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Abstract

This study focuses on the synthesis of amorphous silica from geothermal waste using the sol-gel method with oxalic acid, exploring
the impact of pH variation (8 to 13) and the role of microwave heating. Optimal conditions were achieved at pH 8, yielding the highest
silica purity of 96.275% and a recovery of 51.16%. Fourier transform infrared analysis confirmed the silica structure, while XRD results
verified its amorphous nature with minimal crystalline impurities. Microwave heating significantly enhanced process efficiency
by reducing typical carbon residues from gelation. Consistent with previous research, this microwave-assisted approach provides a
quantitative improvement, being 30-48 times faster and using 4-50 times fewer reagents while producing nanoparticles as pure, stable,
and monodisperse as conventional methods. Field-emission scanning electron microscopy analysis revealed uniform spherical particles
under optimal pH, with an average size below 70 nm, whereas extreme pH levels resulted in irregular morphologies. This research

contributes to the sustainable utilization of geothermal waste and provides valuable insights for optimizing silica synthesis in various

industrial applications.
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1 Introduction

The development of amorphous silica (SiO,) materials has
made remarkable strides in material science over the past
few decades. Thanks to its impressive properties, such
as a customizable pore structure, high surface area, and
excellent thermal and chemical stability, silica is an ideal
material for a wide range of industrial and research appli-
cations [1]. The demand for amorphous silica with purity
levels up to 99% is driven by its diverse applications,
which range from a plant micronutrient and carrier in agri-
culture, to an absorber in cosmetics, and a key material for
manufacturing anodes in the energy industry. However, a
key challenge that remains is finding efficient and sustain-
able synthesis methods that can produce high-purity silica
while being environmentally friendly.

The sol-gel method has emerged as a promising tech-
nique, allowing precise control over the hydrolysis and
condensation reactions of silica precursors [2]. In this pro-
cess, the choice of catalyst plays a crucial role in determin-
ing the reaction speed and the quality of the final product.
While strong acids like HCI and H,SO, are typically used
for their efficiency, there is a growing interest in using
weaker organic acids like oxalic acid due to their safety
and sustainability benefits [3].

However, using oxalic acid as a catalyst presents some
challenges. It tends to form stable complexes with transi-
tion metal cations that act as impurities. These complexes
become incorporated into the silica network, and during
calcination, they break down and leave carbon residues,
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making the final silica product less bright and pure [4].
Recent studies by Matinfar and Nychka suggest that con-
trolling the pH in acidic conditions (pH < 7) can help min-
imize this issue by promoting protonation of the carbox-
ylate group [5]. However, there has been limited research
on systems with basic conditions (pH > 7), despite the
potential for producing silica with different and interest-
ing morphological properties.

Innovative processes utilizing microwave radiation
offer an additional solution to address the issue of carbon
residue. The volumetric heating effect caused by dipole-di-
pole interaction not only improves energy efficiency but
also promotes more thorough degradation of organic com-
pounds during the calcination process [6]. Furthermore,
from the perspective of the circular economy, which
encourages the use of alternative silica sources, partic-
ularly from industrial waste, Indonesia, with 40% of the
world's geothermal reserves, holds great potential through
its geothermal slag waste, which contains amorphous sil-
ica with purity reaching 98 wt.% [7, 8].

The role of oxalic acid in sol-gel synthesis has evolved
significantly beyond a simple catalyst, as underscored
by a growing body of recent literature that highlights
its multi-functional capabilities in tailoring the proper-
ties of silica-based materials. While traditionally used
for pH adjustment, oxalic acid is now recognized as a
potent drying control chemical additive (DCCA) and a
complexing agent that directly influences the microstruc-
ture of the final product. For instance, in the synthesis of
sodium silicate based aerogels, oxalic acid was shown to
modulate gelation kinetics and pore structure, yielding
materials with high specific surface areas and low densi-
ties, with its optimal functionality being highly concen-
tration-dependent [4]. Furthermore, its application as a
gelling agent in the extraction of silica from geothermal
waste and beach sand has proven to be an effective and
more environmentally friendly alternative to strong min-
eral acids. This approach not only successfully produces
high-purity silica but also demonstrates advantages in
cost-efficiency and reduced environmental impact [9, 10].

The selection of the pH range of 813 in this reserach
was based on a combination of theoretical rationale and
insights from previous literature that highlighted a signif-
icant knowledge gap. While it is an established consensus
that high-pH conditions generally impair silica purity by
increasing silica solubility and facilitating the precipitation
of metallic impurities [11-13], this study specifically aimed
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to investigate the relatively underexplored oxalate-al-
kali system. The core novelty lies in leveraging the dual
functionality of oxalic acid as a complexing and catalytic
agent within an alkaline sol-gel environment (pH > 7),
an approach rarely documented in previous studies. This
investigation was crucial because recent literature under-
scores the challenges of alkaline synthesis: Mulmeyda et al.
corroborate that extreme alkalinity elevates metallic impu-
rities like Fe,O, [11], Jiang et al. documented the formation
of carbon residues and Si—C bonds at pH > 11 with organic
catalysts [12], and AlMohaimadi et al. revealed that strong
alkalis compromise the stability of metal-impurity com-
plexes [13]. By systematically testing pH 8-13, we sought
to determine the operational window where the complex-
ing power of oxalate could overcome these typical alkaline
drawbacks by integrating the sol-gel method with micro-
wave assistance and the research also aims to determine
how this combination can enhance the quality of products
derived from local geothermal waste.

2 Materials and methods

2.1 Material and characterisation test

Geothermal silica slag was sourced from PT Geo Dipa
Dieng (Central Java, Indonesia). Analytical-grade
reagents like NaOH, oxalic acid and methanol were pur-
chased from Supelco, Germany.

The crystalline structure and phase composition of both
the initial material and the synthesized amorphous sil-
ica were analyzed using X-ray diffraction (XRD) with a
Cu-Ka radiation source on a Panalytical X'Pert 3 Powder
system from Netherlands, operating at 40 kV and 30 mA.
At the same time, the chemical composition of the mate-
rials was assessed using X-ray fluorescence (XRF) on an
Epsilon 4 XRF Spectrometer from Malvern Panalytical,
running at 50 kV and 3 mA from Netherlands.

To identify functional groups and molecular interactions
in the samples, Fourier-transform infrared spectroscopy
(FTIR) was conducted using a Bruker Invenio R spectrom-
eter from Germany. Additionally, the morphological char-
acteristics of the amorphous silica were observed through
field-emission scanning electron microscopy (FESEM) on

a Thermo Scientific Quattro system from US.

2.2 Experimental procedure of geothermal silica slag
synthesis

In the initial stage of synthesis, 5.62 g of geothermal
slag were reacted with 75 mL of a 10% NaOH solution
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in a reactor equipped with a magnetic stirrer. The silica
extraction process was carried out at 100 °C with stirring
at 240 rpm for 3 h, in accordance with the endothermic
reaction equation (AH = +136.4 kJ/mol):

SiO, (s)+2NaOH (agq) — Na,SiO, (aq)+H,0(7) (1)

The resulting sodium silicate solution was then filtered
using Whatman No. 42 filter paper to separate any undis-
solved solid residues. The next step involved titrating the
filtrate with a 5 M oxalic acid solution to control the pH
of the system within the range of 8—13. The resulting sam-
ple is coded according to the pH used during preparation.
Thus, the sample labeled pH 8 refers to the one prepared
at pH 8. This process follows the exothermic reaction
(AH =-294.6 kJ/mol):

3Na,SiO, (aq) +2C,H,0, (aq)

2
— 2NaHC,0, (s)+Si0, (s)+H,0(/) @

The formation of the silica gel was observed during
the titration process. The resulting gel was then separated
by centrifugation at 4000 rpm for 10 min, followed by
repeated washing with a methanol-water solution (10 %v)
until a neutral pH was reached. The gel product was then
dried in an oven at 100 °C for 1 h.

For further optimization, thermal treatment was applied
progressively using microwave heating with increasing
power levels: 200 W (5 min), 400 W (5 min), 600 W (5 min),

and 900 W (5 min). Based on Freitas et al., the micro-
wave-assisted synthesis achieves significant quantitative
enhancements, accelerating the reaction by 30—48 times,
reducing costs by 18-fold, and lowering reagent use by
4-50 times, all while yielding nanoparticles with compara-
ble or superior purity, stability, and monodispersity to those
produced by conventional methods [6]. More details on the
heating mechanism, microwave heating was carried out
using a domestic microwave oven operating at a frequency
of 2.45 GHz with an applied power of 900 W. The treat-
ment was performed on the dried gel to promote uniform
heating and prevent excessive foaming during solvent
evaporation. The duration of exposure was adjusted based
on the desired degree of dehydration and precursor trans-
formation. The final product was comprehensively char-
acterized, including element composition analysis (XRF),
crystal structure (XRD), functional groups (FTIR), and
surface morphology (FESEM), to assess the quality of the
produced amorphous silica material. A brief illustration of
the research procedure is presented in Fig. 1.

3 Results and discussion

3.1 Silica characterization with X-ray fluorescence

The XRF analysis results (Table 1) revealed that SiO, is
the dominant component in all silica samples synthesized
using the oxalic acid-based sol-gel process. The quantita-
tive data show a significant purity level, with the highest
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Fig. 1 Illustration of the preparation of amorphous silica from geothermal slag by sol-gel process
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Table 1 Composition of the silica sample prepared by the oxalic acid-assisted sol-gel method, characterized by XRF

Composition (Yowt)

Oxide Raw

geothermal pH 8 pH9 pH 10 pH 11 pH 12 pH 13
MgO - - - - - - 0.593 £0.540
AlLO, - 0.988 + 1.381 1.128 £ 0.679 0.790+ 0.513 1.271 + 1.003 0.794 + 0.863 0.729 +0.583
Sio, 73.240£0.525  96.275+0.595  95.693+£0.529  95.641 £0.524  94.161 £0.562  76.289+0.540  71.820+0.514
P,O, 0.683+0.0512  0.737+0.0758  0.743+0.0741  0.687 +0.0960  0.564 +0.1087  0.839 +0.0518  0.677 + 0.0870
K20 3.031 £0.612 - - - 0.101 +0.507 0.149 + 1.657 0.230 + 1.036
CaO 1.336 £ 0.564 0.239 + 1.074 0.246 + 0.959 0.323 +£0.818 0.336 +£0.517 0.909 +0.776 1.531 + 0.691
MnO - - - - - - 0.156 +£0.586
Fe,0, 1.589 £ 0.518 0.474 +0.780 0.406 + 0.689 0.489 +0.565 0.611 +0.541 3.728 + 0.653 6.727 £ 0.932
CuO - - - - 0.175 = 1.082 0.339 £ 0.503 0.543 + 1.127
ZnO 0.126 + 1.349 0.942 +0.666 1.140+ 0.504 1.302 +0.628 1.910+ 0.558 11.071 £ 0.552 11.610 + 0.580
PbO 0.137 + 1.551 0.275+0.792 0.508 + 0.639 0.570 + 0.508 0.783 £ 0.563 5.163 +0.526 5.234+0.506
SnO, - - - - - 0.479 £0.976 -
Cl 19.078 £ 0.514 - - - - - -

2

purity reaching 96.27% at pH 8, followed by pH 9 (95.69%)
and pH 10 (95.64%). This pattern suggests that a weakly
alkaline to neutral pH range (pH 8—10) is optimal for pro-
ducing high-purity silica from geothermal raw materi-
als. These findings align with research by Birawidha et
al, which reported that conditions near neutral pH tend to
produce silica particles with high purity and a more uni-
form particle size distribution [7].

The silica purification mechanism in this system
involves the dual role of oxalic acid as both a complexing
agent and a morphology controller. At neutral to weakly
alkaline pH levels, the carboxyl groups of oxalic acid form
stable complexes with metal cations such as Fe?*, Zn*', and
Ca?" [9, 14]. This interaction effectively prevents the incor-
poration of these metal impurities into the silica matrix
during the precipitation process. Additionally, oxalic acid
acts as a reaction rate modulator by selectively binding
with silanol (Si-OH), leading to a more controlled and uni-
form condensation rate. These characteristics explain the
system's ability to produce silica particles with high purity
and well-defined morphology.

The analysis results in Table 1 show a significant
decrease in SiO, content under high pH conditions, with
values reaching 76.28% at pH 12 and 71.82% at pH 13.
This decrease in purity is accompanied by an increase
in heavy metal impurities, such as Fe,O, (6.72%),
ZnO (11.61%), and PbO (5.23%). This phenomenon sug-
gests that strong alkaline conditions disrupt the silica for-
mation process by destabilizing metal ion complexes and
increasing the solubility of silica species in the alkaline
medium. At high pH, metal ions tend to form insoluble

hydroxides, which become incorporated into the silica
gel matrix [15]. The increased levels of Fe, Zn, and Pb
impurities at higher pH can be attributed to the forma-
tion of soluble hydroxo-complexes, such as [Fe(OH),],
[Zn(OH),]", and [Pb(OH),]", which become more stable
in strongly alkaline media. These species remain partially
dissolved rather than precipitating, leading to their incor-
poration or adsorption on the product surface during sub-
sequent processing. Additionally, high pH conditions can
alter the redox potential and surface charge of the system,
promoting the retention of trace metallic species [16].
The fluctuating A1,O, content (0.79%—1.27%) indicates
the stability of aluminosilicate compounds under alkaline
conditions. Meanwhile, the presence of small amounts of
KO suggests the trapping of alkali salts within the silica
structure, particularly at extreme pH levels [17].

Heavy metals like Fe, Zn, and Pb tend to precipitate or
become trapped within the silica gel when the pH exceeds
the isoelectric point of silica (>pH 7-8) [4, 18]. This mech-
anism explains the sharp decline in SiO, purity under
strong alkaline conditions, as these metals precipitate into
the silica matrix. Based on these findings, it is clear that
a pH range of 8-10 is optimal for synthesizing silica with
high purity and minimal impurities. At extreme pH lev-
els (>11), the quality of the product decreases due to vari-
ous impurity incorporation mechanisms. In addition to pH
control, the use of microwave heating in sol-gel synthe-
sis has been shown to improve the pore structure of sil-
ica [19, 20], offering a solution to enhance material char-
acteristics across different pH conditions.
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The experimental data presented in Table 2 reveals the
optimal performance of the silica synthesis process at pH
8. Calculation of silica recovery percentage using initial
geothermal raw silica mass of 5.62 g and initial SiO, com-
position of 73.24% (Table 1). Under these conditions, the
system achieves two important parameters: the highest
SiO, content of 96.27% and the maximum recovery per-
centage of 51.16%. Additionally, within the pH range close
to neutral, the recovery percentage remains relatively
consistent, ranging between 35-40%, with silica purity
around 95%, as shown in Table 2. These values indicate
that a mildly acidic pH environment, which is not too alka-
line, creates ideal conditions for oxalic acid to function as
both a complexing agent and a reaction controller.

The effectiveness of the process at pH 8 can be explained
through the equilibrium reaction mechanism. Oxalic acid
(C,H,0,) reaches its optimal condition, where its carboxyl
groups form stable complexes with metal ion impurities
while maintaining a controlled silica condensation reac-
tion rate. This results in a high-purity product while mini-
mizing material loss during the synthesis process.

The recovery percentage was calculated using the for-
mula shown in Eq. (3).

M?2x%m2

%Recovery:[ Yol
X 7om

} x100% 3)

In this case, % Recovery represents the percentage of
the target element recovery, M1 is the initial sample mass,
% m1 is the initial content percentage of the target ele-
ment, M2 is the final sample mass, and % m?2 is the final
content percentage of the target element.

3.2 Silica characterization with Fourier transform
infrared spectroscopy

The FTIR analysis results shown in Fig. 2 and Table 3
which is summarize of the main band, provide strong evi-
dence of the formation of amorphous silica from geother-
mal waste using the sol-gel method with oxalic acid as a
catalyst. The spectrum reveals characteristic absorption
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Fig. 2 FTIR characterization of silica synthesized using oxalic acid
through sol-gel method

Table 3 Summary of functional groups and their wavenumbers in the
synthesized silica at various pH levels

No Functional Wavenumber (cm™) at various pH

group 8 9 10 11 12 13
1 Si—-OH 3412 3410 3404 3443 3411 3400
2 Si—-OH 1630 1636 1635 1639 1636 1635
3 Si-C - - - 1318 1330 1330
4 Si-O-Si 1062 1061 1060 1062 1061 1060
5 C-H - - - 2879 2900 2980
6 Si-0O 950 951 952 953 951 950
7 Si-O-Si 798 797 799 798 799 798
8 Si-O-Si 469 470 471 469 470 469

bands at 1060 cm™ and 790 cm™, representing the asym-
metric and symmetric stretching vibrations of the Si—O—Si
bond. According to Guo et al, these bands are key indica-
tors of the formation of the three-dimensional siloxane net-
work, which forms the backbone of the silica structure [21].

An additional band around 950 c¢m™, associated with
the silanol (Si—OH) group, shows decreasing inten-
sity as the pH increases. This phenomenon, as reported
by AlMohaimadi et al., suggests that alkaline condi-
tions promote more efficient condensation reactions
between silanol groups, thereby reducing the number of
free silanol groups and enhancing the formation of silox-
ane bridges [13]. A more detailed analysis by Capeletti

Table 2 Calculation of silica recovery obtained from oxalic acid-assisted sol-gel synthesis

No Sample Final mass of the sample (g) Final SiO,% % recovery
1 pH 8 2.19 96.27 £ 0.61 51.16 £ 0.57
2 pH9 2.06 95.69 +0.76 47.83 +0.63
3 pH 10 1.61 95.64 £ 0.64 37.36 +1.02
4 pH 11 1.93 94.16 + 0.59 44.11 +0.51
5 pH 12 1.30 76.28 £0.67 24.06 +0.56
6 pH 13 0.16 71.82 +0.63 2.78 +£0.65




and Zimnoch further supports these findings, showing a
linear correlation between the decrease in silanol band
intensity and the increase in the Si—O-Si/Si—OH ratio,
which serves as an indicator of progress in the conden-
sation reaction [22]. The spectrum also reveals the pres-
ence of water bands at 1630 cm™ (H-O—H bending vibra-
tion) and 3400 cm™' (O—H stretching vibration), indicating
the adsorption of water molecules within the gel pores.
Interestingly, at pH levels above 11, a new band appeared
in the 1318-1330 cm™' range, signaling the formation of
Si—C bonds, as observed by Lee et al. [23]. This band is
likely due to carbon residues from the incomplete degra-
dation of oxalic acid during calcination.

The bands in the 470-525 cm™ range, associated with
Si—O--Si bond vibrations, provide additional insights into
the material's structure. According to Nah et al., the rel-
atively weak intensity of these bands confirms the amor-
phous nature of the silica and offers indications of the degree
of regularity in the gel network [24]. Overall, the FTIR
characterization results suggest that the pH range of 8§-10
is optimal for producing amorphous silica with a well-or-
dered structure and minimal impurities, as also empha-
sized by Yuan et al. and Freitas et al. [6, 25]. Jiang et al.
further note that strict control of both pH and calcination
temperature is crucial to avoid the formation of unwanted
Si—C bonds which usually accompanied with C—H bond in
2800-3000 cm™, particularly when using organic acids as

® NaCl (COD 96-900-6375)

A K(COD 96-900-3135)
°

Amorphous
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catalysts in silica synthesis [12]. Oxalic acid itself serves
a dual function in the synthesis process. As a complexing
agent, oxalic acid coordinates with metal ions (e.g., Si or
other precursors) through its carboxylate groups, regulat-
ing the rate of hydrolysis and condensation reactions. This
controlled complexation minimizes premature gelation
and leads to a more homogeneous network formation.

Meanwhile, as a catalytic agent, oxalic acid promotes
partial proton transfer and facilitates the esterification—
hydrolysis equilibrium, accelerating the polyconden-
sation of silanol groups. The synergistic action of these
two functions results in a silica matrix with enhanced
structural uniformity and reduced defect density.
Consequently, the obtained material exhibits improved
textural and morphological characteristics.

3.3 Silica characterization with X-ray diffraction

The XRD characterization results presented in Fig. 3 and
Table 4, provide acomprehensive overview of the structural
transformation that occurs during the synthesis of silica
from geothermal slag. The diffraction pattern of the initial
material shows clear crystalline characteristics, with sharp
peaks identified as NaCl (e) at 26 positions of 31.6°, 45.4°,
56.4°, 66.2°, 75.2° and 83.9° (COD 96-900-6375), as well
as potassium (A) at 28.3° and 40.5° (COD 96-900-3135),
which complete information on the interpretation
of this XRD can be seen in the Table 4. According

Sample pH 8 Sample pH 9
———— Sample pH 10 Sample pH 11
Sample pH 12 Sample pH 13

Slag Geothermal

Fe (COD 96-901-3473)

VA o o
A A A

Intensity (a.u)

20 |

v

10 30 40

More irregular
amorphous structure

50 60 70 80

206(deg)

Fig. 3 XRD pattern of silica synthesized via oxalic acid-assisted sol-gel method
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Table 4 Summary of phases and corresponding 20 values of silica synthesized via the oxalic acid-assisted sol—gel method

Reference / COD number 26(deg) / hkl

NaCl (96-900-6375) 31.6 (020) 45.4 (022) 56.4 (222) 66.2 (040) 75.2 (042) 83.9 (242)
K (96-900-3135) 28.3 (020) 40.5 (022)

Fe (96-901-3473) 45.4 (011)

Amorphous [27] 20-25 (hump shape)

to Syabani et al., the presence of these alkali-metal com-
pounds is a hallmark of geothermal slag, and their removal
is necessary to obtain silica with high purity [26].

The sol-gel process using oxalic acid as a catalyst suc-
cessfully maintained the initial crystalline structure, keep-
ing it in the amorphous phase, as shown by the flatter and
broader diffraction patterns in the 20°-25° range across all
samples. Faustova and Slizhov explained that this diffraction
pattern is a key characteristic of amorphous silica, where no
sharp peaks are observed, indicating a lack of crystalline
order [27]. However, a more detailed analysis revealed that
under extreme pH conditions (12—13), small peaks around
45-50° became more apparent, corresponding to the Fe pat-
tern (COD 96-901-3473). Mulmeyda et al. linked this phe-
nomenon to the increased solubility of metal ions under
strong alkaline conditions, making their complete elimina-
tion difficult during the washing process [11]. The Fe impu-
rities were detected across all pH variations, but as the pH
approached neutral, the intensity of the peaks decreased.

Several studies have noted that the presence of heavy
metal residues, such as Fe, in the silica matrix often orig-
inates from heavy minerals in the geothermal raw mate-
rial, which are difficult to eliminate through conventional
washing methods [11, 28]. The most optimal diffraction
pattern was observed in the pH range of 8—10, where the
spectrum profile clearly showed the amorphous charac-
teristics without any impurity peaks. These findings are
consistent with the research by Dhaneswara et al., who
stated that neutral pH conditions provide an ideal balance
between hydrolysis and condensation rates, resulting in
amorphous silica with high purity [29].

Interestingly, the spectra at pH 12 and 13 displayed a
lower intensity (shifting hump) of the amorphous hump
compared to other pH levels, suggesting a higher level
of atomic disorder in the silica structure formed [30].
Qualitatively, the broader and lower intensity XRD hump
observed at pH 12 and 13 compared to samples from
pH 8-11 indicates a fundamental difference in their internal
structure. The broader hump in the pH 12 and 13 samples
signifies a higher degree of amorphous, where the atomic
arrangement is more disordered and maintains regularity

only over very short distances. Meanwhile, the lower hump
intensity suggests that this material has a lower density or
a suboptimal degree of condensation in the Si—O-Si net-
work, likely due to higher porosity or a greater abundance
of uncondensed silanol (Si—~OH) groups. In other words,
the samples at pH 12 and 13 are more amorphous and
less dense, whereas the samples from pH 8—11 possess a
slightly more ordered structure (approaching crystallinity
on a very local scale) and are more condensed, as reflected
in their narrower and sharper hump.

Based on the XRD analysis in Fig. 3, all silica samples
synthesized across the pH range of 8 to 13 were predomi-
nantly amorphous. This is evidenced by the low and con-
sistent crystallinity index values, specifically 8.22%, 8.4%,
8.9%, 8.33%, 8.58%, and 7.05%, respectively. These values
were calculated by comparing the integrated area of the
crystalline peaks to the total area of the XRD diffractogram.
The results confirm that over 91% of the formed material
is amorphous silica, aligning with the objective of the sol-
gel synthesis. The minor crystalline peaks observed were
identified as iron impurity phases, consistently appearing
across the entire pH range. This finding indicates that the
measured crystallinity originates not from the silica itself,
but from crystalline iron contaminants potentially derived
from the geothermal waste precursor. In summary, the
XRD characterization results confirm that oxalic acid is
an effective catalyst for producing amorphous silica from
geothermal slag, with the pH range of 8—10 proving to be
optimal for minimizing crystalline impurities and obtain-
ing a homogeneous amorphous structure.

3.4 Silica characterization with field-emission scanning
electron microscopy

Fig. 4 reveals an interesting morphological transformation
in the silica particles synthesized from geothermal waste
using the oxalic acid-based sol-gel method. In the pH range
of 89, SEM micrographs show the formation of spheri-
cal particles with a homogeneous size distribution and
minimal agglomeration. This characteristic reflects a con-
trolled reaction environment, where nucleation and parti-
cle growth occur in balance. However, as the pH shifted
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Fig. 4 SEM micrographs and corresponding particle size distribution histograms of silica synthesized at pH: (a) 8, (b) 9, (c) 10, (d) 11, () 12, and (f) 13

towards alkaline conditions (10—13), there was a dras-
tic change in particle morphology, leading to the devel-
opment of irregular structures with a tendency to form
stacked aggregates and fine fragments. This morphologi-
cal shift indicates an acceleration in the condensation reac-
tion kinetics in the strong alkaline medium, as explained
by Widiyandari et al., where high pH conditions promote
the uncontrolled growth of anisotropic particles [31].
Several key factors have been identified as influencing
the morphological evolution of the silica particles. One of
these is the dynamics of the chemical reaction. According
to Faustova and Slizhov, an exponential increase in
pH speeds up the hydrolysis and condensation stages of the
silica precursor, which shortens the optimal time needed
to form spherical particles [27]. Due to the complexation
effect of oxalic acid, it acts as both a catalyst and a com-
plexing agent for transition metal ions (Fe, Al, Ca) from
the geothermal raw materials. This complexation process
helps prevent the formation of secondary particles that
could disrupt the primary nucleation. Additionally, from a
mechanical processing standpoint, a study by Petsong et al.
confirmed that the uniformity of stirring significantly
impacts the final particle size and pore distribution, with
more intensive stirring leading to smaller, more spherical
particles [32]. Quantitative analysis using ImageJ software

on the SEM micrographs revealed that the dominant par-
ticle size distribution was below 70 nm at the optimal
pH range (8-10), indicating the formation of nanosilica
with a relatively controlled and uniform morphology.

Based on Fig. 5, the darker color of the final silica prod-
uct became more intense at higher pH levels, correlating
with the transition metal residues (Fe, Zn, Mn, Pb) incor-
porated during the rapid condensation process in the alka-
line medium. Kunc et al. explained that under extreme
alkaline conditions, the excessively fast reaction kinetics
hinder the purification of metal ions through conventional
washing mechanisms [33]. These results comprehensively
indicate that the pH range of 8—10 creates the ideal condi-
tions for synthesizing spherical nanosilica with a narrow
particle size distribution.

The role of oxalic acid as a morphology modulator is sig-
nificantly impactful through the metal complexation mech-
anism. This finding aligns with the fundamental principles
of colloidal particle formation in sol-gel systems, while
also providing operational guidance for synthesizing silica
materials based on geothermal resources. Also compared
with other weak-acid systems commonly employed in sol—
gel synthesis, such as citric acid and acetic acid [29, 34],
oxalic acid exhibits a stronger chelating capability due to its
bidentate carboxylate groups and relatively higher acidity
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darker

Fig. 5 Visual color change of the samples across pH 8 to 13

(pKa1 = 1.25). While citric acid provides mild complexation
and promotes gradual gelation, oxalic acid enables tighter
coordination with metal centers, leading to better control
over hydrolysis and condensation rates. In contrast, acetic
acid being weaker and monocarboxylic acts primarily as a
pH adjuster rather than a true complexing agent. These dif-
ferences explain why the oxalic acid system yields a more
uniform silica network with fewer structural defects and
enhanced textural stability.

4 Conclusions

This study successfully developed a method for producing
high-purity amorphous silica from geothermal waste using
an oxalic acid-assisted sol-gel process. Under the opti-
mized condition of pH 8§, the synthesized silica achieved
a purity of 96.3% and a recovery yield of 51%, confirm-
ing the efficiency of this route. These quantitative results
demonstrate that the use of oxalic acid not only improves
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