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Abstract
Silica nanoparticles (SNPs) are widely investigated in scientific research and largely utilized 
in various functional applications. Owing to the abundant source of silica in the beach sand, 
there is a potential to obtain naturally derived SNPs comparable to those synthesized from 
commercial precursors. Therefore, this research aimed to investigate the effectiveness of 
the sol-gel method to produce SNPs from locally sourced silica beach sand. The synthesized 
SNPs were characterized using X-Ray Diffraction (XRD), Fourier Transform Infrared (FTIR) 
spectroscopy, and Scanning Electron Microscopy (SEM). For comparison purposes, the sol-
gel process was also carried out with commercial sodium silicate and tetraethyl orthosilicate 
(TEOS) precursors to obtain synthetic SNPs, which were used as the standard. The FTIR spectra 
showed that the synthetic and fabricated SNPs exhibited a typical silica peak at a wavenumber 
of 950 cm-1, while XRD analysis showed a diffraction peak at 2θ = 22.05°, characteristic of silica 
nanoparticles. Several additional peaks associated with to the quartz phase were observed 
at 31.96° and 43.22° for SNPs produced from natural and commercial sodium silicate. The 
crystallite size estimation through Scherrer’s equation yielded values of 19.84, 4.40, 4.31, 
and 2.94 nm for SNPs synthesized from beach sand, commercial sodium silicate, TEOS, and 
as-received commercial SNPs, respectively. Microstructural analysis through SEM revealed a 
uniform particle distribution in SNPs synthesized from silica beach sand and TEOS, whereas 
SNPs produced from commercial sodium silicate exhibited inhomogeneous particle distribution. 
This investigation revealed that SNPs produced from natural beach sand are comparable to its 
commercial counterparts in terms of crystal structure and morphological uniformity.   
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1. Introduction

Silica nanoparticles (SNPs) are widely recognized for 
their promising applications in both research and industry 
due to the ease of the synthesis process, stable colloidal 
properties, adjustable particle size, biocompatibility, and 
scalability for large-scale production. SNPs have been 
widely used for several applications, ranging from drug 
carriers to anti-reflective coatings [1-3]. Moreover, SNPs 
have the potential to enhance the durability of critical 

Copyright © 2025 Author. Published by Iranian Nanotechnology Society.
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International license(https://creativecommons.org/licenses/by-nc/4.0/). 
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infrastructure, including buildings, by providing greater 
mechanical and chemical stability, thereby ensuring 
longevity [4, 5].

Generally, nanomaterials are produced through 
bottom-up and top-down processes [6]. Nanoparticles 
are formed from the ground up by arranging atoms 
or molecules in the bottom-up method, while the 
top-down method reduces bigger particles to nano-
scale dimensions. Specifically, both methods can be 
achieved using chemical or physical methodologies. 
Chemical routes involving the compositional change of 
specific precursors into new products include methods 
such as sol-gel, reverse microemulsion, and chemical 
vapor decomposition [7-9]. In contrast, physical routes, 
which involve physical changes without altering the 
composition, include processes such as milling, molecular 
condensation, physical vapor deposition, and laser 
ablation [10].
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Among various synthesis procedures, the sol-gel 
process is considered to be the most reliable method for in 
producing SNPs. This process is a polymerization reaction, 
comprising the solution and the gel phases, which involves 
two important stages: hydrolysis and condensation [11, 
12]. The sol-gel method offers significant advantages due 
to its cost-effectiveness and low processing temperature 
that allows for the synthesis of SNPs with high purity and 
uniformity [13]. Commercially, sol-gel-derived SNPs are 
primarily synthesized from alkoxide-based precursors, 
with tetraethyl orthosilicate (TEOS) being widely used 
[14, 15]. 

However, the sol-gel method still has several 
drawbacks, such as expensive precursors and long 
processing time. These concerns have been discussed 
in previous studies [16-18], highlighting the necessity 
to procure affordable materials and shorter synthesis 
durations. Therefore, a combination of limited sources 
and time-consuming production processes remains a 
challenge to meet the global demand for of SNPs.

In recent times, there has been a growing interest 
in exploring natural sources of raw materials such as 
rice husks, clay, palm oil shells, and beach sand [19, 20]. 
This process of using natural precursors includes the 
extraction of silica, followed by the conversion of silica 
into sodium silicate (Na2SiO3), which is used to produce 
SNPs through the sol-gel method [20, 21]. Arunmetha 
et al. [22] investigated the synthesis SNPs derived from 
natural beach sand and conducted a comparative analysis 
of chemical and physical synthesis methods. The study 
found that chemical methods produced SNPs with larger 
particle sizes, lower surface area, and lower bandgap. 
Another investigation by El-Didamony et al. [23] fabricated 
SNPs from commercial sodium silicate commonly used in 
the production of traditional ceramics. The SNPs improved 
the physico-chemical properties of the ceramic, such as 
thermal expansion, water absorption, and crystallinity. 
M.S. Hamzah et al. [24] synthesized SNPs from silica sand 
using a vibration-assisted alkaline solution method and 
showed that the size of SNPs decreased as the vibration 
frequency increased.

Previous studies have employed diverse approaches to 
synthesize SNPs from natural and commercial precursors. 
However, these investigations predominantly focus on 
utilizing a single method and a single precursor. Despite 
advancements in synthesis methods, there remains a 
lack of comparative evaluation of SNPs produced from 
natural and commercial sources. Therefore, this research 
aims to bridge this gap by conducting a comparative 
analysis of the morphological and chemical properties of 
sol-gel-derived SNPs synthesized from silica beach sand 
and those produced from commercial precursors, such 
as sodium silicate, TEOS, and as-received commercial 
SNPs. Moreover, this study characterized and compared 
the chemical behavior of each precursor, as well as its 
intermediate products, in the synthesis of SNPs. This 
research exemplifies the application of sol-gel methods 
utilizing cost-effective reactants.

2. Materials and Methods

2.1. Materials 
 Silica beach sand sourced from Belitung Island, 

Indonesia, was used as a natural precursor for the 
synthesis of SNPs via the sol-gel method. SNPs were 
also synthesized using commercial precursors, including 
tetraethyl orthosilicate (TEOS) and sodium silicate 
(Na2SiO3), obtained from Sigma-Aldrich. Other chemicals 
used in the sol-gel synthesis, such as sodium hydroxide 
(NaOH), 37% hydrochloric acid (HCl), and 25% ammonia 
(NH3), were commercially purchased from MERCK. 
The SNPs produced from synthesized and commercial 
precursors were further compared with commercially 
available ultrapure 99% silicon dioxide (SiO2) nanoparticles 
obtained from XFNANO Ltd, and denoted as SNPXFNANO.

2.2. Synthesis of SNPs from Beach Sand
Belitung beach sand with a 325-mesh sieve was mixed 

with 8 M NaOH solution, producing a mixture composed 
of 250 mL of distilled water, 64 g of silica beach sand, and 
48 g of NaOH at a temperature of 90°C. This mixture was 
stirred with a magnetic stirrer for 2 hr. Subsequently, the 
solution was filtered using Whatman filter paper to obtain 
the sodium silicate solution filtrate, which was denoted 
as SSN. Afterward, 50 mL of the obtained SSN solution 
was mixed with 50 mL of ethanol (99% purity, MERCK), 
and 3 M HCl was slowly added dropwise until a pH of 7 
was achieved. The mixture was left for 5 days, followed 
by washing and drying at room temperature, which was 
denoted as SNPNRT. This sample was dried again at a 
temperature of 100°C for 30 min, followed by calcination 
at 600°C for 2 h, and denoted as SNPN600. 

2.3. Synthesis of SNPs from Commercial Sodium Silicate
A commercial solution of sodium silicate (10 mL) 

was mixed with distilled water (90 mL) and to form 
SSC. Subsequently, 3 mL of 3 M HCl solution was added 
dropwise until a neutral pH was obtained. Then, the 
solution was left for 5 days, followed by crushing and 
drying at 100°C for 30 min and calcination at 600°C for 2 
h. SNPs produced using commercial sodium silicate were 
denoted as SNPC600.

2.4. Synthesis of SNPs from TEOS
TEOS was mixed with ethanol in an 8:12 ml ratio and 

stirred at a speed of 400 rpm for 30 min. NH3 solution 
(5:5 ml) was added dropwise at 60°C for 45 min, until the 
solution turned white. The solution was left for 5 days, 
dried at 100°C for 30 min, followed by calcination at 
600°C for 2 h. SNPs produced using the commercial TEOS 
precursor were denoted as SNPTEHN600.

2.5 Characterizations
Several characterization techniques were used to 

investigate the properties of the synthesized SNPs. X-ray 
fluorescence (XRF) spectroscopy was used to determine 
the elemental composition of the beach sand precursor, 
while X-ray diffraction (XRD) was performed to analyze the 
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phase and crystallographic properties. The crystallite size 
of the samples was calculated using Scherrer’s equation 
as shown in Equation 1[25] :

 
KD
cos
λ

β θ
=             �           (1) 

where D is crystallite size, K = 0.9 is Scherrer’s constant, 
λ is the wavelength, β is full width at half maximum 
(FWHM), and θ is the Bragg angle. 

Fourier Transform Infrared (FTIR) spectroscopy was 
used to determine the functional groups present in the 
intermediate products and SNPs. To complement chemical 
analysis from FTIR spectroscopy, X-ray photoelectron 
spectroscopy (XPS) was also employed. Furthermore, 
Scanning Electron Microscopy and Energy Dispersive 
Spectroscopy (SEM-EDX) were used to investigate 
morphology and elemental composition.

3. Results and Discussion 

This study investigates the properties of SNPs 
synthesized from a natural-derived silica precursor, and 
compares them with those prepared using commercial 
precursors, including sodium silicate and TEOS.

3.1. Silica Beach Sand Characteristics
The X-ray diffractogram of silica beach sand 

precursor in Figure 1 showed dominant peaks appearing 
at 2θ values of 20.85°, 26.63°, and 50.12° [26, 27]. 
Crystallographic analysis using X’pert HighScore Plus 
software determined that the peaks in the diffractogram 
pattern corresponded to the quartz database (01-085-
0930) [28, 29]. The crystallographic calculation results 
determined a hexagonal crystal structure with values 
a = b = 4.9115 Å, c = 5.4038 Å, along with angles α = β 
= 90° and γ = 120°. Furthermore, the crystallite size of 
the natural precursor was calculated through Scherrer’s 
equation and determined to be 75.73 nm.

XRF analysis showed that the beach sand precursor 

was primarily composed of silica (SiO2), containing 
96.40%, while other components of significance included 
Al2O3 (1.19%) and MgO (1.54%). Additional compounds 
such as CaO, SO3, ZrO2, and P4O6, are 0.09, 0.15, 0.12, 
and 0.44 %, respectively. These XRD and XRF analyses 
confirmed that the primary constituent of the beach sand 
was silica.

The morphology of silica beach sand was investigated 
using SEM, with the micrographs (Figures 2a and 2b) at 
1000× and 5000× magnifications. Visual examination 
of the SEM results showed that the silica beach sand is 
dominated by large aggregates accompanied with fine 
flake-like particles. Further quantitative analysis using 
ImageJ analysis determined that the average particle 
size (x) was 4.78 μm with a standard deviation (σ) of 
3.02 μm. The considerable magnitude of the standard 
deviation indicated a broad particle size distribution and 
inhomogeneity. 

Elemental analysis was examined using EDX to obtain 
the chemical composition of the silica beach sand. Figure 
2c showed high-intensity peaks that are characteristic 
from silicon and oxygen. Table 1 provides details on  
atomic percentage and weight percentage. Stoichiometric 
calculations showed the weight ratio of silicon to oxygen 
is approximately 7:8, derived from their respective atomic 
masses of 28 and 32. The atomic ratio is 1:2, reflecting the 
composition of SiO2, which consists of one silicon atom 
and two oxygen atoms.

3.2. Functional Group of SNPs 

3.2.1. SNPs from Silica Sand
Chemical analysis using FTIR spectroscopy were 

performed on four samples of silica beach sand, SSN, 
SNPNRT, and SNPN600, and the result is shown in Figure 
3. Specifically, Figure 3a shows the spectrum of silica 
beach sand with a peak at 1060 cm-1, which corresponds 
to asymmetric stretching vibrations of Si-O-Si bonds. 
Additionally, peaks observed at 950 and 472 cm-1 were 
attributed to the bending vibrations and symmetric 
stretching of Si-O-Si bonds, respectively [30]. 

After NaOH digestion, the peaks corresponding to the 
Si-O-Si bonds (950, and 1060 cm-1) showed significant 
changes, indicating the conversion of silica into sodium 
silicate as shown in Figure 3b. A strong and broad peak 
was observed at 3400 cm-1 and a smaller peak at 1620 
cm-1 correspond to the stretching and bending vibrations 
of hydroxyl (-OH) groups, respectively. This observed 
change in the functional group was caused by a chemical 
reaction between silica and NaOH (Equation 2) [22]:

SiO2(s) + NaOH(aq) → Na2SiO3(aq) +H2O(l)  � (2)

According to Okunev et al. [31, 32], during NaOH 
digestion of silica, hydroxide ions (OH-) from NaOH 
interact with the Si-O-Si bonds in the silica network, 
weakening the Si-O bonds. This chemical process results 
in the formation of SiO3

-2 anions, which subsequently 
bond with Na+ ions to produce sodium silicate [33-36]. 

 

Figure 1. X-ray diffraction pattern of silica beach sand. 

 

Figure 1. X-ray diffraction pattern of silica beach sand.



Research Article Int. J. Nanosci. Nanotechnol.

80 | IJNN, 2025, 2, 77-87 Daulay S et al.

During the sol-gel process, HCl was added dropwise 
into the alkaline sodium silicate solution. This caused an 
acid-base neutralization reaction which was reflected 
by the reduction in the hydroxyl (-OH) group, as shown 
by diminished peaks in the FTIR spectra at 3400 cm-1 
and 1620 cm-1 [30, 37, 38]. The hydroxyl peaks were 
further diminished after room temperature drying, as 
shown in Figure 3c, and eliminated after calcination at 
600°C (Figure 3d). Peaks associated with Si-O-Si bonds 
were regenerated for SNPNRT and SNPN600 samples, 
indicating the successful formation of silica. 

The chemical reaction between sodium silicate and 
HCl led to the formation of  sodium chloride (NaCl) and 

silicic acid (H2SiO3 or SiO2.H2O) through the replacement 
of Na+ ions by H+ ions [39]. During this reaction, silicic 
acid molecules created long chains of molecules through 
condensation [40]. Further drying process along with 
calcination led to the decomposition of H2SiO3, causing the 
separation of silica and water, thereby producing SNPs. 
The chemical reactions of aforementioned processes are 
summarized in Equations 3 and 4 [39, 40]:

Na2SiO3(aq) + 2HCl(aq)  → H2SiO3(s) +2NaCl(aq)  �   (3)

H2SiO3(s) → SiO2(s) +H2O(l)	�  (4)

3.2.2. SNPs from Commercial Sodium Silicate
The infrared analysis presented in Figure 4 was 

conducted on commercial sodium silicate (SSC) solution 
and its synthesized product (SNPC600). The spectra 
showed that both samples exhibit a peak at approximately 
3500 cm-1, which corresponds to hydroxyl (-OH) group’s 
vibration. Additionally, a peak at 1060 cm-1 corresponding 
to the asymmetric stretching of Si-O-Si bonds was observed 
in SNPC600 and not in SSC [41]. FTIR analysis indicated 

 
Figure 2.  SEM of silica beach sand with magnifications of (a) 1000× X and (b) 5000×X, (c) 

EDS spectrum, and (d) particle size distributio
Figure 2.  SEM of silica beach sand with magnifications of (a) 1000× X and (b) 5000×X, (c) EDS spectrum, and (d) particle size 

distributio

Table 1.  Atomic and weight percentages of the elemental analysis. 

Element Atomic % Weight % 
C 4.9 3 
O 62 50.1 
Si 33.1 46.9 

 

 

Figure 3. FTIR spectra of (a) silica beach sand, (b) SSN, (c) SNPNRT, and (d) SNPN600. 

 

Figure 3. FTIR spectra of (a) silica beach sand, (b) SSN, (c) 
SNPNRT, and (d) SNPN600

Table 1.  Atomic and weight percentages of the elemental 
analysis
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that the sol-gel method, combined with the drying and 
calcination process, has successfully produced SNPs. 

The spectra for SSN and SSC (Figures 4a and 4b) 
exhibited similar functional groups, including a prominent 
hydroxyl group in the 3400-3500 cm-1 range. The SNPs 
derived from both SSN and SSC showed the same peak 
at 1060 cm-1 that corresponds to Si-O-Si bonds [4]. This 
suggests that the functional groups of sodium silicate and 
SNPs derived from natural sources are comparable with 
those commercially used. 

3.2.3. SNPs synthesized from TEOS
In addition to sodium silicate, TEOS (Si(OC2H5)4) was 

used as a commercial precursor for further comparison. 
Chemical analysis was performed on the TEOS solution 
using infrared spectroscopy as presented in Figure 
5a, showing peaks associated with Si-O-Si vibrations, 
symmetric and asymmetric stretching (950 and 1060 cm-

1). Additionally, peaks in the 2900 cm-1 region associated 
with C-H stretching vibrations were also observed [42]. 

Following the sol-gel process and calcination, three 
peaks associated with Si-O-Si asymmetric stretching at 
900-1200 cm-1 found in TEOS spectrum were converted 
into a single broad peak in the final SNPs (SNPTEHN600) 
as shown in Figure 5b [43, 44].

During the sol-gel process, TEOS underwent 

hydrolysis in an alkaline environment, forming silanol 
groups. Subsequently, silanol groups undergoes a 
polycondensation reaction that generates Si-O-Si linkages 
and water [45]. 

3.2.4. Comparison of Synthesized and As-Received 
Commercial SNPs

SNPs synthesized from both natural and commercial 
precursors were compared with as-received commercial 
SNPs (SNPXFNANO). Figure 6 depicts the FTIR spectra 
of all four types of SNPs produced using natural and 
commercial precursors, compared with the as-received 
SNPs. Peaks are assigned to the asymmetric stretching of 
the Si-O-Si bonds at 1060 cm-1. An additional peak at 950 
cm-1 was attributed to symmetric stretching vibrations 
associated with SNPs [41]. This functional group analysis 
strongly suggested that the functional groups profiles of 
the synthesized SNPs from both natural and commercial 
precursors were comparable to those of as-received 
commercial SNPs.

3.3. Phase and Crystallite Size of SNPs
The XRD diffraction patterns of SNPs synthesized 

using natural and commercial precursors, as well as 
SNPXFNANO, are shown in Figure 7. All samples exhibited 
a broad peak at a 2θ angle of approximately 22.05°, which 

 
Figure 4. FTIR spectra for (a) SSN and (b) SSC. 

 

 
Figure 5. FTIR spectra for (a) TEOS and (b) SNPTEHN600. 

 

 
Figure 6. FTIR spectra for (a) SNPN600, (b) SNPC600, (c) SNPTEHN600, and (d) 

SNPXFNANO. 

 

 
Figure 6. FTIR spectra for (a) SNPN600, (b) SNPC600, (c) SNPTEHN600, and (d) 

SNPXFNANO. 

 

Figure 4. FTIR spectra for (a) SSN and (b) SSC Figure 5. FTIR spectra for (a) TEOS and (b) SNPTEHN600

Figure 6. FTIR spectra for (a) SNPN600, (b) SNPC600, (c) 
SNPTEHN600, and (d) SNPXFNANO

Figure 7. XRD pattern for (a) SNPN600, (b) SNPC600, (c) 
SNPTEHN600, and (d) SNPXFNANO
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is the characteristic of silica quartz (SiO2) crystal structure 
for the (100) planes [46]. Additionally, the crystallite size 
estimated using the Scherrer equation were 19.84, 4.40, 
4.31, and 2.94 nm for SNPN600, SNPC600, SNPTEHN600, 
and XFNANO, respectively.

Notably, SNPs synthesized from silica beach sand and 
commercial sodium silicate showed significantly weaker 
peaks at 22.05° (Figures 7a and 7b). Additional peaks 
were also observed in SNPC600 samples (Figure 7b) that 
corresponded to the diffraction pattern of sodium silicate 
hydrate (Na2SiO3.5H2O) (JCPDS 00-003-0433)[47]. The 
presence of these peaks indicates incomplete conversion 

of the precursor material into SNPs. Residual (unreacted) 
sodium silicate, which can form hydrated phases during 
processing, likely explains the distinct peaks in the 
SNPC600 diffractogram [48].

3.4. Microstructure and Particle Size of SNPs
SEM was performed to further characterize the 

morphology and particle size distribution of SNPs. 
Figure 8 depicts the micrographs at 5000× and 10,000× 
magnifications. SNPN600 (Figure 8a and 8b) and 
SNPTEHN600 (Figure 8e and 8f) both exhibit spherical 
nanoparticles that are uniformly distributed and non-

 
Figure 8. SEM images of (a, b) SNPN600, (c, d) SNPC600,  

(e, f) SNPTEHN600, and (g, h) SNPXFNANO with magnifications of 5000× and 10,000×

a b

c d

e f

g h

Figure 8. SEM images of (a, b) SNPN600, (c, d) SNPC600, (e, f) SNPTEHN600, and (g, h) SNPXFNANO with magnifications of 5000× 
and 10,000×
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agglomerated. Notably, the SNPs produced by processing 
silica beach sand closely resemble those synthesized 
using TEOS, which is the primary commercial precursor 
used to produce SNPs. 

The micrograph for SNPC600 in Figure 8c-d shows 
irregularly shaped particles, accompanied by small 
spherical formations on their exteriors. These particles 
are presumed to be sodium hydrate, accompanied by 
partially formed SNPs on its surface. In comparison, 
SNPXFNANO exhibited small nanoparticles that were 
visibly agglomerated, as a consequence of their very fine 
particle size leading to high surface energy, as shown in 
Figure 8g-h. 

To complement the morphological evaluation 
conducted via SEM, particle size analysis and distribution 
were performed for all SNPs, as shown in Figure 9. The 
average particle sizes, from smallest to largest, were as 
follows: SNPXFNANO (128.64 ± 43.67 nm), SNPC600 
(258.54 ± 186.92 nm), SNPTEHN600 (360.77 ± 101.38 
nm) and SNPN600 (371.05 ± 126.80 nm). Furthermore, 
the coefficient of variation, calculated by dividing the 
standard deviation by the mean particle size [49], 
indicated that SNPC600 exhibited the highest the highest 
particle size variability (72.29%), whereas SNPTEHN600 
showed the lowest variability (28.10%). By comparison, 
the coefficient of variation of SNPN600 was 34.17%, 
indicating a relatively homogeneous particle size.

The morphological differences observed in SNPs 
synthesized from natural and commercial precursors are 
likely attributed to variations in silicate concentration, 
which significantly influenced the reaction kinetics 
and formation of particles [50, 51]. Additional studies 
have also reported that the synthesis parameters and 
the concentration of reagents, such as ethanol and 
ammonia, during the sol-gel process play a crucial role in 
the size and distribution of SNPs [52, 53]. The irregular 
particles identified in SNPC600 are thought to result 
from imbalanced hydrolysis and condensation rates 
during the reaction. Consequently, it is hypothesized 
that the SNPs produced from commercial sodium silicate 
were partially formed on the surfaces of unreacted, 
irregularly shaped sodium silicate hydrate particles, as 
evidenced by electron microscopy and XRD analysis. In 
comparison, TEOS showed significantly different results 
as the silanol group gradually reacted and converted into 
SNPs in the presence of ethanol and NH3 [50]. Through 
this mechanism, spherical and nano-sized silica particles 
were successfully formed and observed in the electron 
micrograph.

3.5. Investigation of Surface Chemistry Using XPS
A comprehensive XPS analysis was conducted to 

complement infrared spectroscopy, with the full survey 
spectra of silica beach sand, SSN, and SSC presented 

 

Figure 9. Particle size distribution of (a) SNPN600, (b) SNPC600,  
(c) SNPTEHN600 and (d) SNPXFNANO.

Figure 9. Particle size distribution of (a) SNPN600, (b) SNPC600, (c) SNPTEHN600 and (d) SNPXFNANO
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in Figures 10a, b, and c. The electron core-levels 
corresponding to Si2s, Si2p, O1s, OKLL, and C1s in the spectra 
confirms the presence of silicon and oxygen components 
across all samples. 

The detection of Na1s core levels in SSN (1074.8 eV) 
and SSC (1074.1 eV) as observed in Figure 10d indicates 
the presence of sodium. Furthermore, electrons from 
the 2s and 2p orbitals of silicon were also comfirmed in 
SSN and SSC, as shown in Figures 10e and 10f. The Si2s 
peak, appearing around 150-160 eV, and the Si2p peak, 
around 102-108 eV (Figures 10e and 10f) [22, 54]. This 
investigation confirms that the digestion process of silica 
beach sand with NaOH successfully produced Na2SiO3 
[55], which also affirms what has been studied using FTIR 
in the previous section. 

A full XPS survey was also performed on the SNPs 
produced from natural and commercial precursors. SNPs 
derived from commercial TEOS (SNPTEHN600) were 
selected for comparison with those from silica beach 
sand, as FTIR analysis revealed similar functional groups, 
while SEM morphology showed uniformly distributed, 
non-agglomerated particles. The full XPS survey showed 
the presence of silicon and oxygen, evidenced by the 
peaks corresponding to the electron core-levels for Si2s, 

 

Figure 10. XPS Scanning Spectra for: full survey of (a) silica beach sand, (b) SSN, (c) SSC, and 
the narrow scan for (d) Na1s, (e) Si2s, (f) Si2p core-level. 

 

Figure 10. XPS Scanning Spectra for: full survey of (a) silica beach sand, (b) SSN, (c) SSC, and the narrow scan for (d) Na1s, (e) Si2s, (f) 
Si2p core-level

 
Figure 11. Full Survey XPS Spectra for (a) SSN and (b) SNPTEHN600. 

 

Figure 11. Full Survey XPS Spectra for (a) SSN and (b) 
SNPTEHN600

Si2p, O1s, OKLL, and C1s. Notably, the Si2p peak at 106.4 eV is 
characteristic of pure SiO2 [56] while the binding energy 
around 535.7 eV is attributed to the electron of O1s [57]. 
The binding energy of O1s is attributed to the siloxane (Si-
O-Si) and silanol (Si-O-H) groups, in agreement with to 
the XPS investigation performed by Tang et al. [58, 59]. 
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4. Conclusion 

This research showed that SNPs using silica beach 
sand as a natural precursor were successfully produced 
through the sol-gel method. FTIR analysis showed that 
the synthesized SNPs have the peak at of  950 cm-1, 
which corresponds to Si-O-Si bonds, which are a typical 
characteristic of the SiO2 quartz phase. XPS analysis 
further confirmed the successful conversion of silica 
beach sand into sodium silicate as well as the formation 
of SNPs comparable to those produced from commercial 
precursors. Additionally, crystal structure analysis by XRD 
analysis confirmed that the diffraction peak at a 2θ angle 
of 22.05° belongs to the silica phase in SNPs. Such results 
were comparable to those reported in previous studies 
on SNPs derived from commercial precursors.  

Microstructural and particle size analysis by SEM show 
that SNPs synthesized from natural silica beach sand 
demonstrated a uniform distribution which is comparable 
to that derived from TEOS, although its average size is 
rather larger than that of particles derived from TEOS. By 
contrast, agglomeration was observed in SNPs obtained 
from commercial sodium silicate precursors.

While the characterization of the synthesized SNPs 
revealed that the obtained results from silica beach 
sand showed promising morphology and properties, 
further development is still required for this approach 
to compete with established SNPs in terms of industrial-
scale production.
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