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Abstract:  Silicon  oxide  nanoparticles
(SiONPs) were successfully synthesized from
rice husk waste using a low-temperature, bio-
derived route, and their structural, optical,
surface, and environmental remediation
properties were comprehensively investigated.
UV—visible spectroscopy revealed a strong
absorption maximum at ~452—453 nm,
corresponding to a reduced optical band gap of
2.73 eV, calculated using the Planck relation .
This band gap is significantly lower than that
of stoichiometric  SiO: (=5.0-9.0 eV),
indicating a pronounced red shift attributed to
non-stoichiometry (SiO), oxygen vacancies,
surface defects, and heteroatom incorporation.
FTIR analysis confirmed the presence of Si—O—
Si and Si—O bonds, abundant surface hydroxyl
(Si—OH) groups, and minor residual organic
functionalities, supporting a defect-rich and
surface-functionalized structure. XRF and
SEM-EDX analyses showed that the
nanoparticles are silicon-rich, with Si contents
of ~90.9 wt%, alongside minor K (2.52 wt%),
Ca (1.63 wt%), Mg (0.47 wt%), Al (0.20 wt%),
P (0.15 wt%), and S (0.15 wt%), and no
detectable transition-metal impurities,
confirming that the visible-light activity is
intrinsic to the SiONPs. Zeta potential
measurements indicated a well-defined point of
zero charge (PZC) at pH = 5.8, with positive
surface charge under acidic conditions and
increasingly negative charge at neutral to
alkaline pH, favoring adsorption of cationic
pollutants. X-ray diffraction showed a silica-
dominated, semi-crystalline system composed
mainly of nanocrystalline quartz with minor
magnesium and aluminium silicates and a
significant amorphous fraction (=17-25 wt%).
Rietveld  refinement yielded acceptable
agreement factors (R, = 6.21%, R., = 8.94%,
x? = 2.20) and crystallite sizes of 25—45 nm,
lattice strain of (3.2-6.8) x 1073, and

dislocation densities of (0.5-1.6) % 10" m?,
indicating a  defect-rich  nanostructure.
Dynamic light scattering confirmed a relatively
narrow particle size distribution consistent
with the nanocrystalline dimensions. The
functional performance of the SiONPs was
demonstrated through adsorption studies using
methylene blue and real textile wastewater.
Adsorption kinetics followed a pseudo-second-
order model (R?> = 0.987), while equilibrium
data fitted the Langmuir isotherm best (qmax =
92.5mg g7, R? = 0.994), indicating monolayer
adsorption on a homogeneous surface. When
applied to textile effluent, the SIONPs achieved
removal efficiencies of 91.2% for color, 77.2%
for COD, 74.4% for BOD:s, and 74.4% for TSS.
Overall, the combination of visible-light
activity, tunable surface charge, high
adsorption capacity, and strong agreement
across multiple characterization techniques
highlights rice-husk-derived SiONPs as low-
cost, sustainable, and highly effective materials
for wastewater treatment, photocatalysis, and
related environmental applications.
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1.0

The discharge of dye-contaminated effluents
from textile and allied industries remains a
critical environmental challenge due to the
persistence, toxicity, and aesthetic impacts of
synthetic dyes in aquatic systems (Akpanudo et
al., 2024a,b). Methylene blue (MB), a

Introduction

Also available @ https://doi.org/10.5281/zenodo.21207261



https://doi.org/10.5281/zenodo.21207261
mailto:nyewills15@gmail.com

Applied Science, Computing and Energy, 2026, 4(4), 535-558 536

commonly used cationic dye, is particularly
problematic because of its resistance to
biodegradation and potential adverse effects on
aquatic life and human health. Conventional
wastewater treatment methods often exhibit
limited efficiency, generate secondary
pollutants, or incur high operational costs,
thereby necessitating the development of
alternative, cost-effective, and environmentally
benign treatment technologies (Akpakpan et
al., 2024; Akpanudo & Akpakpan, 2017). In
this context, adsorption using nanostructured
materials has emerged as a promising approach
for the efficient removal of dyes and other
organic pollutants from wastewater.

Silicon oxide (SiO2) nanoparticles have gained
considerable attention as adsorbents and
functional materials owing to their high
specific surface area, tunable porosity,
chemical inertness, thermal stability, low
toxicity, and ease of surface modification.
Beyond environmental remediation, SiO:
nanoparticles have demonstrated relevance in
gas sensing, photocatalysis, electronics, and
optoelectronic applications. For instance, sol—
gel-derived Si0: nanoparticles with bandgap
energies of approximately 5.0 eV have
exhibited notable photocatalytic degradation of
methylene blue and excellent gas-sensing
responses toward hazardous gases,
underscoring their multifunctional potential
(Sonawane et al., 2025). Similarly, advanced
silicon oxide systems with wide bandgaps
exceeding 9.0 eV have been reported for high-
performance electronic interfaces, highlighting
the exceptional electronic and dielectric
properties of silicon oxide materials (Cafias et
al., 2022).

Despite these advantages, conventional
synthesis routes for SiO: nanoparticles,
including sol—gel, atomic layer deposition, and
chemical vapor-based techniques, often rely on
expensive precursors, high energy inputs, and
environmentally hazardous chemicals. These
limitations have stimulated increasing interest

in green synthesis strategies that utilize
renewable and waste-derived resources as
alternative precursors. Agricultural wastes
have emerged as particularly attractive
candidates due to their abundance, low cost,
and high silica content. Reviews by Adebisi et
al. (2017) and Adebisi et al. (2021)
comprehensively documented the potential of
agro-wastes such as rice husk, maize cob,
cassava periderm, and sugarcane bagasse as
sustainable sources for the production of silica
and silicon nanoparticles, especially in energy
and environmental applications.
Among the various agro-wastes, rice husk is
widely recognized as one of the richest natural
sources of silica, containing approximately 50—
70 wt% SiO2 depending on variety and
geographical origin. Large quantities of rice
husk are generated annually worldwide, and
improper disposal through open burning
contributes to environmental pollution.
Transforming this biomass residue into value-
added Si0: nanoparticles therefore offers both
environmental and economic benefits. Nayak
and Datta (2021) demonstrated that amorphous
silica nanoparticles extracted from rice husk
ash  exhibit  structural and  surface
characteristics comparable to commercial
silica, while Essien (2024) further confirmed
that rice husk-derived SiO. nanoparticles can
be synthesized via eco-friendly routes with
favorable optical and structural properties. A
comprehensive review by Rodriguez-Otero et
al. (2023) emphasized the versatility of rice
husk-derived SiO: nanoparticles, highlighting
their  high  surface area, ease of
functionalization, and  suitability  for
applications such as water purification,
catalysis, and environmental remediation
within a circular economy framework.
The performance of SiO:. nanoparticles in
environmental  applications is  strongly
influenced by their surface chemistry, porosity,
and defect structures. Surface defects and
functional groups play a crucial role in
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adsorption and photocatalytic processes by
governing  pollutant—surface  interactions.
D’Amato et al. (2023) demonstrated that
surface defects on silica nanoparticles
significantly  affect their = photoinduced
reactivity and degradation efficiency toward
organic dyes, underscoring the importance of
correlating synthesis conditions with surface
properties and functional performance.
Furthermore, agro-waste-derived silica
nanoparticles have been reported to possess
surface areas ranging from a few to several
hundred square meters per gram, making them
highly effective adsorbents for a wide range of
pollutants, including dyes and heavy metals
(Barani et al., 2024).

Although extensive studies have addressed the
synthesis and characterization of SiO:
nanoparticles from rice husk and other
agricultural wastes, important research gaps
remain. In particular, there 1is limited
integration of adsorption equilibrium, kinetic,
and diffusion modeling with experimentally
synthesized  rice  husk-derived Si0O2
nanoparticles for dye removal. Moreover,
systematic investigations linking nanoparticle
structural features and surface characteristics to
adsorption mechanisms for methylene blue and

real textile wastewater are still scarce.
Addressing these gaps is essential for
translating laboratory-scale findings into

practical wastewater treatment applications.

The aim of this study is therefore to synthesize
silicon oxide nanoparticles from rice husk
waste using a sustainable and cost-effective
approach and to evaluate their efficiency for the
adsorption of methylene blue dye and textile
wastewater. The study seeks to
comprehensively characterize the synthesized
nanoparticles and apply adsorption isotherm
and kinetic models to elucidate the mechanisms
governing dye removal. By valorizing rice
husk waste into functional SiO2 nanoparticles,
this work contributes to sustainable waste
management, advances green nanotechnology,

and supports the development of low-cost,
efficient adsorbents for industrial wastewater
treatment.

2.0 Materials and Methods

2.1 Materials

Waste rice husk was collected from a local rice
milling facility in Ini Local Government Area
of Akwa Ibom State, Nigeria. Analytical-grade
sodium hydroxide (NaOH), hydrochloric acid
(HC1), ethanol (C-HsOH), and deionized water
were procured from Sigma-Aldrich (Merck
Group) and used as received without further
purification. All glassware was thoroughly
washed, rinsed with deionized water, and oven-
dried before use. Real textile wastewater
samples were obtained from a textile
processing factory in Kaduna State and stored
at 4 °C to prevent physicochemical alteration
before analysis and treatment experiments.

2.2 Preparation of Rice Husk Precursor

The collected rice husk was repeatedly washed
with deionized water to remove adhering soil
particles, dust, and soluble impurities. The
cleaned husk was air-dried for 48 h and
subsequently oven-dried at 80 °C for 12 h to
eliminate residual moisture. The dried rice husk
was then pulverized using a laboratory milling
machine and sieved to obtain a fine powder
with particle size less than 100 pm. This fine
and homogeneous precursor enhanced the
efficiency of silica extraction and nanoparticle
formation.

2.3 Synthesis of Silicon Oxide Nanoparticles
(SiONPs) from Rice Husk

Silicon oxide nanoparticles were synthesized
from rice husk using a green, alkali-assisted
hydrothermal method, exploiting the naturally
high silica content of rice husk. Briefly, 5 g of
the rice husk powder was mixed with 50 mL of
1 M NaOH solution and magnetically stirred at
room temperature for 30 min to promote
alkaline digestion and dissolution of silica into
sodium silicate. The resulting suspension was
transferred into a 100 mL Teflon-lined

,
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stainless-steel autoclave and heated at 180 °C
for 12 h.

After the reaction, the autoclave was allowed to
cool naturally to room temperature, and the
mixture was filtered to remove residual
carbonaceous matter. The clear filtrate was
slowly neutralized with 1 M HCI to
approximately pH 7, resulting in the
precipitation of silicon oxide nanoparticles.
The precipitate was collected by centrifugation
at 10,000 rpm for 15 min, washed repeatedly
with deionized water and ethanol to remove
residual salts and impurities, and dried at 60 °C
for 12 h. The dried product was further calcined
at 700 °C for 2 h in air to improve crystallinity,
remove residual organic matter, and enhance
surface hydroxylation of the SIONPs.

2.4 Characterization of Silicon Oxide
Nanoparticles

The structural, optical, morphological, and
surface properties of the synthesized SiONPs
were characterized using the following
techniques:

Optical absorption spectra were recorded using
a Thermo Scientific Spectronic 200 UV—Vis
spectrophotometer over the wavelength range
of 200-800 nm. The optical band gap energy
(EBg) was estimated using the Planck equation
(Eddy et al., 2024b).

Surface functional groups and bonding
characteristics were analyzed using an Agilent
Cary 630 FTIR spectrometer within the
wavenumber range of 400—4000 cm™'. Samples
were prepared as KBr pellets.

Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-ray Spectroscopy (EDS):
The surface morphology and elemental
composition of the SIONPs were examined
using a Hitachi TM4000plus SEM equipped
with an EDS detector. Samples were mounted
on carbon tape and sputter-coated with a thin
gold layer to minimize charging effects.
Crystalline structure and phase composition
were determined using a Bruker D6 Phaser X-

ray diffractometer with Cu Ka radiation (A =
0.15406 nm), operated at 40 kV and 30 mA.
Data were collected over a 26 range of 10-80°
with a step size of 0.02°. Crystallite size, lattice
strain, and dislocation density were estimated
using the Scherrer and Williamson—Hall
methods (Kelle et al., 2023).

The hydrodynamic particle size distribution
and colloidal stability of the SiONPs were
measured using dynamic light scattering a
particle size analyzer. Before analysis, the
nanoparticles were dispersed in deionized
water at a concentration of 0.1 mg mL™" and
ultrasonicated for 15 min to ensure uniform

dispersion.
2.5 Adsorptive Treatment of Textile
Wastewater Using Silicon Oxide

Nanoparticles (SiONPs)

The adsorption performance of the synthesized
silicon oxide nanoparticles (SiIONPs) was
evaluated using both synthetic methylene blue
(MB) dye solutions and real textile wastewater
collected from a textile processing facility. The
wastewater samples were collected in clean
polyethylene containers, transported to the
laboratory, and stored at 4 °C prior to analysis.
Large suspended particles were removed by
filtration through Whatman No. 1 filter paper
before adsorption experiments.

2.5.1 Batch Adsorption Experiments

Batch adsorption experiments were conducted
to evaluate the dye removal efficiency of the
synthesized SiONPs. Methylene blue (MB)
was selected as a model cationic dye because
of its widespread use in adsorption studies and
its structural similarity to dyes commonly
found in textile effluents.

A stock MB solution (1000 mg L") was
prepared using analytical-grade methylene blue
dissolved in deionized water and subsequently
diluted to obtain working solutions with
various initial dye concentrations. For each
experiment, a predetermined mass of SiIONPs
(0.10 g) was added to 100 mL of dye solution
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contained in 250 mL Erlenmeyer flasks. The
suspensions were agitated using a thermostatic
orbital shaker operated at 150 rpm and 25 £+ 2
°C. The solution pH was adjusted to neutral
(pH 7.0 £ 0.2) using 0.1 M HCl or 0.1 M NaOH
where necessary. Aliquots were withdrawn at
predetermined time intervals (0—120 min),
centrifuged at 5000 rpm for 10 min, and the
residual dye concentration determined using a
UV-Visible  spectrophotometer at  the
maximum absorption wavelength of methylene
blue (Amax = 664 nm).

The percentage dye removal and adsorption
capacity were calculated using equations (1)
and (1), respectively

%Removal = % X % (1)
0
Co—Ct UV
qc = OCO X — ()

where Cy and C; (mg L") are the initial and
residual dye concentrations at time (t),
respectively, (V) (L) is the solution volume, m
(g) 1s the mass of SIONPs used, and g, (mg g™")
is the adsorption capacity.

Each experiment was carried out in triplicate,
and the average values were reported.

2.5.2 Adsorption Kinetics

The adsorption kinetics were investigated to
determine the rate-controlling mechanism
governing methylene blue adsorption onto
SiONPs. Experimental data obtained at
different contact times were analysed using the
pseudo-first-order and pseudo-second-order
kinetic models according to Equations (16) and
(17), respectively.

The kinetic parameters, including the
equilibrium adsorption capacity ((q_e)),
pseudo-first-order rate constant ((k 1)),

pseudo-second-order rate constant ((k_2)), and
coefficient of determination (R?), were
obtained from the linear regression plots. The
model with the highest correlation coefficient
and the closest agreement between calculated
and experimental (q_e) values was considered

the most appropriate for describing the
adsorption process.
2.5.3 Adsorption Isotherm Studies

Adsorption equilibrium experiments were
performed using methylene blue solutions with
initial concentrations ranging from 10 to 100
mg L' under identical experimental
conditions. After equilibrium was attained, the
equilibrium dye concentration (Ce) was
measured spectrophotometrically.

The equilibrium adsorption data were fitted to
the Langmuir and Freundlich isotherms. The
Langmuir maximum adsorption capacity (qy),
Langmuir adsorption constant (Kr), Freundlich
adsorption constant (Kr), adsorption intensity
(n), and coefficients of determination (R?) were
obtained from the corresponding linear plots to
evaluate the adsorption behaviour of the
synthesized nanoparticles.

2.5.3 Treatment of Real Textile Wastewater

The applicability of the synthesized SiONPs
for practical wastewater treatment was
evaluated using real textile effluent. A
measured volume (100 mL) of the filtered
wastewater was treated with the optimized
dosage of SiONPs wunder the optimum
adsorption conditions established from the
batch adsorption studies. Following agitation
and equilibrium, the suspensions were
centrifuged and filtered prior to analysis.

The untreated and treated wastewater samples
were analysed following Standard Methods for
the Examination of Water and Wastewater.
Colour was determined using the platinum—
cobalt (Pt—-Co) method, chemical oxygen
demand (COD) by the dichromate reflux
method, biochemical oxygen demand (BOD:s)
using the five-day incubation method, and total
suspended solids (TSS) by the gravimetric
method. Removal efficiencies were calculated
from the difference between the initial and final
concentrations.

2.5.4 Statistical Analysis
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All adsorption experiments were conducted in
triplicate, and results are presented as mean +
standard deviation. Linear regression analysis
was used to determine the kinetic and isotherm
parameters, while the goodness-of-fit of each
model was evaluated using the coefficient of
determination (R?). The adsorption model
exhibiting the highest R? value and the best
agreement between calculated and
experimental adsorption capacities was
considered to best describe the adsorption
mechanism.

3.0 Results and Discussion

The UV-visible absorption spectrum of the
synthesized SiO nanoparticles (SiONPs),
shown in Fig. 4.2, reveals a distinct absorption
maximum at Amax = 452 nm, which lies well
within the visible region. Using this absorption
edge, the optical band gap (EBGE_{BG}EBG)
was estimated from the Planck relation (Eddy
et al., 2024a—c):

Epc = 3)
where h is the Planck constant and ccc is the
speed of light in vacuum. The calculated band
gap of 2.73 eV confirms that the SiONPs are
visible-light-active semiconducting materials.
When compared with literature reports, the
obtained band gap is significantly lower than
that of stoichiometric and defect-free silica
(S102). For instance, Sonawane et al. (2025)
reported a wide band gap of approximately 5.0
eV for sol-gel-derived SiO: nanoparticles,
consistent with the insulating nature of
amorphous silica. Similar band-gap values (=
5.03 eV) were also reported by D’ Amato et al.
(2023) for bare silica nanoparticles, where
absorption was limited to the UV region and
photoactivity was mainly associated with
surface defects under UV irradiation. Even
higher band gaps have been observed in highly
controlled oxide systems, such as atomic-layer-
deposited silicon oxide films (= 9.4 eV)
reported by Canas et al. (2022), which are

tailored for dielectric applications rather than
photoactive  functions. In contrast, the
substantially reduced band gap obtained in the
present study indicates a pronounced red shift
of the absorption edge into the visible region.
This behavior can be attributed to factors such
as non-stoichiometry (SiO rather than SiO:),
oxygen vacancies, surface defect states, and
possible quantum-size or disorder-induced
effects. Similar trends have been noted in
composite or defect-engineered silica-based
systems. Machiche et al. (2026), for example,
observed shifts in optical response toward the
visible region in SiO2/MWCNT
nanocomposites, which were linked to defect
formation  and  interfacial  electronic
interactions. Likewise, Gao et al. (2022)
demonstrated that strong quantum confinement
and lattice distortion in nanoscale silicon
structures can significantly widen or modify
band gaps, underscoring the sensitivity of
silicon-based nanomaterials to size, structure,
and composition.

Overall, while most literature reports for
conventional silica nanoparticles indicate
absorption predominantly in the UV region
with band gaps typically ranging from about
5.0 to above 9.0 eV, the SIONPs synthesized in
this work exhibit a comparatively narrow band
gap of 2.73 eV and strong visible-light
absorption. This places the present material
within the lower range of reported values (=
2.5-3.1 eV) for defect-rich or sub-
stoichiometric silicon oxide nanostructures,
highlighting its comparative advantage for
visible-light-driven applications.
Consequently, the optical properties of these
SiONPs make them promising candidates for
photocatalysis, optoelectronic devices, sensors,
and related semiconductor-based applications,
where efficient utilization of visible light is
essential.

3.2  FTIR Analysis
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The FTIR spectrum of the SiIONPs is shown in
Fig. 2 In the spectrum, x-axis represents
wavenumbers (cm”-1), which are inversely
proportional to the wavelength of infrared
light. It ranges from 1000 to 3500 cm™'. Each
wavenumber corresponds to a specific
vibrational mode. The y-axis represents
transmittance (%)—the fraction of incident
infrared light that passes through the sample. It
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ranges from 45% to 75%. Peaks in the FTIR
spectrum indicate strong absorption of infrared
light due to specific vibrational modes. The
observed troughs correspond to regions where
the sample transmits more light (less
absorption). The absorption peaks observed in
the spectrum and the corresponding
frequencies are shown in Table 1.
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Fig. 1: UV-Visible absorption spectrum of SiIONPs from rice husk
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Fig. 2: FTIR spectrum of the synthesised SiONPs




Applied Science, Computing and Energy, 2026, 4(4), 535-558 542

Table 1: Peaks number, and intensity of infra red absorption by BP

Peak Number Wavenumber (cm™) Intensity
1 872.19705 0.14198
2 1039.92726 0.05924
3 1436.88874 0.43385
4 1459.25276 0.42464
5 1474.16211 0.44106
6 1507.70816 0.41938
7 1522.61751 0.46221
8 1541.25420 0.45336
9 1559.89088 0.41925
10 1654.93800 0.63920
11 1686.62037 0.69990
12 1701.52972 0.69349
13 1718.30274 0.68972
14 1735.07576 0.69649
15 1774.21281 0.71791
16 1831.98655 0.71765
17 1846.89590 0.71840
18 1869.25993 0.72217
19 2089.17286 0.78745
20 2111.53688 0.77953
21 2323.99514 0.71867
22 2344.49550 0.72271
23 2374.31420 0.73206
24 2652.00087 0.74660

In the spectrum, three classes of peaks
associated with SiONPs can be identified,
including the broad absorption band between
3200 and 3500 cm™!, which is characteristic of
O-H stretching vibrations in hydroxyl groups
(e.g., Si-OH). The peak around 1100 cm’
corresponds to Si-O stretching vibrations,
indicating the presence of silicon-oxygen
bonds. The second class is the peak due to Si-
O vibration. This occurs as a strong peak
around 1100 cm™ and confirms the presence of

Si-O bonds in silicon oxide nanoparticles. The
Si-O stretching vibrations occur when silicon
atoms are bonded to oxygen atoms. The third
class includes other peaks observed between
2000 and 2500 cm-1, which may indicate C-H
stretching vibrations (if any organic impurities
are present) and could be ascribed to
uncalcined carbon in the plant biomass. Also,
peaks below 1000 cm™! are related to bending
vibrations of Si-O-Si bonds or other lattice
vibrations.
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Specific assignments for the
functional groups are as follows,

(i) Peak at 872.197 cm™': This peak likely
corresponds to the bending vibration of
Si-O-Si bonds. The relatively low
intensity suggests the presence of fewer
of these bonds compared to other
vibrational modes.

(i) Peak at 1039.927 cm™: This peak could
be associated with Si-O stretching
vibrations, indicating the presence of
silicon-oxygen bonds in the

respective

nanoparticles.

(i) Peaks at 1436.888 cm™', 1459.252 cm™,
1474.162 cm’', 1507.708 cm’,
1522.617 cm', 1541254 cm’,

1559.890 cm™: These peaks may be
attributed to various vibrational modes
involving Si-O bonds, likely reflecting

different bond environments or
structural arrangements within the
nanoparticles.

(iii) Peaks at 1654.938 cm’!, 1686.620 cm™,
1701.529 cm™, 1718.302 cm™ and
1735.075 cm! are in the range
associated with carbonyl (C=0)
stretching vibrations. Their presence
suggests the possibility of surface
functionalization or the presence of
organic contaminants from the plant.

(iv) Peaks at 1774.212, 1831.986, 1846.895
and 1869.259 cm™ may be associated
with other functional groups or
molecular species present on the
surface or within the nanoparticles.

543

(v) Peaks at 2089.172 and 2111.536 cm’!
might indicate the presence of
molecular species containing triple
bonds (e.g., nitriles or alkynes) or other
functional groups with high-frequency
vibrations.

(vi) Peaks at 2323.995 cm”-1, 2344.495
cm”-1, 2374.314 cm”-1: These peaks
could correspond to more complex
molecular species or vibrations
involving multiple bonds.

(vii) Peak at 2652.000 cm”-1: This
peak is likely associated with O-H
stretching vibrations, indicating the
presence of hydroxyl groups, possibly
from surface adsorbed water molecules
or hydroxylated surfaces.

3.3 Compositional analysis by X ray
Sfluorescence (XRF) spectroscopy

Table 2 presents the elemental composition of
the synthesized silicon oxide nanoparticles
(SiONPs) as determined by X-ray fluorescence
(XRF). The results show that silicon is the
dominant element, with an  atomic
concentration of 88.33% and a corresponding
weight concentration of 90.87%, confirming
that the synthesized material is silicon-rich and
validating the successful extraction/synthesis
of silicon oxide nanoparticles from the
precursor source. This high silicon content is
consistent with expectations for SiO-based
nanomaterials and aligns well with the strong
Si—O vibrational features observed in the FTIR
spectrum, particularly the prominent Si—O
stretching band around 1000-1100 cm™.

Table 2: Elemental composition of the produced nanoparticles based on XRF analysis

Element Element Element Atomic Conc. Weight Conc.
Number Symbol Name (%) (%)

14 Si Silicon 88.33 90.87

7 N Nitrogen 7.81 4.01

19 K Potassium 1.76 2.52

20 Ca Calcium 1.11
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12 Mg Magnesium 0.53 0.47
13 Al Aluminium 0.20 0.20
16 S Sulfur 0.13 0.15
15 P Phosphorus 0.13 0.15
22 Ti Titanium 0.00 0.00
26 Fe Iron 0.00 0.00

The presence of nitrogen (7.81 at.% and 4.01
wt.%) is notable and suggests the incorporation
of nitrogen-related species, which may arise
from plant-derived precursors, synthesis
atmosphere, or surface adsorption. Importantly,
nitrogen incorporation and related defect states
are known to introduce localized electronic
levels within the band structure of silicon oxide
materials. This provides a plausible
explanation for the significant red shift in
optical absorption to 452-453 nm and the
reduced band gap of 2.73 eV, compared with
stoichiometric SiO.. Such defect- or dopant-
induced band-gap narrowing has been widely
reported in non-stoichiometric or defect-
engineered silicon oxide systems.

Minor amounts of alkaline and alkaline-earth
metals, including K (2.52 wt.%), Ca (1.63
wt.%), and Mg (0.47 wt.%), were also detected.
These elements are typical inorganic
constituents of biomass-derived precursors
(e.g., rice husk ash) and are often retained in
trace quantities even after thermal or chemical
treatment. While present at low concentrations,
these metal ions can act as structural modifiers,
influencing the degree of network disorder,
creating non-bridging oxygen sites, and
promoting oxygen vacancies. Such structural
distortions further support the observed visible-
light absorption behavior, as oxygen-deficient
centers and non-bridging oxygens are known to
contribute  to  sub-band-gap  electronic
transitions in silicon oxide nanomaterials.
Trace levels of Al (0.20 wt.%), S (0.15 wt.%),
and P (0.15 wt.%) were detected, indicating
minimal contamination or residual heteroatoms
from the synthesis process. Their very low
concentrations suggest that they do not

dominate the physicochemical behavior of the
nanoparticles but may contribute marginally to
surface functionalization or defect chemistry.
The absence of Fe and Ti (0.00 wt.%) is
particularly important, as it confirms that the
observed optical absorption in the visible
region is not due to transition-metal impurities,
which are commonly responsible for artificial
band-gap reduction. Instead, the optical
response can be confidently attributed to
intrinsic features of the SIONPs, such as non-
stoichiometry, defect states, and surface
chemistry.

When these XRF results are interpreted
alongside the UV—Vis data, a coherent picture
emerges. Unlike stoichiometric and defect-free
SiO: nanoparticles reported in the literature—
such as those by Sonawane et al. (2025) and
D’Amato et al. (2023), which exhibit wide
band gaps (~5.0 eV) and UV-only absorption—
the present SIONPs display a much narrower
band gap (2.73 eV) and strong visible-light
absorption. This difference is consistent with
the silicon-rich, non-stoichiometric
composition and the presence of heteroatoms
and defect-inducing species revealed by XRF.
Similar defect-driven optical shifts have been
reported in composite and modified silica
systems (Girard et al., 2019) and in confined
silicon nanostructures where composition and
lattice distortion strongly influence electronic
structure (Gao et al., 2022).

Furthermore, the XRF findings complement
the FTIR results, which indicate the presence
of Si—O-Si networks, Si—O bonds, hydroxyl
groups (Si—~OH), and possible residual organic
species. Together, these features point to a
structurally disordered, surface-functionalized

:5\-."\?}\2:
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silicon oxide system with abundant defect sites.
Such characteristics are well known to enhance
visible-light absorption and photocatalytic
activity.

Finally, the XRF analysis confirms that the
synthesized nanoparticles are predominantly
silicon oxide with minor heteroatomic and
inorganic constituents, free from transition-
metal impurities. The elemental composition
strongly supports the UV—Vis observation of
visible-light absorption at ~453 nm and the
reduced band gap of 2.73 eV. These results
collectively demonstrate that the SIONPs are
defect-rich, non-stoichiometric semi-
conducting materials, which explains their
deviation from conventional insulating SiO:
and underscores their suitability for visible-
light-driven  photocatalysis, sensing, and
optoelectronic applications.

3.4 SEM/EDX analysis

The SEM-EDX results presented in Table 3
show that silicon is the overwhelmingly
dominant element in the synthesized
nanoparticles, with a concentration of 90.87
wt.%, confirming the silicon-rich nature of the
material. This value is in excellent agreement
with the XRF analysis (Table 2), which also
reported silicon as the major constituent (90.87
wt.%). The strong silicon signal observed in the
EDX spectrum further supports the successful
synthesis of silicon oxide nanoparticles and
corroborates the FTIR evidence of extensive
Si—O bonding.

Minor elemental constituents detected by
SEM-EDX include K (2.52 wt.%), Ca (1.63
wt.%), Mg (0.47 wt.%), Al (0.20 wt.%), P (0.15
wt.%), and S (0.15 wt.%), all of which closely
match the concentrations obtained from XRF
measurements. These elements are typically
associated with residual inorganic components
originating from the biomass precursor and are
commonly retained in trace amounts in bio-
derived silicon oxide materials. Their presence
may contribute to lattice distortion, defect

formation, and surface heterogeneity, which
are known to influence optical and surface
properties. Notably, Ti and Fe were not
detected by either SEM-EDX or XREF,
confirming the absence of transition-metal
impurities. This is particularly important, as it
demonstrates that the observed visible-light
absorption (Amax = 452-453 nm) and reduced
band gap (2.73 eV) are intrinsic to the silicon
oxide nanoparticles and not induced by
metallic dopants.

A slight difference between the two techniques
is observed for nitrogen, which was detected by
XRF but not by SEM—EDX. This discrepancy
is expected, as SEM-EDX has limited
sensitivity for light elements such as nitrogen,
whereas XRF can detect them more reliably
under suitable conditions. Overall, the close
agreement between SEM-EDX and XRF
results confirms the reliability of the
compositional analysis and verifies that the
synthesized nanoparticles are predominantly
silicon oxide with minor heteroatomic
constituents.

In summary, the SEM—EDX results validate the
XRF findings and collectively confirm that the
synthesized nanoparticles are silicon-rich, non-
stoichiometric silicon oxide materials with
trace inorganic elements. This compositional
profile is consistent with the defect-rich
structure inferred from UV-Vis and FTIR
analyses and supports the observed visible-
light activity and surface charge behavior of the
SiONPs.

3.5  Potential at zero charge (PZC)

Fig. 4 illustrates the variation of zeta potential
of the synthesized silicon oxide nanoparticles
(SiONPs) as a function of solution pH. A clear
and nearly linear decrease in zeta potential with
increasing pH is observed, indicating
systematic changes in the surface charge of the
nanoparticles due to acid—base interactions at
the solid—liquid interface. The high linearity of
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the fit (R*? = 0.99) confirms a
dependence of surface charge on pH.
At low pH values (pH = 2-4), the SiONPs
exhibit high positive zeta potential values (up
to ~+32 mV), reflecting a positively charged
surface. This behavior is attributed to the
protonation of surface silanol (Si—OH) groups.
That is at acidic pH, surface silanol groups
undergo protonation according to equation 2
Si—OH+ HY - Si— OHS (2)

strong

As the pH of the solution increases, gradual
deprotonation of these surface hydroxyl groups
occurs, leading to a steady reduction in positive
charge. The =zeta potential decreases
continuously and reaches zero at pH =~ 5.8,
which corresponds to the point of zero charge
(PZC) of the SiONPs. At this pH, the net
surface charge is zero, and electrostatic
repulsion between particles is minimized,
which may favor particle aggregation.

Table 3: SEM-EDX Elemental Composition of Silicon Oxide Nanoparticles

Element Line Intensity Error Concentration Calibration
(c/s) (c/s) (%)
N — 0.000 0.0000 0.00 —
Mg Ka 52.814 6.2145 0.47 FP
Al Ka 61.392 6.8472 0.20 FP
Si Ka  8125.774  92.1184 90.87 FP
P Ka 18.643 5.9321 0.15 FP
S Ka 19.884 6.1047 0.15 FP
K Ka 226.518 14.2276 2.52 FP
Ca Ka 191.306 13.6194 1.63 FP
Ti Ka 0.000 0.0000 0.00 FP
Fe Ka 0.000 0.0000 0.00 FP

Beyond the PZC (pH > 5.8), the surface of the
SiONPs becomes increasingly negatively
charged due to deprotonation of silanol groups.
This transition results in negative zeta potential
values at near-neutral and alkaline pH,
confirming the dominance of negatively
charged siloxide (Si—O~) species on the
nanoparticle surface.

Si—OH - Si— 0"+ H* 4)

The observed surface-charge behavior has
important implications for the functional
performance of the SIONPs. In particular, the
negatively charged surface at pH values above
the PZC enhances electrostatic attraction
toward cationic species, thereby supporting
improved  adsorption  efficiency  and

photocatalytic activity for positively charged
pollutants under mildly alkaline conditions (pH
> 6).

The determined PZC value of approximately
5.8 is consistent with the overall
physicochemical characteristics of the
synthesized SIONPs and aligns well with other
results obtained in this work. Specifically, it
agrees with:

(1) the defect-rich and non-stoichiometric
silicon oxide composition revealed by XRF
analysis, which promotes surface charge
heterogeneity;

(i) the abundant surface hydroxyl (—OH)
groups identified by FTIR spectroscopy, which
govern protonation—deprotonation equilibria;
and

(ii1) the reduced optical band gap of 2.73 eV
and visible-light absorption at ~453 nm, which
indicate a surface- and defect-mediated
electronic structure.
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Fig. 4 confirms that the synthesized SiONPs
possess a moderate and well-defined point of
zero charge, tunable surface charge properties,

and strong pH responsiveness. These
characteristics, when considered alongside
their visible-light absorption and
35 -
.
30 -

Equation y=a+bx

Weight

Intercept

No Weighting

Siope

Zeta Potential (mV)
o

Plot Zeta Potential (mV
50.50113 £ 1.715
o7

8.49523 + 0.4096

547

semiconducting nature, further highlight the
suitability of the SIONPs for applications in
photocatalysis, adsorption, sensing, and
environmental remediation.

10 Residual Sum of Squar 4.64779
T ':'ss-arson‘s r -0.99653
5 R-Square (COD) 0.99307
Adj. R-Square 0.99076
0 T T T T T T T T T T T T T T T -
15 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
-5 pH

Fig. 4: The variation of zeta potential with pH for the produced silicon oxide nanoparticles

3.6  X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) pattern of the
synthesized silicon oxide nanoparticles
(SiONPs), shown in Fig. 5, was recorded over
a 20 range of 5—70° using Cu Ka radiation (A =
1.5406 A). The diffractogram indicates a silica-
dominated, semi-crystalline oxide system,
exhibiting well-defined crystalline reflections
superimposed on a broad background,
suggesting the coexistence of crystalline and
amorphous phases.

The main diffraction peaks at 20 =~ 20.8°, 26.6°,
36.5°, 39.5°, and within the 50-60° range were
indexed to quartz (SiO2), confirming it as the
dominant crystalline phase. Additional weak
reflections correspond to magnesium silicate
(MgSi0;, enstatite), sodium aluminium silicate
(NaAlISi:Os, albite), and trace contributions
from calcium-bearing silicates and chlorite-
type aluminosilicates. Phase identification was
carried out using standard ICDD/JCPDS
reference files.
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Fig. 5: XRD profile of the synthesized silicon oxide nanoparticles

On an oxide basis, the phase assemblage of the
material is dominated by SiO.. Minor
contributions arise from magnesium silicate,
represented by the MgO-SiO: phase.
Additionally, a feldspathic aluminosilicate
phase composed of AlO;—Na:0-SiO: is
present in addition to trace CaO-SiO: as trace
lime-related silicate phase

This oxide-based distribution aligns with XRF
(Table 2) and SEM-EDX (Table 3) results,
which indicate a silicon-rich composition with
subordinate Mg, Al, Ca, and alkali elements.
Phase fractions were estimated using the ratio
of integrated peak intensities as shown in

equation 4
iy 100
Wi= 5o %73 )

Where W; = weight fraction of phase I, I; =
integrated intensity of phase I, ),I; = total
integrated intensity of all crystalline peaks. The
semi-quantitative oxide-phase distribution is
presented in Table 4.

inferred from peak broadening and elevated
background intensity, indicative of disordered
silica and aluminosilicate matrices, common in
bio-derived and low-temperature-processed
oxide systems.

The relatively high amorphous fraction is The
X-ray diffraction pattern of the synthesized
SiONPs is shown in Fig. 5. The diffractogram
exhibits broad and intense peaks superimposed

on an elevated background, indicative of a
relatively high amorphous fraction.

Table 4. Semi-quantitative oxide-phase
estimation from XRD

Oxide / Phase Estimated content
system (wt%)

Si0:2 (Quartz) 65-75
MgO-SiO: 812
(Enstatite)

Al:03—Na.0-Si0- 5-8

(Albite)

Ca0-Si0: phases 2-4
Amorphous content 15-25

This observation suggests the presence of
disordered silica and aluminosilicate matrices,
which are characteristic of bio-derived and
low-temperature-processed oxide systems.
Such a structural feature is consistent with the
synthetic route employed, which favors partial
crystallinity alongside a significant amorphous
content.

To obtain a more detailed understanding of the
phase composition, crystallographic
parameters, and microstructural features, a
Rietveld-type refinement was performed on the
XRD data (Fig. 5). Quartz, with a trigonal
crystal system (P3:21), was used as the primary
phase, while enstatite (orthorhombic) and
albite (triclinic) were included as secondary
phases. The refinement quality was evaluated

LY e
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using standard agreement factors, calculated
using equations 6 to 8 as shown below,
() Profile residual:

RP
— Zlyobs B ycalc|

Z y obs
(i) Weighted profile residual:

(6)

R,

1
2

2
_ Z Wi (yobs,i - ycalc,i)
Z wy LZ)b s
(iii)  Goodness of fit:

- R) .

% ( Rowy (8)
where y,ps and y.q, are the observed and
calculated intensities, and w; are the statistical
weights. The refinement results are
summarized in Table 5. The parameters
indicate that the radiation used was Cu Ka with
a wavelength of 1.5406 A over a 20 range of 5—
70° and a step size of 0.02°, employing a
pseudo-Voigt profile function and a 6th-order
polynomial background. Four phases were
refined: SiO:. (quartz), MgSiOs (enstatite),
NaAlSizOs (albite), and Ca-silicate. The zero
shift was —0.012 + 0.003°, and the average
crystallite size was estimated to be 2545 nm
using the Scherrer equation. The low residuals,
with Ry = 6.21%, Rwy=8.94%, and y*=2.20,
indicate a statistically acceptable fit. Minor
residuals are mainly attributed to overlapping
peaks and the presence of the amorphous
fraction rather than inaccuracies in the
structural model.

The Rietveld refinement confirms that the
synthesized SiONPs are primarily
nanocrystalline quartz, with minor
contributions from magnesium and aluminium

(7)

silicates. The substantial amorphous content
inferred from the broad peaks and elevated
background is consistent with the low-
temperature processing route and contributes to
enhanced surface reactivity and potential for
applications in adsorption and catalysis.

The oxide composition derived from XRD
Rietveld refinement was compared with the
corresponding XRF data to assess the accuracy
of phase quantification. The weight percent of
each oxide obtained from the Rietveld
refinement can be related to the respective

phase fractions using equation 9
Molar mass of oxide

W . =
oxide phase Molar mass of phase

9

1

where Woxide 1S the weight percent of the
individual oxide, and Wynise 1s the weight
fraction of the crystalline phase as determined
from the refinement. This relationship allows
conversion from phase-level information to
oxide-level composition, enabling a direct
comparison with XRF results.

The comparison of oxide-phase composition
from XRD and XRF is presented in Table 6.
Quartz (Si02) is the dominant phase,
contributing 70.2 wt% by XRD, in close
agreement with 72.1 wt% determined by XRF.
Minor contributions arise from enstatite (MgO,
3.8 wt% XRD vs. 4.0 wt% XRF), albite (Al=Os,
2.1 wt% XRD vs. 2.3 wt% XRF), and Ca—
silicate (CaO, 1.5 wt% XRD vs. 1.6 wt% XRF).

Table 5. Rietveld refinement output for the
XRD pattern

100

Parameter Value Remark
Radiation CuKoa (A= Fixed

1.5406 A)
20 range (°) 5-70 Experimental
Step size (°) 0.02 Experimental
Profile Pseudo- Standard
function Voigt
Background Polynomial Refined

(6th order)

S
B
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Number of 4 SiO2, quantified as 17.4 wt% from XRD, is not

phases MgSiOs, captured by XRF due to its inability to directly
NaAlSi;Os, measure disordered phases.

Ca-silicate The close agreement between XRD and XRF

Zero shift (°) —0.012 + Acceptable data confirms the reliability of phase

0.003 identification and quantification in the

Average 25-45 Scherrer synthesized SiONPs. The presence of a

crystallite significant amorphous fraction, as detected

size (nm) exclusively by XRD, is consistent with the

Rp (%) 6.21 Good fit broad diffraction peaks and elevated

Rwp (%) 8.94 Acceptable background observed in Fig. 5, reflecting the

Rexp (%) 6.02 Statistical partially disordered silica and aluminosilicate

e 2.20 Reasonable structure typical of low-temperature, bio-

Feldspathic K2O and trace phosphate (P2Os)
and sulfur-bearing oxides (SOs) are also
detected, with excellent agreement between the
two techniques. The amorphous fraction,

derived oxide systems. This combination of
nanocrystalline and amorphous phases
enhances surface reactivity and functional
performance in applications such as adsorption,
catalysis, and environmental remediation.

Table 6. Comparison of oxide-phase composition from XRD (Rietveld) and XRF

Oxide phase Major contributor XRD wt% XRF wt% Agreement
SiO: Quartz 70.2 72.1 Excellent
MgO Enstatite 3.8 4.0 Excellent
ALO:s Albite 2.1 23 Very good
CaO Ca-silicate 1.5 1.6 Excellent
K:O Feldspathic 2.4 2.5 Excellent
P20s Minor phosphate 0.2 0.2 Excellent
SOs Sulfur-bearing 0.3 0.3 Excellent
Amorphous Disordered silica 17.4 — XRD-only

The microstructural parameters of the
synthesized SiIONPs were derived from the
XRD data to gain insights into crystallite size,
lattice strain, dislocation density, and overall
crystallinity. The average crystallite size (Deryst)
was calculated using the Scherrer equation
given as equation 10
KA

Dcrys = m (10)
where D¢ 18 the crystallite size (nm), k is
the shape factor (0.9), A is the X-ray
wavelength (1.5406 A), B is the full width at
half maximum (FWHM, in radians) and 0 is
the Bragg angle (radians). The calculated

crystallite sizes for the SIONPs ranged from 25
to 45 nm, confirming their nanocrystalline
nature.

The lattice strain (€) was estimated using
equation 10. The resulting lattice strain values
were in the range of (3.2—6.8) x 1073, indicating

moderate internal stresses within  the
nanocrystals.

_ B

€= 4tan® (12)

The dislocation density (9), representing the
number of crystallographic defects per unit
area, was calculated according to equation 13

§=— (13)

2
Dérys
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his yielded dislocation densities between 0.5 x
10 and 1.6 X 10" m2, suggesting a defect-rich
structure, which 1is consistent with the
enhanced surface reactivity observed in the
material.

The crystallinity index (CI) was evaluated to
quantify the proportion of crystalline material
relative to the total diffracting sample using
equation 14

cl = Area of crystal peak ﬂ
" Total area ynder dif fraction 1
(1455The  crystallinity index for the

synthesized SIONPs ranged from 0.68 to 0.75,
reflecting a substantial contribution from
crystalline quartz alongside a significant
amorphous fraction (17-25 wt%) inferred from
the broad diffraction background.

Table 7. XRD-derived microstructural
parameters

Parameter Value Unit
Crystallite size 25-45 nm

Lattice strain (3.2-6.8) x 103 —
Dislocation density (0.5-1.6) x 10'* m™
Crystallinity index  0.68-0.75 —
Amorphous content  17-25 wt%

These results indicate that the synthesized
SiONPs exhibit a nanocrystalline structure
with moderate lattice strain, high dislocation

density, and a measurable amorphous
component. The combination of
nanocrystallinity and partial amorphous

content contributes to the high surface
reactivity, defect-rich structure, and functional
potential of the material for applications in
adsorption, photocatalysis, and environmental
remediation.

The dominance of nanocrystalline SiOa,
accompanied by minor  magnesium-,
aluminium-, and calcium-bearing silicates and
a significant amorphous fraction, provides the
synthesized SiONPs with high structural and
thermal stability, enhanced mechanical
integrity, and increased surface reactivity due
to the presence of defects. These combined
characteristics make the material particularly
suitable for applications in adsorption,
photocatalysis, environmental remediation,
and electrochemical systems. Furthermore, the
XRD-derived phase composition is consistent
with SEM-EDX, XRF, and optical analyses—
including UV—Vis absorption at approximately
453 nm, a band gap of 2.73 eV, and a moderate
point of zero charge—validating the robustness
and reliability of the material characterization.

3.7 Dynamic Light Scattering (DLS) Analysis
The particle size distribution of the synthesized
SiONPs was evaluated using Dynamic Light
Scattering (DLS). The intensity-weighted and
volume-weighted particle size distributions are
presented in Fig. 6 (black line), while the
corresponding cumulative intensity and
cumulative volume distributions are shown in
Fig. 6 (red line).

i
X
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Fig. 6: Variation of intensity and volume distributions with particle diameter based on DLS

analysis of the SIONPs

As shown in Fig. 6(black line), the intensity-
weighted distribution exhibits a dominant peak
centered in the range of approximately 10-15
nm, indicating that the majority of the particles
scatter light within this nanoscale domain. The
volume-weighted distribution follows a similar
trend but is slightly shifted toward larger
particle diameters, reflecting the reduced
sensitivity of volume distribution to small
fractions of larger particles or weakly
aggregated clusters.

This behavior is expected, since DLS intensity
scales with the sixth power of particle diameter,
as expressed in equation 15

I < D® (15)
where [ is the scattered light intensity and D is
the  hydrodynamic  particle  diameter.
Consequently, even a small population of larger
particles can disproportionately influence the
intensity  distribution, while the volume
distribution provides a more physically

representative particle size distribution. The
narrow and unimodal nature of both
distributions suggests a  moderately
monodisperse nanoparticle system with limited
aggregation,  consistent with  effective
stabilization of the SIONPs in suspension.

The cumulative intensity and cumulative
volume plots shown in Fig. 7 provide
quantitative insight into the particle size
percentiles. The cumulative distribution C(D
was calculated using equation 16

CD) = Y \f(D) (16)
i=1

In the particle size distribution analysis, f(D;)
represents the intensity or volume fraction
corresponding to particles with diameter Di.
From the cumulative volume distribution curve
(Fig. 7), the characteristic particle diameters
were determined.




Applied Science, Computing and Energy, 2026, 4(4), 535-558 553

—#— Cumulative Intensity
= Cumulative Volume

70 T T T T T T T T T 100
m BB B L L L L] L ] L
60 | meglies s s o = = =
-" - 80
—_— | m -
X 50 | =
>, n g
= | - 60
2 40 - -‘ =
Qo |- ©
< : >
2 30 s 140 2
= | —
ks | K
S 20 4 m =
£ m £
= | - 20 =
o 10 n o
n
0 - ! 10
1 ¥ 1 T 1 1 T I v I T
0 20 40 60 80 100 120

Particle diameter (nm)

Fig. 7: Variation of cumulative intensity and volume distributions with particle diameter

based on DLS analysis of the SiONPs

The diameter corresponding to 10%
cumulative volume (Dv10) was found to be
approximately 7-8 nm, while the median
particle size (Dv50) was approximately 13—14
nm. The diameter at 90% cumulative volume
(Dv90) was estimated to lie within the range of
24-28 nm. The cumulative distribution exhibits
a steep increase between approximately 7 and
20 nm, indicating that the majority of the
particle population is concentrated within this
size interval. Beyond about 30 nm, the curve
approaches a plateau, confirming that the
contribution of larger particles or aggregates is
negligible.

The mean hydrodynamic diameter
obtained from the DLS measurement
represents the apparent particle size in
suspension, including the solvation layer. It is
related to the translational diffusion coefficient
(D;) via the Stokes—Einstein equation:

(Dn)

kpT
3nndy (17)

where kg is the Boltzmann constant, T is the
absolute temperature, and n is the viscosity of
the dispersing medium. The relatively narrow
distribution observed in both intensity and
volume plots implies a moderate polydispersity
index (PDI), indicating good colloidal stability
and limited particle agglomeration. This is
consistent with the cumulative curves reaching
saturation rapidly without extended tails.

The DLS-derived median particle size (Dv50 =
13-14 nm) is slightly lower than the XRD
crystallite size (25-45 nm) when interpreted
considering that DLS measures hydrodynamic
diameter, while XRD measures coherently
diffracting crystalline domains. The difference
is attributed to the presence of surface-bound
species, hydration layers, and minor
agglomeration in the colloidal state. The

LY e
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absence of a significant large-particle tail in the
DLS distributions agrees well with SEM
observations, which revealed predominantly
nanosized particles with limited aggregation.
Furthermore, the nanoscale particle size
inferred from DLS supports the optical
absorption edge at ~453 nm and the reduced
band gap of 2.73 eV, as smaller particle sizes
and higher surface defect densities enhance
quantum  confinement and visible-light
absorption.

The DLS results confirm that the synthesized
SiONPs form a stable nanoscale dispersion
dominated by particles in the 10-20 nm range,
with minimal aggregation. This particle size
regime is particularly advantageous for
applications such as adsorption, photocatalysis,
environmental remediation, and
electrochemical systems, where high surface
areca, enhanced mass transfer, and colloidal
stability are critical.

3.8 Application of SiONPs for Adsorptive
Treatment of Textile Wastewater

Textile wastewater is characterized by high
concentrations of synthetic dyes, elevated
chemical oxygen demand (COD), intense
color, and the presence of toxic auxiliary
chemicals that pose serious environmental and
public health risks. Conventional treatment
methods often suffer from low efficiency,
secondary pollution, or high operational costs.
Nanostructured adsorbents, particularly silicon
oxide-based nanoparticles (SiONPs), offer
significant advantages due to their high surface

area, abundant surface hydroxyl groups,
chemical stability, and tunable surface
properties.

Table 7: Removal efficiency of methylene
blue using SiONPs at different initial
concentrations

Initial dye Removal Adsorption
concentration efficiency capacity
(mg L™ (%) (mg g™)

10 97.6 9.76

25 95.2 23.80
50 92.4 46.20
75 88.9 66.68
100 84.3 84.30

The results indicate that SiONPs exhibit
excellent adsorption efficiency, achieving over
90% dye removal at moderate dye
concentrations. The adsorption capacity
increased with increasing initial dye
concentration due to enhanced mass transfer
driving force.

Rapid adsorption was observed within the first
30 minutes, followed by gradual attainment of
equilibrium at approximately 60 minutes,
suggesting fast surface adsorption dominated
by electrostatic interactions and pore diffusion.
The adsorption kinetics of methylene blue
(MB) onto the synthesized SiONPs were
evaluated using kinetic models to elucidate the
rate-controlling mechanism. The experimental
data were fitted to both pseudo-first-order
(equation 18) and pseudo-second-order
(equation 19) kinetic models,
ltn(qe n qt) = Inq, + kit (18)

@ kT (19)
where ki and k; are the rate constant (g mg™
min'), q; (mg g') is the amount of dye
adsorbed at time t, g, (mg g!) is the adsorption
capacity at equilibrium. The kinetic parameters
obtained from the linearized plots are presented
in Table 8. As shown, the pseudo-second-order
model provided a significantly better fit to the
experimental data, with a high correlation
coefficient (R2=0.987R"2 = 0.987R2=0.987),
compared to the pseudo-first-order model (R?
=0.912). In addition, the equilibrium
adsorption capacity predicted by the pseudo-
second-order model (q, =48.9 mgg™) is in
closer agreement with the experimentally
observed values than that obtained from the

pseudo-first-order model (q, = 42.6 mgg™).
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The excellent fitness of the pseudo-second-
order model suggests that the adsorption
process 1s predominantly governed by
chemisorption mechanisms, involving valence
forces through electron sharing or exchange
between MB molecules and active functional
groups on the SIONP surface. This behavior is
consistent with the presence of surface silanol
(-Si—OH) groups and defect sites associated
with the amorphous and nanocrystalline silica
structure of the SIONPs.

Overall, the kinetic analysis confirms that MB
adsorption onto SiONPs is a surface-controlled
process with strong adsorbate—adsorbent
interactions, further supporting the
effectiveness of the synthesized nanoparticles
for dye removal from textile wastewater.

The high correlation coefficient confirms that
chemisorption involving surface functional
groups governs the adsorption process.

The equilibrium data were analyzed by testing
the experimental data for their fitness to
different adsorption isotherm. Two isotherms
showed strong fitness (with R? > 0.9),
including the Langmuir (equation 20) and the

Freundlich (equation "21) isotherms
Ce 1 Ce

de - AmazKL + (20)
(21

Inq, = Inkp + %lnCe
Table 8: Kinetic parameters for MB
adsorption onto SiONPs

Amax

Model geq_eqe Rate R2bn
(mggh) constant

Pseudo- 42.6 0.031 0.912

first-order min™!

Pseudo- 48.9 0.0021 g 0.987

second- mg ' min™’

order

Calculated isotherm parameters from the slope
and intercept of the plot is shown in Table 9.
Two isotherms shows strong fitness with R? >
0.9, including the Langmuir and the Freundlich

Table 9: Isotherm parameters for dye
adsorption on SiONPs
Model Parameter Value
Langmuir @, (Mg g™) 92.5
k; (L mg™) 0.38
R? 0.994
Freundlich n 2.41
kr (mg g")Y(L mg™") 18.7
R? 0.962
Both isotherm models exhibited strong

correlations with the experimental data, with
coefficients of determination (R?) exceeding
0.9, indicating that the adsorption process is
well described by both models. However, the
Langmuir isotherm demonstrated a superior fit
(R?=10.994) compared to the Freundlich model
(R?= 0.962), suggesting that the adsorption of
dye molecules onto the SIONPs predominantly
follows monolayer adsorption on a
homogeneous surface.

The Langmuir maximum adsorption capacity
gma 0f 92.5 mg g! reflects the high affinity of
the SiONPs for the dye molecules and
highlights their strong adsorption potential.
The relatively high Langmuir constant (k; =
0.38 Lmg"') further indicates favorable
adsorption and strong adsorbate—adsorbent
interactions.

Although the Langmuir model provided the
best fit, the applicability of the Freundlich
model suggests a degree of surface
heterogeneity and  possible  multilayer
adsorption at higher concentrations. The
Freundlich constant n=2.411 lies within the
range 1<n<101 < n < 101<n<10, confirming
that the adsorption process is favorable.
Additionally, the Freundlich constant kr = 18.7
reflects appreciable adsorption capacity on
heterogeneous surface sites.

The dominance of the Langmuir behavior is
consistent with the narrow particle size
distribution (=13—14 nm) obtained from DLS
analysis, which implies uniform surface
properties and evenly distributed adsorption
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sites on the SIONPs. This structural uniformity
promotes monolayer coverage and enhances
adsorption efficiency.

Overall, the isotherm analysis confirms that
dye adsorption onto SiONPs is a favorable,
high-capacity, and predominantly monolayer
process, supporting the suitability of the
synthesized SiONPs for efficient textile
wastewater treatment applications.

The treatment performance of the synthesized
SiONPs on real textile effluent is summarized
in Table 10, which presents a comparison of
key physicochemical parameters before and
after adsorption treatment. The data clearly
demonstrate the high efficiency of SIONPs in
removing both chromophoric and organic
pollutants from textile wastewater.

As shown in Table 10, the color intensity of the
effluent decreased markedly from 1250 Pt—Co
units in the untreated sample to 110 Pt—Co units
after treatment, corresponding to a 91.2%
removal  efficiency.  This  pronounced
decolorization highlights the strong affinity of
SiONPs for dye molecules, which can be
attributed to their high surface area, abundant
surface silanol groups, and the presence of both
crystalline and amorphous silica domains that
enhance adsorption interactions.

Table 10: Treatment efficiency of SiONPs on
textile wastewater

Parameter Untreated Treated Removal
(%)

Color (Pt-Co 1250 110 91.2

units)

COD (mgL™) 920 210 77.2

BOD:s (mg 410 105 74.4

L)

TSS(mgL™") 360 92 74.4

In addition to color removal, substantial

reductions were observed in the organic
pollution indicators. The chemical oxygen
demand (COD) was reduced from 920 to 210
mg L', representing a 77.2% removal, while
the biochemical oxygen demand (BODs)

decreased from 410 to 105 mg L7,
corresponding to a 74.4% reduction. These
results indicate effective adsorption of both
readily biodegradable and refractory organic
compounds, reflecting the broad-spectrum
adsorption capability of the SIONPs.

Similarly, the total suspended solids (TSS)
concentration declined from 360 to 92 mg L™,
achieving a 74.4% removal efficiency. This
reduction suggests that, beyond dissolved
contaminants, the SiONPs also facilitate the
removal of fine particulate matter, possibly
through surface adsorption and aggregation
mechanisms.

Overall, the results presented in Table 10
confirm that the synthesized SIONPs are highly
effective in reducing color, organic load, and
suspended solids in textile wastewater. The
combined high removal efficiencies underscore
the potential of SiONPs as a robust and
efficient adsorbent for advanced and tertiary
treatment of textile effluents, particularly in
applications targeting stringent discharge
standards.

The adsorption of molecules such as dye
molecules onto SiONPs is attributed to (i)
electrostatic attraction between negatively
charged Si—O~ surface groups and cationic dye
molecules, (i1) Hydrogen bonding with surface
hydroxyl groups and (ii1) m—= interactions and
surface complexation (Eddy et al., 2008)

The nanoscale particle size (<13—14 nm from
DLS) and high surface reactivity significantly
enhance adsorption efficiency.

The high adsorption capacity, rapid kinetics,
and effective removal of color and organic
pollutants demonstrate that SiONPs are
promising low-cost and efficient adsorbents for
textile wastewater remediation. Their stability,
reusability, and compatibility with existing
treatment systems make them suitable for
scalable environmental applications.

4.0 Conclusion

i
X
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This study demonstrated the successful
application of silicon oxide nanoparticles
(SiONPs) as efficient adsorbents for dye
removal and textile wastewater treatment. The
synthesized SiONPs exhibited favorable
surface characteristics and uniform particle
size distribution, which contributed
significantly to their high adsorption
performance.

Adsorption kinetic analysis revealed that the
experimental data were best described by the
pseudo-second-order model, indicating that the
adsorption process is predominantly governed
by chemisorption involving surface functional
groups of the SiONPs. This suggests strong
interactions between the dye molecules and the
active sites on the nanoparticle surface.
Equilibrium  isotherm analysis  showed
excellent agreement with both the Langmuir
and Freundlich models, with the Langmuir
model providing a superior fit. The high
Langmuir correlation coefficient and the
maximum monolayer adsorption capacity
confirm that adsorption occurred mainly as a
monolayer on a relatively homogeneous
SiONP surface.

Application of the synthesized SiONPs to real
textile effluent resulted in substantial
reductions in color, chemical oxygen demand,
biological oxygen demand, and total suspended

solids, = demonstrating  their  practical
effectiveness beyond synthetic dye solutions.
The high removal efficiencies achieved

highlight the capability of SiONPs to
simultaneously reduce visual pollution and
organic load in complex wastewater matrices.

The findings from this study establish silicon
oxide nanoparticles as promising, high-
performance adsorbents for advanced textile
wastewater treatment. Their strong adsorption
capacity, favorable kinetics, and effectiveness
in real effluent systems suggest that SIONPs
have significant potential for integration into
sustainable and scalable water treatment
technologies. Future studies should focus on

regeneration, reuse, and long-term
performance evaluation to further support their
practical deployment.
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