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Abstract

Mesoporous silica was successfully extracted from coal fly ash using the sol-gel method at optimum temperature and stirring speed.
To optimize conditions for silica extraction the temperature response and stirring speed were analyzed using Design-Expert software
with a central composite design under response surface methodology. The study yielded optimal conditions at 80 °C and 260 rpm.
The ideal response under these circumstances yielded 7.8% coal fly ash silica (SCFA). Fourier transform infrared spectroscopy analysis
results showed that the SCFA had a wavelength of specific silica compounds at 1013 cm™, which is the result of intermittent strain
vibrations caused by Si-O-Si. Surface analysis by scanning electron microscope - energy dispersive X-ray spectroscopy reveals that
the SCFA material has a relatively rough, porous surface, dominated by silicon and aluminum. The SCFA is a mesoporous material
with a large surface area of 223 m?%/g , a total pore volume of 0.45 cm3/g and an average pore diameter of 7.8-8.1 nm. Overall,
the characterization results indicate that SCFA has a large surface area, a stable mesoporous structure and a chemical composition
dominated by SiO, (93.35%). These characteristics make the material a promising candidate for use as a metal adsorbent, catalyst

media and functional material in field environments and industries.
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1 Introduction
Coal fly ash (CFA) is a byproduct of the pulverized coal
combustion process in thermoelectric power plants. Only
about 5% of CFA is recycled in the cement and construction
industries. Due to its high silicon and aluminum content,
CFA represents a valuable secondary resource of pure sil-
ica and alumina. Silica has high economic value due to its
widespread use in various industrial applications, includ-
ing as catalysts and catalyst supports, pigments, electronic
substrates, thin-film substrates, electrical and thermal
insulators, exhaust gas filters and adsorbents [1, 2].
Pollution from CFA has a negative impact; however, fly
ash derived from coal contains high levels of silica, alu-
mina and iron, which are also commonly present in fly
ash after combustion. Over the last decade, technological
advancements in nanotechnology and the development of
nanoparticles have enabled the creation of applications in
various fields, including catalysis, drug delivery, medi-
cine and other chemical industries. However, nanoparticle

synthesis requires expensive precursor materials and
sophisticated instruments, making the final nanoparticles
very expensive. Therefore, nanotechnology utilizes waste
materials, including agricultural waste (such as bagasse
and rice husk ash) and industrial waste (such as geother-
mal waste, red mud and fly ash), as inexpensive precursors.

The synthesis of nanoparticles from agricultural waste
or industrial waste can help minimize solid waste as a
source of pollution. One precursor for synthesizing silica,
alumina, and iron nanoparticles is fly ash. Fly ash is a rich
source of silica (40—60%), alumina (20—40%), iron (5—-15%)
and calcium (0.5-15%), depending on the type of coal used,
its geographic origin and the operating conditions for coal
combustion in thermal power plants [3]. One source of sil-
ica that can be utilized is CFA waste. The silica derived
from CFA has potential as a hydrogen storage material
because its pore diameter exceeds 0.7 nm. It can reach a
purity of up to 87%, and it demonstrates excellent thermal
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stability, especially between 120-300 °C; therefore, it
could serve as a catalyst in the hydrogen adsorption-de-
sorption process with magnesium [4].

Generally, SiO, can be obtained from both inorganic
and organic materials. SiO, is chemically stable, insoluble
in water, and resistant to high temperatures. Mesoporous
silica nanoparticles can be produced from sodium silicate
precursors extracted from coal fly ash through a direct
alkaline leaching (DAL) process consisting of a one-step
element extraction from fly ash using NaOH. Silica is a
mineral compound composed primarily of silicon oxide.
Silica is widely used in various industrial applications,
including catalysts, pigments, pharmaceuticals, elec-
tronics, thin films, heat insulators and humidity sensors.
Natural silica from biomass can be used to catalyze MgH..
The characteristics of hydrogen storage, such as tempera-
ture and desorption time, have been enhanced by simul-
taneously employing nickel and silica as dual catalysts.
Nickel and silicon oxide catalysts were used to reduce the
operating temperature of MgH, [5, 6].

Some typical silica syntheses employ chemical meth-
ods, including sol-gel, microemulsion and hydrothermal/
solvothermal routes. However, the most commonly used
method is the sol-gel process. This method is considered
more effective for producing silica products with high
purity and homogeneity, and it allows control over pore
size and distribution [7]. The sol-gel technique is rela-
tively low-cost, operates mild reaction conditions, and
offers flexibility in tailoring the composition and struc-
ture of silica-based materials [8].

Pure silica (<90% purity) is produced through solid-lig-
uid extraction followed by leaching, a diffusion-based puri-
fication process influenced by factors such as particle size,
solvent type, temperature, and stirring speed [9]. In this
study, the optimization of operating temperature and stir-
ring speed will be conducted to achieve silica purity.

The silica production process typically involves treating
the ash with NaOH under reflux conditions, then centrifug-
ing and precipitating with HCI. The pH of the solution sig-
nificantly affects the SiO, content obtained, with the high-
est results observed at pH 10 [10]. Pretreatment with acid
solutions is also widely applied to remove impurities before
mixing with NaOH and heating, producing sodium silicate
with the main chemical composition of SiO,, Al,O,, CaO,
and Fe, O, [11]. Another method involves treating a mixture
of CFA and CaCO, at high temperature (1200 °C) before
acid treatment with HCI, which shows that acid concentra-
tion, temperature and time influence Si recovery [12].

Spectroscopic analysis, various hydrothermal, alka-
line digestion strategies and response surface methodol-
ogy (RSM) have been applied in previous studies to extract
Si and Al from coal fly ash and agricultural wastes, reveal-
ing the strong influence of parameters such as temperature,
NaOH concentration and reaction time on silica recovery and
subsequent material synthesis [13]. These works consistently
demonstrate that temperature is the most dominant factor
governing silica extraction efficiency, followed by alkaline
concentration and processing duration, with optimized con-
ditions enabling successful conversion of extracted species
into high-value products such as zeolites [14].

RSM is an essential tool for process optimization
because it provides insights into how factors like tem-
perature and solvent-to-solid ratio influence extraction
yield [11]. RSM was used in this study to build a predic-
tion model that would maximize the extraction proce-
dure. To model and optimize silica extraction from CFA,
this study combines a hydrodynamic parameter (stir-
ring speed) with citric acid as a green pretreatment agent.
Therefore, this work aims to model and optimize the silica
extraction process using temperature and stirring speed as
key variables, and characterize the purified silica obtained
under the optimized conditions.

2 Materials and methods

2.1 Material

The CFA sample was obtained from the Tarahan Steam
Power Plant, Lampung, Indonesia. Sodium hydrox-
ide (analysis-grade pellets) was obtained from Merck
(Darmstadt, Germany). Hydrochloric acid (37% purity,
analytical reagent grade) was supplied by Smart-Lab,
Tangerang, Indonesia. Citric acid (Wako Pure Chemicals

Industries, Ltd., Tokyo, Japan) and distilled water were used.

2.2 Sample preparation

The sample used in this study was CFA waste with a particle
size of 0.15 mm. The sieved particles were dried at 100 °C for
105 min. The pretreatment process was initiated by mixing
20 g of sieved CFA with 80 mL of 20% citric acid solution,
corresponding to a solid-to-acid volume ratio 1:4. The mix-
ture was stirred until a homogeneous slurry was formed,
after which it was filtered and thoroughly washed with dis-
tilled water until the filtrate reached a pH comparable to
that of the initial distilled water, indicating the removal of
residual acid. The washed solids were then dried in an oven
at 60 °C until a constant mass was achieved, confirming
the completion of moisture removal [9]. The acid-treated



CFA was subsequently subjected to silica extraction using
the sol-gel method to isolate the silica fraction. In the
sol-gel process, the sample (20 g) was reacted with 2 M
NaOH (80 mL) (mass to volume ratio 1:4) and stirred with
a magnetic stirrer at a specified temperature and stirring
speed. The filtrate obtained was dripped with 1 M HCl until
a gel was formed, and the resulting colloidal gel was left for
18 h. The next step was washing with demineralized water
and drying at 60 °C for 18 h. The yield of the product rela-
tive to the silica leached from the leaching process was then
determined using Eq. (1). In this study, the silica yield was
defined as the mass of extracted silica relative to the mass
of the acid-treated CFA.

mass of silica(g)

yield = x100% )

mass of sample(g)

2.3 Experimental setup for optimizing the extraction
The silica yield in the sol-gel extraction process can be
increased by controlling the stirring speed and the oper-
ating temperature. This study employed two factors:
stirring speed (200—400 rpm) and operating tempera-
ture (60—80 °C), to optimize silica extraction. The exper-
iment was conducted according to the settings outlined
in Table 1, utilizing Design-Expert 13.0.5.0 software
(Stat-Ease, Inc.). The results of the software analysis were
used to determine the optimal response for producing sil-
ica from coal fly ash.

Silica was extracted from CFA using the sol-gel method.
The CFA samples after the pretreatment stage were
extracted with 2 M NaOH at a feed-to-solvent ratio 1:4,
with stirring speed and operating temperature deter-
mined using a central composite design (CCD) with RSM.
Table 2 presents the CCD experimental setup designed
using Design-Expert software. The experiment was con-
ducted in 12 runs, and the software was used to analyze
the experimental response using ANOVA based on p-val-
ues at a 95% confidence level.

2.4 Validation experiment
Validation experiments were conducted to validate the opti-
mal conditions suggested by the Design-Expert software.

Table 1 Ranges for factorial analysis

Range
Factor
Low level High level
Mixing speed (rpm) 200 400
Temperature (°C) 60 80
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Table 2 Experimental design settings with Design-Expert software

Run Factor 1 Factor 2
A stirring speed (rpm) B: temperature (°C)
1 400 80
2 300 70
3 300 84
4 300 70
5 200 80
6 300 55
7 441 70
8 200 60
9 400 60
10 158 70
11 300 70
12 300 70

The criteria for selecting optimal conditions included stir-
ring speed and operating temperature to maximize silica
extract yield. Optimal experimental conditions are those
that produce the maximum yield and the highest

2.5 Characterization methods

Products are characterized using the following methods:
Fourier transform infrared spectroscopy (FTIR; 670 Plus
spectrophotometer, JASCO, Tokyo, Japan); scanning elec-
tron microscope - energy dispersive X-ray spectroscopy
(SEM-EDS; VE-9800 SEM, Keyence, Osaka, Japan, and
EDAX Genesis, Ametek, NJ, USA); X-ray diffractome-
try (XRD; Ultima 1V, Rigaku, Tokyo, Japan; X-Ray flu-
orescence (XRF; ZSX Primus II, Rigaku, Tokyo, Japan)
and low temperature nitrogen adsorption adsorption
(Micromeritics Tristar II Plus; Micromeritics Instrument
Corp; Norcross; USA) analysis.

3 Results and discussion

In this study, 12 experiments were conducted to investigate
silica extraction from coal fly ash, and the producing of
silica from coal fly ash (SCFA) using different factor com-
binations. The silica extraction process uses the sol-gel
method using an alkaline solution. Silica is highly soluble
in solutions with a pH greater than 10. Acidification is also
required in the production of silica gel. This method has
several advantages, including being cheaper and less envi-
ronmentally harmful than quartz melting techniques [15].
At the beginning of the experiment, the CFA sample
underwent a leaching stage with citric acid to dissolve
metal oxides and organic impurities, producing high-pu-
rity silica. The H' ions from the acid bind with oxygen
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from the metal oxide that has previously been separated.
The reaction mechanism during the leaching stage involv-
ing the oxide compound is shown in Eq. (2). The letter X
in the reaction equation indicates the metal element pres-
ent in the sample, for example, iron.

C,H,0, ((th)+X203 - X, (C6H207)+3H20 2

The acid-leached sample appears lighter in color than
the initial sample (Fig. 1(a)). This may be due to the release
of impurities, such as metal oxides, from the sample during
the leaching process [16].

Inthenextstageofsilicarecovery, twostepsare employed:
the formation of a sodium silicate sol using NaOH in the
first stage, followed by gelation with HCI. In the first stage,
NaOH is used to dissolve the silica compound by stirring
it into a sodium silicate compound, as shown in Eq. (3).
In this study variations in stirring speed and temperature
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Fig. 1 (a) Comparison of predicted data distribution versus actual silica

yield response data; (b) 3D diagram of the surface response showing
the interaction between factors (stirring rate and temperature) and the
response (silica yield)

were conducted to determine the effects on the character-
istics of the results obtained during the characterization
stage, specifically the chemical bonds that form.

Si0, +2NaOH — Na,SiO, +H,0 3)

The sodium silicate precursor formed is then used in
the second stage, namely in the gelation process, to reform
the SiO, compound. The stages in this process are conden-
sation to form silicic acid, Si(OH),, into cyclic oligomers,
which then polymerize into a three-dimensional structure.
The sodium silicate precursor was aged for 24 h, and a
silica precipitate formed. This precipitation process is a
condensation event, and the formation of silica gel parti-
cles [17]. During aging, the colloidal particles will form
a transparent precipitate. The reactions that occur in the
second process are shown in Eq. (4)-(5) [18].

Na,SiO, +2HCIl+H,0 — Si(OH), +2NaCl @)
n[Si(OH), +(OH),Si | >n[=0-8i-0=]+2nH,0 (5

Experiments were conducted to determine the optimal
point by varying the stirring speed and operating tem-
perature factors. The response of silica yield values to the
given factors are shown in Table 3.

3.1 Analysis of variance

3.1.1 Response surface methodology model
development and analysis of variance

The analysis of variance (ANOVA) summary for the sil-
ica yield is presented in Table 4. In the ANOVA table, the
degree of freedom (df) indicates the number of indepen-
dent contributions of each factor to the variation in silica
yield. The model df reflects the inclusion of temperature,

Table 3 Analysis results of silica extraction using the sol-gel method

lj"ac.tor ! Factor2 Response yield
No A stirring speed B: temperature %)
(rpm) O
1 400 80 6.10
2 300 70 6.36
3 300 84 7.32
4 300 70 5.95
5 200 80 6.99
6 300 55 4.61
7 441 70 5.23
8 200 60 4.57
9 400 60 5.15
10 158 70 5.19
11 300 70 5.95
12 300 70 6.36
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Table 4 ANOVA analysis for silica yield

Source Sum of squares df Mean square F-value p-value Annotation
Model 8.32 5 1.66 41.44 0.0001 Significant
A-stirring speed 0.01 1 0.01 0.18 0.6844

B-temperature 6.50 1 6.50 162.03 <0.0001

AB 0.55 1 0.55 13.60 0.0102

A? 1.26 1 1.26 31.29 0.0014

B? 0.03 1 0.03 0.70 0.4343

Residual 0.24 6 0.04

Lack of Fit 0.07 3 0.02 0.4110 0.7578 Not significant
Pure Error 0.17 3 0.06

total corrected sum of squares 8.56 11

stirring speed, their interaction and quadratic terms, while
the residual df represents the experimental error obtained
from replicated runs. The p-value for the resulting model
is 0.0001; a p-value less than 0.05 indicates that the model
is significant. The correlation coefficient (R?) value for the
silica yield response is 0.9719, indicating that the model
is acceptable and can represent the existing process [19].
The R? is a measure of the strength of the linear relation-
ship between two variables. An R? value approaching —1
or +1 indicates a strong relationship between the two vari-
ables, and an R? value approaching 0 indicates a weak
relationship between the two variables [20].

The ANOVA results for silica yield (Table 4) indicate that
the quadratic model is statistically significant (p < 0.0001)
and that the lack-of-fit is non-significant (p = 0.4110), con-
firming the adequacy of the model for process optimiza-
tion. Temperature (A), the interaction between temperature
and stirring speed (AB), and the quadratic term of tempera-
ture (A?) were identified as significant factors (p < 0.05),
highlighting the dominant role of thermal effects and
hydrodynamic interactions in controlling silica leaching.

Temperature had a significantly higher F-value than
stirring speed in the ANOVA data, suggesting that it is
the primary factor affecting silica yield during extraction.
Although the stirring speed's low F-value indicates a small
direct effect, its strong interaction with temperature shows
thathydrodynamic conditions still affect process efficiency.
These findings show that stirring speed has a secondary
but complementary function in silica extraction, which is
largely controlled by heat factors. The strong influence of
temperature is attributed to enhanced dissolution kinet-
ics; at the same time, increased stirring speed improves
mass transfer between the solid and liquid phases, thereby
increasing silica extraction efficiency.

3.1.2 Interaction plots and response surface analysis
Fig. 1(a) illustrates that the actual data align with the pre-
dicted data, enabling analysis of the two-factor test results.
The x-axis in Fig. 1(a) shows the actual data in the study,
and the y-axis represents the predicted data in the appli-
cation. In the distribution of silica yield response data, the
points approach a linear line, indicating that the actual and
predicted data do not differ significantly.

Fig. 1(b) illustrates the combined effect of temperature
and stirring speed on silica yield, where ANOVA results
identify temperature as the most influential parameter.
At a constant stirring speed of 200 rpm, increasing the
temperature leads to a higher silica yield. Higher tempera-
tures enhance solubility and molecular mobility, allowing
solvent molecules to penetrate the material matrix more
effectively and promote target compound dissolution.
Consequently, accelerated diffusion from the solid phase
to the solvent increases the overall extraction rate [20].
Excessively low temperatures limit ion mobility and sol-
vent penetration, whereas higher temperatures promote
more effective disruption of the aluminosilicate matrix,
thereby facilitating silica [22].

Numerical optimization using a CCD-based RSM model
identified optimal conditions of 80 °C and 260 rpm, yield-
ing a silica yield of 7.3%. This result is comparable to the
approximately 7% yield reported in previous studies using
alkaline extraction with 4 M NaOH under microwave irra-
diation at 10% power for 6 min [14]. Model validation con-
firmed good agreement between predicted and experimen-
tal values, with an accuracy exceeding 98%, demonstrating
the reliability of the proposed RSM model (Table 5). Model
validity was evaluated by comparing the predicted value
with the average of three replicate experimental results
obtained under optimal conditions [23].
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Table 5 Results of validation experiment accuracy on silica yield values

Parameter Lowest prediction Prediction

Highest prediction  Verification results

Difference Accuracy

Yield (%) 6.6389 7.0800

7.52095

7.37254 0.29254 96.03%

3.2 Characterization of silica coal fly ash
3.2.1 Fourier transform infrared analysis for functional
group identification

The silica coal fly ash (SCFA) solid material obtained
from the CFA extraction was characterized to iden-
tify the compounds successfully extracted. Fig. 2 shows
the FTIR spectra of CFA and SCFA. The less clear CFA
spectrum indicates that the silica structure is not yet dom-
inant or is mixed with crystalline phases. The FTIR spec-
tra of SCFA measurements were performed over the range
of 4000-300 cm™ to identify specific silica compounds.
Theband at432.03 cm ' is the vibration network of O—Si—O,
while the band at 783 cm™ is the symmetric stretching
vibration of Si—O-Si [24]. The bands at 541 c¢cm™ and
675 cm™' represent the bending vibration of Si—O [25].

The specific FTIR signal of silica particles was found

at 1012 cm™, which is the result of intermittent stretching
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Fig. 2 FTIR spectra of (a) coal fly ash (CFA) and
(b) silica coal fly ash (SCFA)

vibrations caused by Si—O—Si. The stretching vibration of
the O—H bond of the silanol Si—OH group, caused by H,O
molecules adsorbed on the silica surface, gives rise to
the band observed at 3376 cm™'. The SCFA spectra pro-
duce stronger peaks than the CFA spectra, indicating a
greater presence of surface —OH groups. This shows that
the silica surface (Si—OH, silanol) is formed after leach-
ing and extraction. Bending vibration of the O—H bond
of the Si—OH silanol group gives rise to a vibration band
at 1632 cm'; this is not clearly visible in CFA [26].

3.2.2 Crystallinity of silica coal fly ash

The XRD patterns were collected using Cu Ka radiation
(A=1.540 A), at 40 kV and 20 mA, over a 20 range of 10°
to 90°, to determine the crystal structure of the CFA mate-
rial. Fig. 3 shows the difference in crystal phase of CFA
and SCFA samples. Analysis of CFA samples reveals the
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Fig. 3 XRD patterns of (a) coal fly ash (CFA) and
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presence of anhydrite (CaSO,), mullite (AlSi,O,,) and
quartz (SiO,), which are the crystal phases that make up
the CFA sample. The diffraction pattern of the SCFA sam-
ple shows a broad diffraction peak centered at diffraction
angle 26 approximately 22°, which is characteristic of an
amorphous structure [27]. The figure shows a broad peak
at approximately 22°, indicating the abundance of amor-
phous silica in the matrix. The obtained SCFA particles
were confirmed to be amorphous silica, as evidenced by
their broad diffraction peaks [28].

The presence of a broad, diffuse peak centered
at 20°-30°, with a maximum at 20 =~ 22° indicates the
characteristic amorphous nature of silica. Similar XRD
patterns have been reported in previous studies employ-
ing acid reflux processes, in which the complete removal
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of crystalline phases originating from active coal fly ash
led to the appearance of a broad amorphous phase [29].
The present results still show minor aluminosilicate peaks
(sodium aluminum silicate and sodalite), indicating their
partial susceptibility to acid leaching.

3.2.3 Scanning electron microscopic analysis

SEM analysis was conducted to assess the success of
the extraction process by examining surface differences
between CFA and SCFA. The images were acquired at
an accelerating voltage of 10 kV in secondary electron
mode, with a magnificationof 5,000x. Fig. 4(a) shows
the SEM image of CFA in the form of small and aggre-
gated, with no regular shape, and with parts shaped almost
round. The surface particles appear rough and porous,
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suggesting a potentially large surface area (suitable for
the SCFA parti-
cles (Fig. 4(b)) exhibit larger, angular morphologies with

adsorbents/catalysts). In contrast,
a more compact and granular surface texture. The appear-
ance of surface hollows and fractures indicates significant
structural modification induced by the extraction pro-
cess, reflecting the removal of loosely bound phases and
changes in particle integrity.

The elemental composition of CFA and SCFA samples
was further examined using elemental mapping images
(Figs. 4(c) and 4(d)), which confirm the dominance of O,
Si, and Al, consistent with an aluminosilicate-based mate-
rial. The corresponding elemental mapping images reveal
that Si and O are broadly distributed across the observed
areas, supporting the formation of a silica-rich matrix
after extraction. Minor elements such as Al, Ti and Fe
are detected with localized distributions, indicating their
presence as residual phases rather than major constituents
of the SCFA tructure. Based on FTIR, XRD and SEM-
EDS-mapping analyses the SCFA material is amorphous
silica, making it suitable for use as an adsorbent.

3.2.4 Composition of coal fly ash and silica coal fly ash

The results of the comparative EDS analysis for CFA
and SCFA, as shown in Figs. 4(e) and 4(f), indicate that
the CFA sample contains the dominant elements Si and
Al, as well as minor elements Fe, Ca, Ti and Sc. The com-
position is complex, with an oxide mixture of SiO,
and Al.Os, indicating its characteristic nature. Typically
fly ash is rich in silica and alumina with metallic impuri-
ties (Fe, Ti). The SCFA sample shows that the dominant
elements are Si (29.65%) and O (28.63%). The presence
of Si and O components reaches almost 60%, indicating
the existence of dominant SiO,. The Al content declines
from 16% to 6%, and minor elements (Fe, Ca, Ti and Sc)
are almost depleted, indicating successful purification of
silica (Table 6). The oxide composition was determined
by XRF and reported as oxide weight percentages (wt.%).

Table 6 XRF analysis of oxide composition (wt.%) in CFA and
SCFA materials

Oxide Quantity (%)

CFA SCFA
AlLO, 19.03 4.67
Sio, 53.14 93.35
K,0 1.11 0.36
CaO 8.93 0.34
Fe,0, 11.56 0.13

XRF analyzed the purity of the silica in the SCFA mate-
rial. It reveals that SiO, is the primary component of
SCFA, with other components serving as impurities. This
indicates that the optimal conditions of the RSM analysis,
as determined in the silica extraction process from CFA,
yield silica purity above 90%.

In this study, process optimization using a 30-min
extraction at 80 °C and a stirring speed of 260 rpm yielded
silica with a purity of 93.35%. This performance surpasses
that reported in prior work, where a 4 h contact time pro-
duced silica with a purity of only 87%, and another study
in which a 2 h extraction resulted in 72% purity [4]. These
findings highlight the effectiveness of employing citric
acid during the pretreatment stage and demonstrate the
significant enhancement in silica extraction efficiency
achieved through process optimization using RSM.

3.2.5 Low temperature nitrogen adsorption analysis
The surface area analysis of SCFA was conducted to eval-
uate the solid surface capacity to adsorb gas molecules.
According to the Brunauer—-Emmett-Teller (BET) the-
ory, N, molecules can be adsorbed in multiple layers on
the surface of porous materials. The adsorption-desorption
behavior of N, can therefore be used to identify the type of
adsorption isotherm exhibited by the material [30]. The N,
adsorption-desorption isotherms of CFA and SCFA are pre-
sented in Figs. 5(a) and 5(b), respectively. The results indicate
that SCFA exhibits a significantly higher adsorbed volume
(~293 cm® STP/g) compared to CFA (15.31 cm? STP/g) [30].

The CFA adsorption—desorption isotherms (Fig. 5(a))
exhibits a low adsorption volume (~14 ¢cm? STP/g) with
a gradual increase at low relative pressures and a sharp
rise at higher relative pressure P/P,, indicating limited
mesoporosity and moderate surface area. In contrast,
the SCFA isotherm (Fig. 5(b)) shows a pronounced adsorp-
tion increase and a clear hysteresis loop characteristic of a
Type IV isotherm, confirming the presence of mesoporous
structures with pore sizes in the range of 2—-50 nm. The dis-
tinct hysteresis observed for SCFA suggests improved
pore development and an amorphous mesoporous struc-
ture compared to CFA [31].

The SCFA materials have a BET surface area of 223
m?/g. This indicates that SCFA has a large, specific sur-
face area, suggesting potential as a suitable material for
applications such as adsorbents, catalysts, or absorbents.
The total pore volume of 0.453 cm?/yg is relatively high,
indicating that the material has significant space within
its structure. The average pore diameters obtained from
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adsorption and desorption data using the 4V/A BET method
(where V represents the total pore volume obtained from
the nitrogen adsorption data and A represents the BET
specific surface area, assuming cylindrical pore geome-
try) were 8.1 and 7.9 nm, respectively, which fall within
the mesoporous size range.

The N, adsorption-desorption isotherms of CFA
(Fig. 5(a)) exhibits transitional behavior between Type 11
and Type IV, characterized by a limited hysteresis loop and
a pronounced uptake at high relative pressures, indicat-
ing the coexistence of mesoporous features and multilayer
adsorption effects. In contrast, the SCFA sample (Fig. 5(b))
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exhibits a more distinct (Type IV) isotherm with a clearer
hysteresis loop. The SCFA sample shows a markedly higher
adsorbed volume over the entire relative pressure range,
which is consistent with its higher surface area and pore
volume. These textural characteristics suggest improved
accessibility of internal surfaces, making SCFA particu-
larly suitable for applications involving adsorption, cataly-
sis, and diffusion of relatively large molecules.

As shown in Table 7 [4, 11, 13, 32], the acid pretreat-
ment strategy significantly affects the texture and purity
of sol-gel derived silica from coal fly ash. Compared to
the HCI based pretreatments reported in the literature cit-
ric acid pretreatment in this study produces silica with
high purity while preserving a good balance of surface
area, pore volume, and mesoporous pore size. This finding
shows that citric acid is an effective and competitive pre-
treatment agent for producing high-quality CFA-derived
silica without the need for strong mineral acids.

4 Conclusions
Silica extraction from coal fly ash was effectively optimized
using response surface methodology, with optimal condi-
tions identified as an operating temperature of 80 °C, a stir-
ring speed of 260 rpm, and a mass-to-volume ratio of 1:4,
yielding a silica yield 7.37%. The extracted silica exhibited
a mesoporous structure, as confirmed by SEM and BET
analyses, with a high specific surface area (=223 m?/g),
a pore volume of 0.45 cm®g, and an average pore diame-
ter of 7.8-8.1 nm, indicating its suitability as a functional
porous material. This study demonstrates the potential to
valorize coal fly ash into value-added silica under mild
operating conditions and with citric acid-assisted pretreat-
ment, supporting environmentally responsible waste man-
agement. The primary methodological outcome demon-
strates that RSM effectively minimizes process time and
energy consumption while optimizing extraction efficiency.
Analysis results, as determined by Elemental map-
ping and XRF, show that the material is dominated by
the elements Silicon (Si) and Aluminum (Al), which are
components of the main SCFAs, namely silica (SiO,) and

Table 7 Textural comparison of sol-gel silica based on low temperature N, adsorption

Pretreatment agent Surface area (m?/g) Pore volume (cm?/g) Pore diameter (nm) Purity (%) Reference
Citric acid 223 0.45 8.1 93 This work
HCI 497 0.49 3.1 - [11]
HCI 290 0.40 233 87 [4]
HCI 225 0.43 5.8 98 [13]
HCI 110 0.38 22 - [32]
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aluminosilicate. The presence of other elements, such
as Ca, Fe, and S, in small amounts indicates the existence
of mineral residue from the CFA sample. Silica, with its
dominance in quality, offers good structural and chemi-
cal properties, including a mesoporous structure, making
SCFA a promising functional porous material for contin-
ued applications.
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