for degrading organic
pollutants. By optimizing ultrasonication time, this study seeks
to address the challenges related to particle dispersion and
agglomeration, ensuring consistent performance in
photocatalytic applications.

2. Materials and Method
2.1 Materials

Zinc acetate, methanol, sodium hydroxide (NaOH),
hydrochloric acid (HCI), Amberlite 120R cation exchange resin,
and water glass (sodium silicate solution) were used as raw
materials. All chemicals were of analytical grade and used
without further purification. Distilled water was used throughout
the experimental procedures.

2.2 Preparation of SiOz and ZnO Precursors

Silica nanoparticles were prepared from water glass using
the sol-gel method. The water glass solution was first diluted
with distilled water, then passed through a cation exchange
column packed with HCl-activated Amberlite 120R resin to
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remove sodium ions. The resulting solution was stirred while 0.1
M NaOH was added dropwise until the pH reached 11, resulting
in a 3 wt% colloidal silica solution.

For ZnO precursor preparation, zinc acetate was dissolved
in 100 mL of methanol. NaOH was added dropwise under
constant stirring until pH 11 was achieved. The colloidal SiO,
was then mixed into the ZnO precursor solution under
continuous mechanical stirring.

2.3 Synthesis of ZnO-SiO: Nanocomposite via Ultrasonication

The combined ZnO-SiO, mixture was subjected to
ultrasonication using a probe-type ultrasonic processor for 0, 10,
20, 30, and 45 minutes. The acoustic cavitation induced by
ultrasonication  improved  mass transfer, reduced
agglomeration, and promoted uniform distribution of ZnO over
the SiO, matrix. 0 min means the nanocomposite was prepared
under mechanical stirring. After sonication, the suspension was
allowed to settle, filtered, washed with deionized water, and
dried at 120 °C for 6 hours. The novelty of this study lies in the
systematic investigation of the effect of varying ultrasonication
time on the synthesis of ZnO-SiO, composite. The impact of
ultrasonication time on the structural, spectral, and surface
characteristic of the composite was examined, concentrating on
the dispersion of ZnO onto SiO,, the crystallite size, and the
photocatalytic performance. The optimal ultrasonication
duration was identified based on the highest photocatalytic
degradation of MB solution.

2.4 Characterization Technique (FTIR, XRD, SEM, BET)

X-ray diffraction (XRD) was used to confirm the crystalline
phases of ZnO and SiO, in the composite, and to evaluate the
effect of sonication time on crystallinity. XRD was employed to
confirm the crystal phase and estimate crystallite size of the
nanocomposite. The average crystallite size (D) of ZnO-SiO,
was calculated using the Scherrer equation (Eq 1):

kA
- B.cos@ (1)

where D is the average crystallite size (nm), k is a constant
(0.94), A represents the CuKa radiation wavelength (0.15418
nm), B denotes the Full-Width at Half-Maximum (FWHM), and
6 is half the diffraction angle of the highest peak.

Fourier Transform Infrared Spectroscopy (FTIR) was
employed to identify functional groups and chemical bonding
within the composite. Scanning Electron Microscopy (SEM) was
used to analyze the morphology and elemental composition of
the composite, emphasizing the impact of ultrasonication time
on particle distribution and agglomeration. Brunauer-Emmett-
Teller (BET) analysis was performed to determine the surface
area of the composite, assessing the effect of different sonication
times on the surface properties of the photocatalyst.

2.5 Photocatalytic Activity Test

The photocatalytic activity of the ZnO-SiO2 composites
was evaluated by the degradation of methylene blue (MB) under
visible light irradiation. The experiments were conducted by
dispersing 200 mg of composite in an MB solution. At first, the
mixture was put in a low-light environment for 30 minutes to
examine composite’s adsorption behavior. Then, followed by
exposure to direct sunlight, with periodic sampling every 30
minutes to monitor the degradation rate using UV-Vis
spectrophotometry. We calculated the evolution of
photocatalytic degradation efficiency using equation (2):
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Co—Ce
Co

n(%) = =< x100 (2)

where 1, Cy, C: represents the efficiency of photocatalytic as a
function of time, the initial concentration of MB, and the
concentration of MB at time t, respectively.

2.6 Kinetic Modelling Calculation

The pseudo-first order kinetic model was adapted to
determine the kinetics of photodegradation using equation 4.

In=t = —kt (3)

where £ is the rate constant. The kinetic study was performed
by plotting ln% against ¢, in which the value of k equals to the
0

negative gradient.

3. Result And Discussion
3.1.Molecular Structure of the Produce Nanocomposite

Figure 1 is the molecular structure of the ZnO-SiO,
nanocomposite. SiO, will form a chemical bond with the surface
atoms of ZnO. This interaction can be in the form of covalent
and ionic bonds. SiO, can form a Si-O-Zn bond where oxygen
bridges between the silicon and zinc atoms. This bridge can be
formed from electron sharing (covalent) and electrostatic
attraction between the Si and Zn atoms (ionic). The combination
of ZnO and SiO, in the nanocomposite can enhance the
properties of both materials. SiO, can stabilize the
nanocomposite, thereby improving the dispersion and
transmission properties of light, while ZnO can provide its
photocatalytic activity in the nanocomposite (Kurnaz Yetim et al.,
2020).

The Si—-O-Zn linkage is crucial for anchoring ZnO particles
onto the silica matrix, enhancing the stability and dispersion of
ZnO in the composite (M. Wang et al.,, 2019). Additionally, SiO,
contributes a mesoporous, high-surface-area framework that
enhances light harvesting and facilitates the exposure of active
photocatalytic sites (Alothman, 2012). The abundant surface
hydroxyl groups (—-OH) on SiO, further promote strong
interactions with polar dye molecules such as methylene blue,
thereby enhancing adsorption and subsequent degradation
(Shaba et al, 2023). From an electronic standpoint, the
heterojunction formed via Si-O-Zn linkages facilitate charge
transfer across the interface and reduces electron-hole
recombination. The presence of band offsets and localized
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Fig 1 Molecular Structure of ZnO-SiO2
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electric fields at the ZnO-SiO, interface supports more efficient
charge separation, which significantly enhances photocatalytic
performance under solar irradiation (Ortiz-Quifionez & Pal,
2024). Overall, such interfacial engineering strategies are
recognized as key to improving the stability and activity of
photocatalytic nanocomposites.

3.2. Fourier Transform Infrared (FTIR) Analysis: Functional Groups,
Ultrasonication Effects, and Particle Homogeneity

Characterization of the ZnO-SiO, nanocomposite has been
conducted using FTIR analysis, as shown in Fig. 2, which
indicates that ZnO-SiO, particles have been successfully
synthesized, evidenced by the presence of Zn-O and SiO,
chemical bonds. The spectra confirm successful formation of
the composite, indicated by the presence of both Zn-O and Si-
O-Si vibrational modes. The FTIR spectra revealed a distinct
peak at 895 cm™, corresponding to the asymmetric stretching
vibration of Si—O-Si bonds, confirming the presence of SiO,
nanoparticles. A prominent peak at 895 cm™ corresponds to the
asymmetric stretching vibration of the Si-O-Si bond,
confirming the incorporation of SiO, into the nanocomposite
matrix. The increase in O-H peak intensity with longer
ultrasonication time suggests greater hydroxyl group exposure,
which enhances the hydrophilicity and potential interaction
sites for dye molecules (Chen et al., 2017). Notably, an increase
in ultrasonication time led to a progressive sharpening of the O—
H stretching band (typically observed near 3400 cm™),
indicating greater exposure of hydroxyl functional groups on the
surface. This suggests an increase in available active sites for
dye adsorption (Kadir et al., 2023). In the variation of sonication
time in Figure 2, it is noted that an increase in sonication time
leads to longer exposure, the sharper the resulting O-H peak.
This observation highlights the role of ultrasonication in
enhancing particle dispersion and exposing new surface
functionalities, indicating that the ultrasonication process plays
a role in the dispersion and homogenization of particles. The
cavitation effect generated by ultrasonic waves facilitates the
uniform distribution of SiO, and prevents agglomeration,
leading to improved surface uniformity and particle interaction
(Asadi et al., 2019). Consequently, the O-H groups can disperse
and adhere to the surface of ZnO, as evidenced by the steeper
O-H peak in the FTIR graph. These hydroxyl groups enhance
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Fig 2. FTIR spectra of ZnO-SiO-
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the nanocomposite’s hydrophilicity, which is critical for efficient
photocatalytic degradation of polar pollutants such as
methylene blue (Shaba et al, 2023). This occurs due to the
formation of groups of hydroxyl on the new surface, along with
the increased surface area of the material (Chen et al., 2017).

The influence of ultrasonication parameters on the
nanocomposite structure is observable in the FTIR spectra,
where shifts in peak intensities—particularly O-H and Si-O-Zn
groups—can be attributed to the influence of ultrasonic energy
input on the material's molecular structure. Study from (Kadir et
al., 2023) found that ultrasonication at a wave amplitude of 25%
still resulted in agglomerated particles, whereas wave
amplitudes of 50% and 75% produced spherical particle
structures that were cohesive and free from agglomeration. This
outcome highlights the critical role of ultrasonic energy input in
determining the structural uniformity of nanomaterials.
Ultrasonication operates through the phenomenon of acoustic
cavitation, wherein rapid formation and violent collapse of
microscopic gas bubbles within the liquid medium generate
localized hotspots characterized by transient high temperature
and pressure. These extreme microenvironments not only drive
physical effects such as microstreaming, shear forces, and
turbulence but also induce chemical effects including free
radical formation and molecular bond breakage (Wang et al.,
2018; Xu et al., 2021). The input ultrasonic energy—comprising
parameters such as frequency, power, and duration—critically
influences these cavitation phenomena and hence the extent
and nature of physical and chemical interactions occurring
within the system (Qu et al, 2012). Higher ultrasonic energy
enhances cavitation intensity, leading to more effective
disruption and reorganization of nanomaterial structures,
resulting in improved dispersion and structural uniformity.
However, excessive energy might result in undesirable effects
like over-fragmentation or structural degradation, highlighting
the need for optimized energy input (Jin et al., 2015; Ren et al,,
2014).

Furthermore, the spatial positioning of cavitation bubbles
relative to solid particles also influences the morphological
outcome. When cavitation occurs near the surface of solid
particles, it produces asymmetric collapse patterns and intense
shear forces that effectively erode and fragment particle
agglomerates. In contrast, cavitation in bulk liquid generates
more turbulent flow fields, contributing to the reshaping of ZnO
particles into varied morphologies (Mahdavi & Ashraf Talesh,
2017) The ability to fine-tune these conditions underscores the
versatility of ultrasonication in producing nanocomposites with
tailored physicochemical properties.Photocatalytic activity is
significantly influenced by hydroxyl ions and crystal size (Cheng
et al., 2019). According to (Mourya et al., 2023), crystalline and
morphology significantly affect photocatalytic efficiency by
regulating properties such as surface area and charge carrier
mobility, which in turn determine the photocatalytic activity of
the material.

3.3. X-ray Diffraction (XRD) Analysis: Crystallinity, SiO,-Induced
Crystal Growth Suppression, and Interfacial Electron Effects

The formation of SiO, particles also confirmed by XRD
analysis, as shown in Fig. 3, where the ZnO peaks correspond
to JCPDS No. 005-0664, which has a wurtzite crystal system.
The diffraction peaks at 20 = 31.7°, 34.4°, 36.2°, 47.5°, 56.5°,
62.8°, 66.4°, and 69.0° match well with the hexagonal wurtzite
structure of ZnO (JCPDS No. 005-0664), assigned to the (100),
(002), (101), (102), (110), (103), (200), (112), and (201) planes
respectively. The amorphous structure of SiO, reduces the
intensity of the ZnO crystals (Ali et al., 2016). The presence of
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amorphous SiO, results in a significant decrease in the intensity
of ZnO diffraction peaks, suggesting partial shielding or dilution
of crystalline domains (Holder & Schaak, 2019). The decrease
in the ZnO peaks caused by the amorphous structure of SiO,,
where an increasing composition of SiO, disrupts the
crystallinity of ZnO. As the SiO, content increases, it interferes
with the nucleation and growth of ZnO crystallites, causing peak
broadening and intensity reduction, which reflects the decline
in long-range crystalline order (Chen et al, 2017, Raha &
Ahmaruzzaman, 2022). The ZnO peaks decrease as the
concentration of SiO, increases, attributed to the SiO, structure
of amorphous affecting the crystals of ZnO (Shaba et al., 2023).
This effect has also been associated with the spatial separation
of ZnO domains by SiO, layers, leading to more isolated and
nanoscale ZnO regions (N. Wang et al., 2011; X. Wang et al.,
2013).

Based on the XRD analysis, the crystallite size of the
synthesized ZnO-SiO, nanocomposite with 3 wt% SiO, was
calculated to be approximately 7 nm. This size is significantly
smaller compared to typical pure ZnO nanoparticles, which
often exhibit crystallite sizes ranging from 20 to 30 nm
depending on the synthesis method (Bindu & Thomas, 2014).
The incorporation of 3 wt% SiO, into the ZnO matrix led to a
reduction in crystallite size, consistent with the suppressive
effect of the amorphous silica phase on ZnO crystal growth and
aggregation. This is due to the addition of SiO, in the
nanocomposite, which causes the ZnO nanoparticles to expand,
thereby forming new bonds, namely Si-O-Zn (Shaba et al., 2023).
This phenomenon may be linked to the formation of interfacial
Si—O-Zn bonds that alter local atomic coordination and inhibit
ZnO lattice development. The electron affinity of the Si ion,
which has a positive value (+134.068 J mol™), is higher than that
of the Zn?* jon (—58 J mol™). As a result, Zn** tend to interact
more with O*" (+140.976 J mol™) rather than with the Si ion.
From an electronic perspective, the relative electron affinities of
Si** and Zn** influence their bonding preferences and
interaction with lattice oxygen, indirectly impacting crystallite
evolution and defect formation (Sreenath et al, 2020). This
interplay between attractive and repulsive forces enhances the
diffusivity of O, and Zn ions, thereby promoting the electron
movement within the molecules and leading to smaller crystal
sizes as the SiO, increases (Sreenath et al., 2020)(Qomariyah et
al., 2020). Consequently, the nanocomposite exhibits not only
finer crystallite domains but also improved surface defect

=
—_~_c —~
2a o 5 @oao
= Sg = S g:z@z
= ~e = = Sacg
— I | 1 1 1 1
£
w
=
[
= -
5 Zn0-8i0: 3%
e M" i S
5 15 35 45 55 65 75
20 [deg]

Fig 3. XRD result of pure ZnO and nanocomposite prepared at 45
Minutes Sonication Time

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE



L. Qomariyah et al

0.030 (a) ZnO Pure

0.020 —&— Adsorption

—&— Desorption

) [emé/g.nm)

0.010

avir

Pore diameter [nm]

Volume Adsorbed @STP, cc/g
=
H
=]

1} 0.2 0.4 0.6 0.8 1

Relative Pressure, P/Po

2

Volume Adsorbed @STP, cc/|
e
[ ]
g
\\_

Int. J. Renew. Energy Dev 2025, 14(5), 956-966
| 960

(b) ZnO-SiO: 3%

—&— Adsorption

0.070

|
—&— Desorption |/

0.035 )l

]
-]
=]

dV(r) [cm’/g.nm]

0.000 +
25

Pore diameter [nm] /

S
3
L]

0 0.2 0.4 0.6 0.8 1
Relative Pressure, P/Po

Fig 4. Adsorption-Desorption Isotherm Graph at 45 Minutes Sonication with SiO, Concentration (a) 0%, (b) 3%

Table 1

BET Test Results of ZnO pure and nanocompoiste prepared at 45 Minutes Ultrasonication

Sample Sger (m?/g) Pore Volume (cm?®/g) Particle Diameter (nm) Pore Diameter (nm)
ZnO Pure 3891 0.23 35.04 14.40
ZnO-SiO, 3% 117.64 0.46 11.59 7.89

distribution—features that are beneficial for charge separation
in photocatalysis.

The crystal size affects the surface area of the
nanocomposite (Zhang et al, 2023) and BET (Brunauer-
Emmett-Teller) testing has been conducted to estimate the
properties, (including specific surface area, pore volume, and
pore diameter) of the ZnO-SiO, nanocomposite. Smaller
crystallites generally exhibit higher specific surface areas due to
their larger surface-to-volume ratio, a factor directly linked to
increased catalytic activity and adsorption capacity (Zhang et al.,
2023). This test is important in material characterization
because a high surface area correlates with catalytic activity and
good adsorption properties, which are highly desirable in
various industrial and technological applications. The results of
the nitrogen adsorption-desorption BET test are shown in Fig. 4
and Table 1.

3.4. Surface Area and Porosity Analysis (BET): Isotherm Behaviour,
Hysteresis Classification, Ultrasonication Influence, and Data
Interpretation

In Figure 4, the nitrogen adsorption-desorption isotherm
profiles and pore diameter distribution for the ZnO pure and
ZnO-Si0, nanocomposite. Each sample is classified as having
mesopore diameters (<50 nm). The pore size refers to the width
of the pore, measured as the distance between two opposing
walls. Accurate pore size measurements depend on the well-
defined geometric shape of the pores. In this study, all samples
showed pore diameters within the mesoporous range (2-50
nm), which is favourable for the diffusion and retention of dye
molecules during photocatalytic degradation. Porosity is the
ratio of the volume of pores and cavities to the total volume of
the solid material and is closely linked to its adsorption
properties.

Based on the IUPAC adsorption isotherm classification the
adsorption-desorption isotherm graph shows type IV which

indicates that the pore diameter of the material is mesoporous.
While particles with microporous pore diameters are indicated
by type I; non-porous or macro-porous in types II , III , and VI;
and meso-porous in types IV and V (Alothman, 2012). Type IV
isotherms are also indicative of capillary condensation in
mesopores and typically exhibit hysteresis loops, further
confirming the pore structure of the synthesized
nanocomposite.

IUPAC classifies hysteresis into several types (H1, H2, H3,
H4), each reflecting different pore characteristics. Type H1 is
typically associated with porous materials that have regular
cylindrical pore channels or nearly uniform spherical
aggregates. Type H2 refers to materials that are often irregular
with uncertain pore sizes and shapes, indicating the presence of
constrictions. Type H3 has slit-shaped pores and does not show
an adsorption boundary at high P/Po, often found in non-rigid
particle aggregates resembling plates. Meanwhile, H4-type
hysteresis is commonly linked to narrow slit-shaped pores. Each
sample tested exhibited a trend in the graph resembling type
H3. Materials causing H3 hysteresis have long slit-shaped pores.
The presence of H3 hysteresis loops suggests that the ZnO-SiO,,
nanocomposites likely form aggregated plate-like particles or
layered pore structures that restrict desorption at high relative
pressures.

Hysteresis in the BET isothermal test refers to the
difference between the adsorption and desorption curves when
measuring the quantity of gas absorbed by porous materials at
various partial pressures at a constant temperature. Hysteresis
curves appear when the path followed during adsorption differs
from the path followed during desorption. This means that at
the same partial pressure, the amount of gas adsorbed is not
equal to the amount of gas desorbed. This form of hysteresis is
often observed in materials with larger and more complex
pores, such as mesopores and macropores, where capillary
condensation occurs. In mesopores, gas can condense in the
pores at lower pressures during desorption compared to
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adsorption. (Alothman, 2012). The ZnO-SiO, 3% sample has the
smallest particle diameter, resulting a large surface area. This
increased surface area enhances the availability of reactive sites
for photocatalytic interactions, a desirable feature in dye
degradation and environmental remediation. The increased
surface area following the creation of the nanocomposite
suggests that the synthesis of the ZnO-SiO, nanocomposite
indicates that its formation introduces additional active sites,
leading to the inference that the sol-gel method supports the
development of a well-structured and widely dispersed ZnO
lattice within the SiO, matrix (Shaba et al., 2023).

The sonication process plays a role in the dispersion and
homogenization of particles, which affects the final surface area
of the nanocomposite. The dispersed silica with increased
ultrasonication time reduces the agglomeration of ZnO, thereby
increasing the surface area of the nanoparticles. Consistent with
the role of ultrasonic treatment in enhancing porosity, the
vibration and cavitation effects generated during sonication
significantly promote surface enlargement and pore
development, primarily by increasing the mesopore volume and
micropore surface area. Thus, optimizing ultrasonic parameters
is crucial to maximizing active site availability and ensuring a
well-developed porous network in nanocomposite materials
(Qomariyah et al., 2020).

3.5. Morphological Characterization (SEM): Microstructure, SiO,
Stabilization, Ultrasonic Dispersion, and Correlation with FTIR—
XRD Analyses

The SEM image in Fig. 5 illustrates the morphology of the
Zn0O-Si0, nanocomposite created through ultrasonication. The
image reveals a porous and irregular network structure, typical
of the aggregated ZnO and SiO, particles. The SEM analysis
verifies the presence of both SiO, and ZnO, demonstrated by
the heterogeneous surface featuring various granular
characteristics and layered structures. The particles appear
interconnected in a loose network, suggesting that
ultrasonication effectively disrupted hard agglomerates,
allowing SiO, to form a scaffold-like structure embedding ZnO.

The porous nature of the observed morphology can be
attributed to the formation of SiO, surrounding ZnO
nanoparticles, leading to a networked composite structure. This
morphology is advantageous for photocatalytic applications, as
it provides a higher surface area that enhances light absorption
and photocatalytic activity. The visible thin sheet-like and
granular structures are indicative of the coexistence of silica and

Fig 5. SEM image of ZnO-SiO;
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zinc oxide phases, supporting the effective incorporation of SiO,
into the ZnO matrix (Kusdianto et al., 2020).

These sheet-like features are likely formed by aggregated
silica, while ZnO appears as smaller granules distributed along
their surface. This supports the hypothesis that SiO, acts as a
stabilizing matrix that prevents ZnO particle growth and
coalescence (Raha & Ahmaruzzaman, 2022). This
morphological observation aligns well with XRD and also FTIR
analysis, which confirmed the successful formation of the ZnO-
SiO, nanocomposite. XRD revealed diffraction peaks associated
with both ZnO and SiO, while FTIR spectra showed
characteristic bands confirming chemical bonding and the
successful integration of ZnO with SiO,. These combined
findings suggest that the structural assembly of the
nanocomposite is consistent across molecular (FTIR), crystal
(XRD), and morphological (SEM) levels, indicating reliable
synthesis quality. The SEM micrograph thus complements these
analyses, validating the structural formation and distribution of
the composite materials. The ultrasonication process appears to
contribute effectively to dispersing ZnO within the SiO, matrix,
preventing severe agglomeration and leading to a more
homogeneous distribution of the composite materials, as
reflected in the morphological features. This process generates
localized cavitation, which promotes shear forces and
turbulence in the solution—factors that facilitate uniform
dispersion of ZnO and reduce secondary particle growth. This
uniform dispersion is critical for optimizing photocatalytic
performance by ensuring consistent exposure to light and
reactants. These results collectively demonstrate the
effectiveness of the synthesis method in achieving a well-
integrated ZnO-SiO, nanocomposite suitable for photocatalytic
applications (Fatimah et al., 2021). Ultimately, the well-defined
porous morphology and particle distribution observed under
SEM reinforce the suitability of ultrasonically synthesized ZnO-
SiO, for use in dye degradation and environmental remediation
technologies.

3.6. Photocatalytic Performance of ZnO-SiO, Nanocomposites in the
Methylene Blue degradation.

The application of ZnO-SiO, Nanocomposite as a
photocatalyst material has been tested directly under sunlight.
The preparation of a standard curve of MB using a
concentration of 0-10 ppm at 663 nm wavelength was carried
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Fig 6. Standard Curve of Methylene Blue
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Fig 7. Methylene blue degradation using ZnO-SiO2 prepared at various ultrasonication time (a) 0 minutes, (b) 10 minutes, (c) 20 minutes, (d) 30
minutes, and (e) 45 minutes.

out before the photocatalytic test of ZnO-SiO, Nanocomposite.
The results of the standard curve are shown in Figure 6 . The
results of the standard solution preparation obtained are in
accordance with Lambert-Beer's law, which indicates that the
absorbance value is directly correlated with the solution
concentration. From the preparation of standard solutions with
concentrations of 0-10 ppm, the equation obtained is y =
0.2017x — 0.0103, where the value of y represents absorbance
and the value of x is the concentration of MB. The concentration
of the photocatalytic results will be obtained by substituting the
absorbance value of the photocatalytic results into y, allowing
the value of x or the concentration of methylene blue to be
determined. The correlation coefficient (R?) for this equation is
0.9943, indicating a high degree of linearity between
absorbance and concentration.

The methylene blue degradation test using the ZnO-SiO,
nanocomposite was conducted with the aid of sunlight with a
light intensity of 110,000-120,000 lux. The photocatalytic testing
was performed in the dark for 30 minutes to determine the
degradation capability without light, followed by exposure to
sunlight until the methylene blue was degraded. The methylene
blue degradation process using the ZnO-SiO, nanocomposite
with variations in ultrasonication time can be observed through
changes in the intensity of the MB color in the photocatalytic
results, as shown in Fig. 7.

Photocatalytic samples were taken at 0, 10, 20, 30, 60, 90,
120, 150, and 180 minutes. At 0 minute, the sample was taken
immediately after the 30-minute dark condition, followed by
photocatalysis using sunlight for the specified time intervals.
Visually, the sample with a composition of 3% SiO, was capable
of degrading methylene blue. UV-Vis absorbance analysis
confirmed that the ZnO-SiO, nanocomposite (3 wt% SiO,, 45
minutes ultrasonication) achieved 95% degradation efficiency of
methylene blue under sunlight after 120 minutes. This high

degradation rate indicates effective charge separation and
active surface exposure, supported by the nanostructure
morphology and reduced agglomeration. During this time, the
sample with a composition of 3% SiO, and an ultrasonication
time of 45 minutes showed a lower color intensity. The fading
of color intensity reflects the breakdown of chromophoric
groups within the methylene blue structure, demonstrating
successful photocatalytic degradation by the nanocomposite.
This performance is consistent with previous studies showing
that SiO,-modified ZnO enhances pollutant degradation due to
increased surface hydroxylation and reduced electron-hole
recombination (Dedova et al., 2020). Moreover, sunlight-driven
catalysis using ZnO-based composites has been increasingly
favored as a green alternative for wastewater treatment
(Chalatsi-diamanti et al., 2025; Dehghani et al., 2022).

The absorbance graph above shows that as the
absorbance value increases, the concentration of MB also
increases. From Fig. 8, it is evident that at all ultrasonication
time variables, the color of methylene blue can be degraded
within 180 minutes. The results indicate that the MB
degradation rate at a concentration of 10 ppm increases as the
concentration of the solution decreases. Supplementary
examination involved computing the rate constant (k) of the
photocatalyst. The kinetics of methylene blue degradation at
varying ultrasonication times are illustrated in Fig. 9.

The degradation kinetics were calculated using the
Langmuir-Hinshelwood model. Figure 9 illustrates the results
showing fluctuating k values as the ultrasonication time varies.
The nanocomposite with a SiO, content of 3% and an
ultrasonication time of 0 minutes recorded the peak (k) value of
0.0255 min™'. The photocatalytic activity of ZnO-SiO,
nanocomposites was evaluated by the MB degradation under
sunlight, achieving the best performance of 97% under 45
minutes of ultrasonication. To provide a clearer overview of this
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trend, Table 2 presents the degradation rates of methylene blue ultrasonication durations
for the nanocomposites with 3% SiO, under different
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Fig 8 Absorbance spectra of the ZnO-SiO: prepared under various ultrasonication time (a) 0, (b) 10, (c) 20, (d) 30, and (e) 45 minutes
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Table 2

Degradation Rate of Methylene Blue at 3% SiO, Concentration Variation of Ultrasonication Time

Ultrasonication Time (min) Max Degradation (%) Degradation rate constant (min™')
0 98.58 0.0255
10 97.40 0.0230
20 95.90 0.0196
30 98.23 0.0233
45 97.02 0.0218

4. Conclusion

This study successfully optimized the ultrasonication time in
the production of ZnO-SiO, nanocomposites, demonstrating its
significant impact on the characteristics and photocatalytic
performance of the material. The synthesis process utilizing the
sol-gel method for silica preparation, and followed with the
incorporation of ZnO, effectively mitigated issues of particle
agglomeration and allowed for the control of particle size at the
nanoscale. Through various ultrasonication durations, it was
determined that an optimal ultrasonication time of 45 minutes
resulted in the highest quality ZnO-SiO, nanoparticles, as
evidenced by FTIR, XRD, and SEM analyses.

The characterization results indicated the successful
formation of ZnO-SiO, nanoparticles with a large surface area
of 117.64 m?/g, moderate pore volume, and small pore
diameter, which are crucial for enhancing photocatalytic
performance. The photocatalytic degradation tests, specifically
the degradation of methylene blue under sunlight, showed
remarkable efficiency, achieving a degradation rate of 97% with
the optimized ultrasonication time.

These results emphasize the effectiveness of the
ultrasonication technique in producing highly efficient
photocatalysts for potential industrial applications. The
enhanced photocatalytic activity of the ZnO-SiO,
nanocomposite presents promising opportunities for the
development of advanced materials aimed at environmental
remediation and other applications requiring effective

photocatalysts. Future studies could concentrate on optimizing
the synthesis process and investigating further potential
applications of ZnO-SiO, nanocomposites in various fields.
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