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Abstract: This study investigates the influence of initial pH on the
formation and particle size of nanosilica synthesized from liquid glass (LG)
via an ultrasonic assisted method. Nanosilica samples were prepared at pH
values of 1, 2, 4, and 6, while maintaining a constant precursor-to-solvent
ratio (LG/H,0=1:2), ultrasonic power of 30 W, sonication time of 15 min,
and stirring speed of 500 rpm. Field Emission Scanning Electron
Microscopy (FESEM) and particle size distribution analyses revealed a
broad particle size range from 15 nm to 400 nm. At pH=2, relatively small
particles with a narrow size distribution (~15-20 nm) were obtained,
whereas higher pH values (4 and 6) yielded larger particles ranging from
100 to 400 nm. At pH=1, pronounced agglomeration led to irregular
particle clusters. These observations were interpreted in terms of the
hydrolysis and condensation equilibria of polysilicates under acidic
conditions, as well as the steady-state energy dynamics governing particle
formation. The findings indicate that pH=2 represents the optimal
condition for synthesizing nanosilica from LG, offering a controlled
approach to tailoring particle morphology and size. The synthesized
nanosilica demonstrates potential applicability in the adsorption of oil-

contaminated wastewater.
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1. Introduction

Nanosilica has attracted considerable attention across diverse fields, including catalysis, adsorption,
biomedicine, and environmental remediation, owing to its high specific surface area, chemical stability,
and versatile surface functionalization potential. Various synthesis methods have been reported, such as
sol-gel, solution precipitation, hydrothermal techniques, and approaches employing liquid glass
precursors (LGP). Among these, the use of LGP is particularly valued due to its cost effectiveness,
availability of raw materials, and straightforward synthesis procedure [1]. Historically, the Sol gel method
was among the first techniques to employ pH adjustment for controlling particle size. The potential of
hydrogen (pH) of the reaction medium has been recognized as a critical factor influencing the formation
and morphological characteristics of nanosilica. The equilibrium between polysilicate species such as
Si(OH),, SiO(OH);~, and SiO,(OH),?* is strongly dependent on pH, which in turn governs the
condensation mechanism and the energetic requirements of particle formation. Some studies reported
that a hydroxyl group concentration in the range of 4.9-10 mmol-g™* minimizes the particle formation energy
(~25 kcal'mol™), whereas values outside this range substantially increase the energy barrier. Accordingly,
initial pH adjustment represents an effective strategy to control nanosilica particle size [2, 3]. The research
results showed the influence of pH concentration on the surface charge of nanosilica by simulation method. In
the present study, the influence of initial pH on the formation and particle size of nanosilica was
systematically investigated. Nanosilica samples were synthesized from LGP under ultrasonic conditions
at pH values of 1, 2, 4, and 6. The results indicated that acidic conditions significantly affect the particle
formation mechanism. Morphology and particle size were characterized using Field Emission Scanning
Electron Microscopy (FESEM) in combination with laser scattering analysis [4]. Recently, several studies
have successfully investigated the effects of factors such as temperature and pressure on the structure
and phase transition of SiO; [5], when doped with Mg to form MgSiO3 [6], Mg2SiO. [7, 8]. With this study,
the focus is on the study of the effect of pH concentration on the ultrasonic synthesis of nanosilica from
liquid glass. The new point of this article is that the use of ultrasonic energy reduces the synthesis time to
15 minutes, which the traditional sol gel methods have not achieved before. These findings provide
deeper insight into the formation mechanism of nanosilica under acidic conditions and identify the

optimal pH for controlled synthesis.
2. Materials and methods

2.1. Chemicals and precursors

Liquid glass (LG, sodium silicate solution) was employed as the silica precursor, while distilled water
served as the solvent. A dilute sulfuric acid (H,SO,) solution was utilized to adjust the pH of the reaction
medium. All reagents were of analytical grade and used without further purification.

2.2. Synthesis of nanosilica

Nanosilica was synthesized via an ultrasonic-assisted approach in an acidic medium to investigate the
influence of initial pH on particle formation and morphology. The liquid glass precursor (LGP) to water
ratio was maintained at 1:2, consistent with the conditions established for the reference standard sample
Ms. The initial pH of the reaction medium was systematically adjusted to values of 1, 2, 4 and 6, with the
resulting nanosilica samples designated as M1, My, M3, and M., respectively (Table 1). The pH values of 1,
2, 4, and 6 were selected to investigate the distinct effects of decreases pH and weakly acidic

environments on particle formation, rather than focusing on intermediate values like pH=3 or 5. The
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change pH concentration is the parameter that determines the hydrolysis and condensation mechanism
of polysilicate ions. Changing the pH concentration changes the particle size and morphology effectively
and cheaply. All other experimental parameters were held constant to ensure reproducibility and isolate
the effect of pH. Ultrasonic power was fixed at 30 W, sonication duration at 15 minutes, and mechanical
stirring at 500 rpm. This controlled synthesis protocol enabled a comprehensive evaluation of the
relationship between acidic conditions and nanosilica particle characteristics, including size distribution
and morphological features.

2.3. Analysis and characterization of samples

The synthesized nanosilica samples were subjected to a set of analytical techniques to evaluate their
morphological, structural, and particle size characteristics. Prior to characterization, all samples were
thoroughly washed with distilled water to remove residual reactants and by-products, followed by drying
under controlled conditions to preserve their structural integrity.

2.3.1. Morphological analysis

The surface morphology and microstructural features of the nanosilica particles were examined using
FESEM (JEOL, Japan). This technique provided high-resolution imaging, enabling detailed observation of
particle shape, surface texture, and the degree of agglomeration. Morphological comparisons across
samples allowed for the assessment of how reaction conditions, particularly the initial pH of the medium,
influenced particle formation and clustering behavior.

2.3.2. Particle size distribution

Quantitative analysis of particle size and distribution was performed using laser diffraction (Laser
Diffraction Particle Size Analyzer). This method facilitated precise measurement of particle size ranges,
determination of polydispersity, and evaluation of the uniformity of nanosilica populations. Data from
laser diffraction complemented the FESEM observations, providing a correct understanding of both the
nanoscale morphology and the statistical distribution of particle dimensions.

2.3.3. Effect of initial pH

The impact of initial pH on nanosilica synthesis was investigated by comparing the morphology, particle
size distribution, and agglomeration levels among the samples synthesized at pH =1, 2, 4, and 6
(designated as M;1-M,). Observed variations in particle size, shape, and clustering were interpreted in
terms of the hydrolysis and condensation equilibria of polysilicate species under acidic conditions. These
analyses elucidated the role of pH in controlling nucleation, growth, and energy dynamics during particle
formation, allowing the identification of optimal conditions for producing nanosilica with controlled

morphology and size distribution suitable for targeted applications such as adsorption or catalysis.
3. Results and discussion

3.1. Effect of pH on nanosilica particle size

In this section, the influence of the initial potential of hydrogen (pH) on the formation and morphological
characteristics of nanosilica particles was investigated. The synthesized samples are denoted according
to the designations provided in Table 1. Representative FESEM images of nanosilica prepared from the
LGP at pH values of 1, 2, 4, and 6 are shown in Figures 1-4, respectively, illustrating the effect of acidic
conditions on particle size, shape, and aggregation behavior. The LGP to water ratio was maintained at
1:2, consistent with the reference sample M3, while other experimental parameters including ultrasonic
power, sonication time, and stirring speed were kept constant, as established in the precursor-to-solvent

ratio study shown in Table 1.
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Analysis of the FESEM images revealed the formation of nanosilica particles exhibiting a wide range of
sizes, consistent with the laser diffraction results. The particle size distribution spanned approximately
20-400 nm, with samples Mz and M, (synthesized at pH 4 and 6, respectively) displaying relatively larger
particles predominantly in the range of 100-400 nm. Remarkably, when nanosilica was synthesized at pH
2 (sample My, prepared under identical conditions to the reference sample Mz3), a pronounced reduction
in particle size was observed, with FESEM images indicating a uniform particle diameter of
approximately 15-20 nm. Conversely, in sample M; (pH=1, Figure 4), a substantial increase in particle
size was detected, accompanied by pronounced agglomeration, reflecting the aggregation of individual

silica particles into larger clusters [9].

Figure 4. FESEM image of nanosilica LGP sample (Sample M4)
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These observations underscore that an initial pH of 2 provides the most favorable conditions for the
controlled synthesis of nanosilica under the employed ultrasonic-assisted methodology. The mechanistic
basis for this behavior can be attributed to the acid-mediated hydrolysis and condensation equilibria of
polysilicate anions, which predominantly exist in the condensation forms of Si(OH),, SiO(OH)s™, and
Si0,(0H),>".

Table 1. Synthesis conditions of nanosilica LGP at different pH values

Parameter M1 M; M3 M,

LGP/H,0 1:2 1:2 1:2 1:2

pH 1 2 4 6

Ultrasonic power [W] 30 30 30 30

Ultrasonic time [min] 15 15 15 15

Stirring speed [rpm] 500 500 500 50
0

The relative abundances of these species are highly sensitive to the pH of the medium, thereby
influencing both nucleation and growth dynamics of nanosilica particles. Previous studies [2, 3] have
demonstrated that the concentration of hydroxyl groups associated with different polysilicate moieties
critically affects the energetic stability of nanosilica formation. Specifically, when OH™ concentrations are
maintained within the range of 4.9-10 mmol-g™*, nanosilica formation occurs at a minimum energy
threshold of approximately 25 kcal-mol . Deviations outside this range either below 4.9 mmol-g™* or
above 10 mmol-g™* result in significantly higher energy requirements for particle formation [9-11].
These findings highlight the necessity of precise pH control to facilitate nanosilica formation under
energetically favorable conditions. The structural representation of the liquid glass precursor (LGP) is
depicted in Figure 5.

Na+ Na*t Na+ Na* Na+ Na*t Na+ Na
o O o O o O o O

- - - -
- =~ - -
- - - -
- - - -

Figure 5. Structure of LGP
At excessively low pH values, polysilicate macromolecules undergo hydrolysis, converting primarily
into uncharged poly-Si(OH),, which limits the condensation necessary for nanoscale particle formation,
leading instead to the precipitation of polysilicic acid colloids. In contrast, at excessively high pH values,
the generation of a large number of polysilicate radicals promotes uncontrolled aggregation, resulting in
an increase in particle size and irregular morphology. Collectively, these mechanistic insights explain the
observed trends in particle size and agglomeration, confirming that a moderately acidic environment,
specifically pH = 2 with sample M;, is optimal for the synthesis of uniform, nanoscale silica particles
under the ultrasonic-assisted conditions employed in this study.
3.2. Key characteristics of optimally synthesized nanosilica
The particle size distribution of the synthesized nanosilica was quantitatively analyzed using laser
diffraction, revealing that the majority of particles were concentrated within the narrow range of 15-25
nm (Figure 6). This low degree of size dispersion indicates a high level of uniformity within the material
system, which is a critical attribute for enhancing surface properties and broadening the potential
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application spectrum of nanosilica, including adsorption, catalysis, and composite material fabrication.
The observed uniformity can be directly correlated with the ultrasonic-assisted synthesis process. The

application of ultrasonic waves effectively minimized particle agglomeration, fragmented larger clusters,
and facilitated the formation of stable, discrete nanosilica particles.
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Figure 6. Particle size distribution of nanosilica synthesized from LGP, determined by laser scattering
This cavitation-driven mechanism promotes rapid nucleation and controlled growth, ensuring
homogeneity in particle size. Consequently, the ultrasonic treatment not only governs the average
particle size but also critically influences the distribution profile, enabling precise control over nanosilica
morphology. These results underscore the importance of ultrasonic-assisted processing in tailoring
nanosilica characteristics. The synergy between controlled pH conditions and ultrasonic energy input
establishes an optimized environment for the formation of highly uniform nanosilica particles,
demonstrating that both parameters are interdependent and must be carefully regulated to achieve
desired structural and functional properties. Figure 7 shows the X-ray diffraction (XRD) pattern of the

synthesized nanosilica, which indicates that the material predominantly exists in an amorphous state
[12].
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Figure 7. X-ray diffraction pattern of nanosilica synthesized from LGP
The specific surface area, determined using the Brunauer Emmett Teller (BET) method, was measured
at 269.8 m?.g™*. Although this value is moderate compared to other nanostructured silica materials
reported in the literature [13-15], it is consistent with the morphological observations obtained from
FESEM. Despite the nanoscale particle size, the particles exhibited a tendency to form agglomerated

clusters, which decreased their effective dispersion and partially reduced the measured BET surface area.
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This behavior can be rationalized based on the particle formation mechanism from LGP, whereby
polysilicate chains are progressively fragmented from macromolecules into smaller nanosilica particles.
The clustering observed is therefore an intrinsic consequence of the condensation and aggregation
processes occurring during ultrasonic-assisted synthesis. Nevertheless, this agglomeration phenomenon
can be substantially mitigated by modifying the nanosilica synthesis approach. Specifically, initiating the
process from molecular-scale precursors and promoting controlled condensation to form larger particles,
while maintaining dimensions within the nanometer range, can improve particle dispersion and
uniformity [16]. The N, adsorption-desorption isotherm of the nanosilica synthesized from LGP is
presented in Figure 8, and the corresponding pore structure parameters are summarized in Table 2. The
isotherm exhibits a characteristic hysteresis loop, indicative of capillary condensation within mesoporous
structures, consistent with IUPAC type IV classification. Notably, the observed hysteresis loop is relatively
narrow and displays a steep adsorption branch within the relative pressure range of P/Py=0.8-1.0,
suggesting the presence of mesoporous capillaries with comparatively large pore dimensions.
Quantitative analysis further indicated that the mesoporous capillaries are predominantly centered
around ~15 nm, approaching the threshold for large mesopores (>20 nm) [17]. These results corroborate
the structural observations from FESEM, demonstrating that although the nanosilica particles are small,
they tend to aggregate into clusters, forming mesoporous networks with relatively large pores. This
insight highlights the importance of controlling both particle nucleation and condensation dynamics
during synthesis to optimize the pore architecture and surface properties for potential applications in

adsorption, catalysis, and composite material fabrication.
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Figure 8. N, adsorption-desorption isotherm of nanosilica synthesized from LGP

Table 2. Porous properties of nanosilica LGP materials

MOdel SBET Vmeso Dmeso
[m*g™"] [em®-g™] [nm]
M; 269.8 1.16759 15.859

3.3. Adsorption performance of nanosilica LGP for Bach Ho crude oil under simulated

seawater conditions

The adsorption performance of the nanosilica LGP sample (M) was evaluated for Bach Ho crude oil in
a simulated seawater environment, prepared as a 3.5%o NaCl solution, corresponding to the typical
salinity of natural seawater. Representative adsorption images, presented in Figure 9, indicate that the

nanosilica particles effectively interacted with the crude oil, demonstrating promising preliminary
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adsorption behavior.

The calculated adsorption capacity of the sample was determined to be 2.9g of crude oil per gram of
nanosilica. Although this result reflects significant adsorption, indicates substantial adsorption potential,
though further optimization could enhance performance. The limited performance can be attributed
primarily to the pronounced aggregation of nanosilica particles, which reduces dispersion and
consequently diminishes the effective specific surface area available for adsorption [18]. Additionally, the
as-synthesized nanosilica particles exhibited limited hydrophobicity, which further limits their
interaction with the hydrophobic crude oil phase. These findings highlight the potential of LGP derived
nanosilica for oil adsorption while indicating the need for further surface modification and optimization
to enhance efficiency.

' ¥

Figure 9. Experimental observation of crude oil adsorption by nanosilica LGP (sample M>)
4. Conclusion

This study investigated the effect of the initial pH on the synthesis of nanosilica from LGP under
ultrasonic-assisted conditions. Experimental results demonstrated that the pH of the reaction medium
plays a decisive role in governing particle nucleation, growth, and aggregation behavior. At an optimal
value of pH=2, nanosilica with a narrow particle size distribution in the range of 15-25 nm was obtained,
exhibiting uniform morphology and reduced agglomeration compared to other tested conditions. In
contrast, at pH=4-6, the formation of significantly larger particles (100-400 nm) was observed, while at
pH=1, strong aggregation dominated, leading to irregular clusters and diminished control over the
particle formation process. Structural characterization confirmed that the synthesized nanosilica
primarily exists in an amorphous state, as evidenced by XRD analysis. BET measurements further
revealed a specific surface area of 269.8 m?g™ and an average mesopore diameter of ~15nm,
corresponding to the mesoporous regime. The pore size distribution and surface area values are
consistent with the FESEM observations, where small primary nanoparticles tend to form aggregates,
thus partially reducing the accessible surface area. Preliminary evaluation of the environmental
application potential showed that the nanosilica LGP material (sample Mz) exhibits the capacity to adsorb
2.9g of Bach Ho crude oil per gram of nanosilica in a simulated seawater medium (3.5%0 NaCl solution).
While this result highlights the promising oil adsorption potential of nanosilica, the performance has not
yet reached its theoretical maximum. The reduced efficiency can be attributed to particle agglomeration
and insufficient hydrophobic surface characteristics of the as-prepared nanosilica. Taken together, these
findings establish pH=2 as the most favorable condition for nanosilica synthesis from LGP under
ultrasonic treatment, offering control over particle size and morphology. Furthermore, the obtained
nanosilica materials demonstrate potential for application in oil spill remediation and environmental
treatment technologies. Future work should focus on surface functionalization and hydrophobic
modification strategies to enhance dispersion stability and adsorption efficiency, thereby improving the

applicability of LGP derived nanosilica in large-scale environmental remediation processes.
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