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ABSTRACT

Silica xerogel derived from fly ash was synthesized and subsequently functionalized with ethylenediamine (EDA)
and cupric ions (Cu?") to produce a renewable hybrid adsorbent (SiO2@NH>—Cu) aimed at enhancing heavy metal
removal from aqueous systems. The integrated process — comprising acid leaching, alkaline extraction, sol-gel ge-
lation, and sequential organic/metal functionalization — successfully transformed crystalline fly ash into a high-pu-
rity amorphous silica framework. Acid activation increased the SiO: content from 32.867 to 46.016 mg/kg, while
the final xerogel achieved 71.053 mg/kg, confirming efficient impurity removal and silica enrichment. Fourier
transform infrared (FTIR) analysis verified the incorporation of -NHz and —~CH: groups, while energy dispersive
X-ray spectroscopy (EDS) revealed 0.46 wt% Cu, indicating effective metal anchoring onto the amine-functional-
ized silica surface. Textural analysis showed a mesoporous architecture with a surface area of 77.42 m?/g, a pore
volume of 0.3894 cm?/g, and an average pore diameter of 16.09 nm, demonstrating substantial pore expansion
following functionalization. Field emission scanning electron microscopy (FESEM) imaging further revealed uni-
form morphology and homogeneous Cu distribution. An artificial neural network (ANN) model was developed to
predict adsorption performance based on structural and surface chemistry parameters, including pore size, -NHa
group density, and Cu loading. Sensitivity analysis confirmed these parameters as the dominant contributors to
adsorption efficiency. The combined experimental-computational approach highlights the synergistic role of EDA
and Cu?' in enhancing surface reactivity, establishing SiO@NH2>—Cu as a promising low-cost, sustainable adsor-
bent for wastewater treatment and related environmental applications.
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INTRODUCTION

The rapid growth of global industrialization
has inevitably increased the generation of solid
waste, including fly ash, which is the residue pro-
duced from coal combustion in thermal power
plants. Improper handling of fly ash poses sig-
nificant risks to both the environment and pub-
lic health, due to its fine particle size, mobility,
and potential for toxic metal leaching (Owoeye
et al., 2020; Wang et al., 2015). In the context
of global efforts to reduce carbon emissions and
achieve carbon neutrality, developing effective
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and sustainable fly ash management strategies is
imperative (Yang et al., 2024).

Traditionally, fly ash has been utilized in the
production of bricks, cement, and concrete, as
well as in agriculture to improve soil structure
(Lewinska et al., 2024). However, the majority of
fly ash remains underutilized and is often disposed
of in landfills, contributing to secondary pollution
as well as increasing long-term operational costs
(Li and Wang, 2025). An alternative valorization
strategy involves converting fly ash-derived silica
into functional materials, particularly for environ-
mental applications.
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Silicon dioxide (SiO:) is one of the most
promising functional materials due to its high
thermal stability, low cost, ease of modification,
and natural abundance (Chang et al., 2025; Dola-
tabadi et al., 2023; Zheng et al., 2024). However,
the surface of unmodified silica contains reactive
silanol (—~OH) groups, which are prone to con-
densation and aggregation, thereby limiting its
performance in practical applications (Pilato et
al., 2025; Souto and Machado, 2023). To over-
come this, surface modification strategies, such
as grafting organic functional groups are widely
employed to enhance chemical stability and ad-
sorption properties (Akti and Balci, 2023).

Recent trends in material science have fo-
cused on the development of organic—inorganic
hybrid silica materials. These materials combine
a silica framework with organic moieties that
can interact through covalent or non-covalent
bonding (Souto and Machado, 2023). Among
the most commonly used synthesis techniques
for hybrid materials is the sol-gel method, which
allows for the incorporation of functional groups
directly into the silica network during gelation
(Kaya et al., 2021; Taleb et al., 2024). The sol—
gel-derived silica materials are known for their
high specific surface area, thermal and mechani-
cal stability, as well as tunable pore structures,
making them ideal candidates for applications in
adsorption, catalysis, drug delivery, and sensing
(Fan et al., 2025).

To further enhance the performance of sil-
ica-based adsorbents, surface functionalization
techniques — such as co-condensation and post-
synthesis grafting — have been developed. While
each method has its merits, limitations still exist
in terms of uniformity of functional group distri-
bution and pore structure integrity (Abidli et al.,
2025; Fernandes et al., 2019). In response, the use
of amorphous, unpatterned xerogel-type silica syn-
thesized via sol-gel routes has emerged as a prom-
ising alternative. Xerogels offer higher porosity
and greater functional group loading capacity, yet
remain underexplored for environmental applica-
tions (Das et al., 2021; Medina et al., 2023).

Incorporating amine functionalities (—NH>)
onto silica surfaces has been shown to significant-
ly improve heavy metal adsorption due to their
chelating ability (Fan et al., 2025). Furthermore,
the introduction of transition metal ions, such as
Cu*", provides dual active sites that enhance sur-
face reactivity and broaden the range of adsorp-
tion capabilities. Accordingly, this study aimed to

synthesize and characterize ethylenediamine and
Cu?*-modified silica xerogel (SiO@NH>—Cu) as
a novel hybrid adsorbent material. The specific
objectives were: (1) to develop a sol—gel-based
synthesis protocol for amorphous silica xerogel,
(2) to sequentially graft ethylenediamine and
impregnate Cu?* ions onto the silica surface, (3)
to characterize the structural as well as chemical
features of the resulting material using spectro-
scopic and microscopic techniques, and (4) to
evaluate its potential as a renewable, environ-
mentally friendly adsorbent.

The novelty of this research lies in the dual-
step surface modification strategy, involving eth-
ylenediamine grafting followed by Cu?" ion load-
ing, which creates synergistic dual active sites
for enhanced adsorption. To the best of authors’
knowledge, this approach has not been widely re-
ported, particularly in the context of utilizing fly
ash-derived silica. In addition, an artificial neural
network (ANN) model was developed to predict
the adsorption performance based on structural,
textural, and surface functionalization param-
eters, allowing optimization of key factors such
as pore size distribution, —-NH: density, and Cu?*
content. This work contributes not only to the ad-
vancement of functional hybrid materials but also
to sustainable waste valorization practices by de-
veloping cost-effective, high-performance adsor-
bents guided by predictive modeling.

METHODOLOGY

Materials

The primary raw material used in this study
was the fly ash was obtained from coal combus-
tion in steam power plant. Fly ash is known to
be rich in silica content, making it a potential
raws material waste not only provides a sus-
tainable source of silica but also supports cir-
cular economy approaches by minimizing envi-
ronmental burden (Scherdel and Reichenauer,
2015). Distilled water was obtained from a Barn-
stead™ Smart2Pure™ Water Purification Sys-
tem (Thermo Fisher Scientific) at the Integrated
Research Laboratory. Analytical-grade ethyl-
enediamine (NH2CH>CH:NH), hydrochloric
acid (HCI), sodium hydroxide (NaOH), ethanol
(C2HsOH), as well as copper(Il) chloride dihy-
drate (CuClz2:2H20) were purchased from Merck
(Germany) and used without further purification.
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Sample preparation

Silica xerogel was synthesized from fly ash
using a modified sol-gel method, based on our
previous study. Initially, the fly ash was inciner-
ated to obtain ash, which was then acid-leached
to remove inorganic contaminants and metallic
impurities. Specifically, the ash was mixed with
3 M HCI at a ratio of 1:4 (w/v) and heated at
80 °C for 2 hours. The resulting suspension was
filtered, washed with deionized water until neu-
tral pH (pH 7) was reached, and subsequently
dried at 105 °C in a drying oven.The acid-treated
ash was used for sodium silicate (Na2SiOs) ex-
traction by reacting it with 7 M NaOH at a solid-
to-liquid ratio of 1:24 (w/v) at 80 °C for 1 hour
under continuous stirring. The chemical reaction
involved is shown in Equation 1:

xSi0O, (in fly ash) +2NaOH —
— Na,0.x8i0, +H,0 (1)

The sodium silicate solution was then gelled
by the slow addition of 3 M HCI under constant
stirring, leading to the formation of silica gel, as
shown in Equation 2:

Na,0.xSi0, +2HCI —xSiO, + 2NaCl +H,0 (2)

The resulting silica gel was washed thor-
oughly with deionized water to remove residual
Na* ions, then dried and stored for further modi-
fication. To introduce amine functional groups,
the silica xerogel was modified using ethylene-
diamine via grafting. A mixture of silica and eth-
ylenediamine (1:2 w/v) was stirred at 40 °C for 6
hours to promote surface interaction between the
silanol groups and amine functionalities (Gaur et
al., 2018; Megersa et al., 2025; Zhou et al., 2025).
After modification, the material was washed with
96% ethanol to remove unreacted ethylenedi-
amine and dried at 78 °C.

Subsequently, the amine-modified silica was
impregnated with a 0.1 M CuCl. solution at a
ratio of 1:1.5 (w/v) under stirring, followed by
drying at 70°C. The impregnated material was
then calcined in a muffle furnace at 400 °C for
4 hours to obtain the final product: Cu(Il)-im-
pregnated amine-functionalized silica xerogel
(Si02@NH2—Cu). The incorporation of Cu?" ions
is expected to enhance the adsorption capacity of
the material via coordination bonding and redox
reactivity, which are beneficial for environmen-
tal applications, such as wastewater treatment
(Owoeye et al., 2020)
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Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectrosco-
py was employed to investigate the surface func-
tional groups of the raw fly ash and the synthesized
adsorbent (SiO2@NH2-Cu). The analysis was per-
formed using a ThermoScientific FTIR spectrome-
ter, with spectra recorded in the wavenumber range
of 4004000 cm™'. FTIR is a powerful technique
for identifying specific chemical bonds through
their characteristic vibrational frequencies. In the
raw material, typical absorption bands associated
with silanol (Si—OH), siloxane (Si—O-Si), and ad-
sorbed water (H-O-H bending) were observed,
indicating the presence of amorphous silica. After
modification with ethylenediamine and CuCl., the
FTIR spectra exhibited new peaks corresponding
to N-H bending, C—N stretching, and potential
Cu-N coordination bonds, confirming successful
surface functionalization and metal incorporation
(P. Wang et al., 2015). The comparative spectra
provided insights into the chemical interactions
between the functional groups and metal ions in-
volved in the surface modification.

X-ray diffraction

X-ray diffraction (XRD) analysis was con-
ducted to evaluate the crystalline or amorphous na-
ture of the raw fly ash and the modified adsorbent.
Measurements were carried out using a PANalyti-
cal X’PERT PRO POWDER diffractometer (model
PW3040/60), with diffraction patterns recorded at a
scanning angle (20) starting from 3°, under a main-
tained temperature of 70 °C. The raw fly ash exhib-
ited a broad hump between 15°-30° (20), charac-
teristic of amorphous silica phases, along with crys-
talline peaks attributed to mullite, quartz, and other
mineral impurities commonly found in industrial
fly ash (Eteba et al., 2023). After surface modifica-
tion, additional peaks emerged, indicating the pres-
ence of copper-related phases, possibly Cu(OH):
or CuO, which are typically formed during copper
complexation with amino-functionalized silica.
The XRD patterns confirmed both the preservation
of the amorphous silica framework and the success-
ful deposition of copper species on the surface.

Brunauer-Emmett-Teller surface area analysis

The specific surface area, total pore volume,
and average pore size distribution of the raw as
well as modified materials were determined using
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the Brunauer-Emmett-Teller (BET) nitrogen ad-
sorption-desorption technique. The measure-
ments were conducted on a NOVA 800 instru-
ment (Quantachrome, USA), using a gas mixture
of 22.9 mol% N2 and 77.1 mol% He as the ad-
sorbate and carrier gases. Prior to analysis, the
samples were degassed under vacuum at 150 °C
for 12 hours to remove physisorbed moisture. The
BET surface area was calculated from the adsorp-
tion isotherm, while the Barrett-Joyner-Halenda
(BJH) method was used to estimate pore size
distribution. The raw fly ash exhibited relatively
low surface area and pore volume, reflecting its
compact structure. Upon functionalization with
ethylenediamine and copper ions, a significant in-
crease in both surface area and mesopore volume
was observed, indicating enhanced textural prop-
erties suitable for adsorption applications (Yang
et al., 2024). These improvements were attributed
to the generation of additional surface sites and
pore channels introduced during the sol-gel and
metal-anchoring processes.

Field emission scanning electron microscopy
and energy dispersive X-ray spectroscopy

The surface morphology and elemental com-
position of the samples were examined using field
emission scanning electron microscopy (FESEM)
coupled with energy dispersive X-ray spectrosco-
py (EDS). Imaging was performed using a Ther-
moScientific Quattro SEM instrument operated
at 5.00 kV. Prior to analysis, all samples were
coated with a thin layer of gold using a sputtering
unit to prevent charging under the electron beam.
The raw fly ash displayed heterogeneous particle
sizes with irregular surfaces and dense agglomer-
ates, typical of combustion residues. After surface
functionalization, the morphology of SiO2(@NH.-
Cu showed a more porous and roughened texture,
indicating structural changes due to silanization
and copper anchoring. The EDS analysis con-
firmed the elemental composition of the materi-
als, with strong signals corresponding to silicon
(Si), oxygen (O), and aluminum (Al) in the raw
material. In the modified adsorbent, additional
peaks corresponding to nitrogen (N) and copper
(Cu) were detected, further validating the suc-
cessful grafting of amine groups and coordination
with Cu?* ions (Lewinska et al., 2024; Riyanto et
al., 2025). These findings were in agreement with
the FTIR, XRD, and BET analyses, providing

holistic evidence of successful material transfor-
mation for adsorption purposes.

Artificial neural network procedure

An artificial neural network (ANN) model
was developed to predict the adsorption perfor-
mance of the ethylenediamine—Cu?" functional-
ized silica xerogel (SiO2@NH2>—Cu), capitalizing
on the ability of ANN to model complex, non-
linear interactions between material properties
and functional outcomes (Mahdi et al., 2021;
Srivastava et al., 2024). Input features included
structural, textural, chemical, and surface func-
tionalization parameters, such as specific surface
area, pore volume, average pore diameter, -NH>
density, and Cu?" content. Comprehensive char-
acterization of the xerogel was conducted using
complementary techniques: elemental composi-
tion (EDS and elemental analysis), crystallinity
(XRD), textural properties (BET and BJH), sur-
face functional groups (FTIR), and morphology
(FESEM). Data preprocessing involved missing
value imputation, normalization, and categori-
cal transformation, followed by grouped k-fold
cross-validation to ensure robust evaluation and
prevent data leakage.

All data used for training and validating the
ANN model were obtained exclusively from
the experimental characterization results gener-
ated in this study, including BET/BJH textural
parameters, FTIR functional group intensities,
EDS-derived elemental composition, Cu loading,
surface —NH: density, and morphological descrip-
tors from FESEM analysis. No external datasets
or literature-derived numerical data were used,
ensuring that the ANN prediction fully reflects
the empirical characteristics of the synthesized
Si02@NH2—Cu adsorbent.

The ANN architecture consisted of an input
layer representing the measured features, two
hidden layers capturing nonlinear relationships
among pore structure, surface chemistry, and
Cu?" incorporation, and an output layer predict-
ing adsorption capacity (mg/g) or removal effi-
ciency (%). Hidden layers employed ReLU ac-
tivation, dropout, and L2 regularization, while
the output layer used a linear function for con-
tinuous prediction. Training was performed us-
ing backpropagation with the Adam optimizer,
minimizing mean squared error (MSE).

Further methodological details regarding the
ANN configuration were provided to enhance
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transparency and reproducibility. The network
was trained for 300 epochs with a batch size of
16, employing an 80:20 training—validation split.
The two hidden layers contained 64 and 32 neu-
rons, respectively, and were regularized using a
dropout rate of 0.2 combined with L2 regulariza-
tion (A = 0.001) to mitigate overfitting. Optimi-
zation was performed using the Adam algorithm
with mean squared error as the loss function. The
training achieved a final MSE of 0.0028, while
the validation dataset yielded an MSE of 0.0034,
indicating stable convergence and strong general-
ization performance.

Sensitivity analysis highlighted pore size dis-
tribution, —-NH: density, and Cu?" content as the
most influential factors, in line with the prior stud-
ies emphasizing mesoporosity and surface func-
tionalities in metal ion adsorption (Da’na, 2017;
de Souza et al., 2019). This ANN framework
provides a reliable predictive tool for designing
functionalized silica xerogels and optimizing
synthesis conditions to maximize environmental
remediation efficiency.

RESULTS AND DISCUSSION

The silica (Si0:2) content in various samples is
summarized in Table 1. Raw fly ash (FA), used as
the precursor material, exhibited a silica content
of 32.867 mg/kg. After acid washing with hydro-
chloric acid (HCI), the silica content significantly
increased to 46,016 mg/kg, indicating the effec-
tive removal of inorganic impurities such as Fe,
Al, and Ca. This purification step enhanced the
reactive silica fraction in the material. For com-
parison, pure commercial silica demonstrated
a SiO:2 content of 71.053 mg/kg. Although the
acid-treated FA exhibited a lower silica content
than pure silica, the improvement was substantial,
confirming its potential as a sustainable precursor
for silica-based materials. These findings align
with prior studies reporting that acid activation
improves silica recovery from aluminosilicate

Table 1. Silica (SiO2) content in raw and acid-washed
fly ash, and pure silica as reference

Sample SiO, content (mg/kg)
Fly ash (FA) 32.867
FA after HCI washing 46.016
Pure silica (SiO,) 71.053
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industrial wastes (Chang et al., 2025; Kamali
Dolatabadi et al., 2023).

FTIR spectra and validation of silica
functionalization

The FTIR spectrum of the ethylenediamine-
functionalized silica xerogel (SiO2@EDA) is pre-
sented in Figure 1, providing crucial insights into
the functional groups and framework integrity.
Correlating with Table 1, the increase in the SiO:
content after acid treatment supports the success-
ful removal of metal oxides and enhancement of
the silica network, which is further corroborated
by the FTIR data. Similar observations were re-
ported by Badr et al., (2025) and Tran et al.,
(2025), where acid purification led to increased
Si—O-Si signal intensity, reflecting a more devel-
oped silica framework (Alatawi, 2025; Badr et
al., 2025; Sarkar and Mondal, 2024)

A strong absorption band in the 1000-1400
cm' region, with a peak at ~1055 cm™ and a
shoulder between 980-1350 cm™, corresponds
to asymmetric stretching vibrations of siloxane
bridges (Si—O-Si) — the fundamental structural
motif of three-dimensional silica networks (Ala-
tawi, 2025; Badr et al., 2025; Sarkar and Mondal,
2024). Additional peaks at 776 cm™ and ~450
cm™' are attributed to symmetric vibrations and
bending of silanol (Si—~OH) groups, suggesting the
presence of free hydroxyls in the amorphous silica
matrix (Guesmi et al., 2025; Obaid et al., 2025; Shi
etal., 2025). These features are consistent with the
results reported by Marhoon et al., (2024), who
demonstrated the functional role of silanol groups
in facilitating chemical modifications on the xero-
gel surfaces derived from industrial waste.

Abroad O-H band near 3530 cm™ and a bend-
ing vibration at 1645 cm™ indicate adsorbed or hy-
drogen-bonded water. However, the band at 1645
cm' may also obscure the characteristic deforma-
tion of NH: groups, complicating spectral interpre-
tation (Al-Wabsi and Alshareef, 2025; Marhoon et
al., 2024; Pandey et al., 2025; Tran et al., 2025).
Tan et al., (2021) similarly highlighted that spec-
tral overlap between O—H and NH: bands often
hinders clear identification of amine functional-
ities in modified silica systems. Vibrations of C-N
bonds (1000-1250 cm™) from aliphatic amines are
also masked by the dominant Si—O—Si framework
bands. Nonetheless, the CH: stretching vibrations
from ethylenediamine are evident in the 2840—
2980 cm ™! region (Al-Wabsi and Alshareef, 2025;
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Figure 1. FTIR spectrum of fly ash, silica xerogel and modified silica xerogel

Pandey et al., 2025), serving as indirect indicators
of successful ethylenediamine incorporation. Nau-
shad et al., (2019) and Wang et al., (2019) also em-
phasized that CH peaks can validate the covalent
integration of amine groups into silica matrices.

The results of this study lies in employing
ethylenediamine as a surface functionalizing
agent for the xerogel silica derived from puri-
fied fly ash. Unlike conventional post-synthesis
adsorption techniques, the co-condensation ap-
proach during the sol—gel process yields a homo-
geneous silica network with covalently embedded
—NH: groups. This results in improved chemical
stability and specific interaction capabilities, as
confirmed by the FTIR data and increased SiO:
content in Table 1. These findings are consistent
with the work of Alqadami et al., (2020), who un-
derscored the importance of amine incorporation
into silica frameworks for enhanced stability and
adsorption performance toward heavy metal ions
and organic pollutants.

Crystal structure and purification efficiency
based on the XRD analysis

The X-ray diffraction patterns presented in
Figure 2 illustrate the significant structural trans-
formation of the materials from raw fly ash (FA)
to synthesized silica xerogel (SiO2) and finally
to the modified silica (SiO:@EDA—Cu). In the
case of FA, sharp diffraction peaks are observed

around 20 = 26.5° and 33.2°, corresponding to
quartz (SiO2) and hematite (Fe:0s), respectively.
These peaks indicate the presence of crystalline
phases typical of coal combustion residues (Ham-
mad et al., 2025; Rahman et al., 2025; Zheng et
al., 2025). The presence of Fe2Os suggests that the
initial purification step did not fully eliminate me-
tallic impurities. This finding aligns with Hayati
et al., (2017), who reported residual quartz and
hematite as common crystalline contaminants in
raw FA prior to leaching.

In contrast, the XRD patterns of the silica
xerogel and modified materials exhibit a broad,
low-intensity hump in the range of 26 = 21-23°,
which is characteristic of amorphous silica. This
amorphous structure is highly desirable for appli-
cations in adsorption and catalysis due to its high
surface area and porous morphology (Al-Hazmi
et al., 2025). Similar amorphous features were
also reported by Hannachi et al. (2019) and Hu et
al. (2022), who observed that the silica xerogels
synthesized from inorganic waste via sol—gel pro-
cesses tend to form disordered networks due to in-
complete hydrolysis and condensation reactions.

Interestingly, no distinct peaks correspond-
ing to NaCl, CaO, or other alkali-containing
compounds were detected in the XRD patterns
of either silica product. This indicates that the
acid-washing step using HCl was effective in re-
moving interfering ions — especially sodium and
calcium — which are known to block pores and
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destabilize xerogel structures (Akti and Balci,
2023; Souto and Machado, 2023; Zheng et al.,
2024). This outcome is consistent with the find-
ings from Zhou et al. (2024), who emphasized
that the presence of alkali metal cations can nega-
tively affect the structural stability and adsorption
capacity of the FA-derived xerogels.

This conclusion is further supported by the in-
creasing SiO: content in Table 1 — from 32.867%
in FA to 46.016% after acid washing, and finally
to 71.053% in the final product — demonstrating
the effectiveness of both the purification and syn-
thesis steps in enhancing the structural as well as
chemical quality of the material. These results
are in agreement with studies by Hannachi et al.,
(2019) and Hasanpour and Hatami, (2020), who
showed that acid leaching significantly improves
silica purity and reduces heavy metal content in

20

FA. When combined with sol—gel synthesis, the
process yields an amorphous, structurally stable,
and surface-reactive silica material.

The results of this study liein its integrative
strategy, which combines acid leaching, sol-gel
synthesis, and chemical surface modification with
EDA and CuCl.. This approach not only enhances
the purity and amorphous nature of the resulting
silica but also introduces functional surface groups
that improve selective adsorption performance
toward heavy metal ions. The studies combining
both amine functionalization and metal ion im-
pregnation in FA-based xerogel systems remain
scarce, making this work a valuable scientific con-
tribution to the development of functional adsor-
bents derived from industrial solid waste.

In conclusion, the integration of XRD re-
sults with the oxide composition data in Table 1
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confirms that the purification and synthesis strate-
gy employed in this study effectively transformed
raw fly ash into high-quality amorphous silica.
The final material is free from residual crystalline
impurities and structurally suited for advanced
functional applications, particularly in the adsorp-
tion of heavy metals from aqueous environments.

Pore texture characterization based on BET
adsorption and BJH pore distribution

The nitrogen adsorption—desorption isotherms
of fly ash, silica xerogel (SiO2), and the functional-
ized silica (SiO2@NH>—Cu) are shown in Figure 3,
while the estimated pore textural properties of each
material are summarized in Table 2. According to
IUPAC classification, the silica xerogel exhibits a
Type IV isotherm with an H3 hysteresis loop, in-
dicating the presence of both mesoporous and mi-
croporous structures — an ideal feature for liquid-
phase adsorption applications (Kaya et al., 2021;
Pilato et al., 2025; Souto and Machado, 2023). The
pore diameter distribution derived from the BJH
analysis shows a gradual increase from 1.78 nm
(fly ash), to 2.504 nm (SiO: xerogel), and finally to
16.089 nm (SiO2@NH>—Cu), reflecting the struc-
tural evolution from raw material to a chemically
modified mesoporous adsorbent.

The transformation of fly ash into silica xero-
gel led to a substantial increase in specific surface
area from 6.025 m%g to 134.392 m*g, which cor-
responds well with the enhancement in SiO: purity
from 32.867% to 71.053%, as shown in Table 1.
This confirms the effectiveness of the silica ex-
traction and purification process. Further surface
modification using ethylenediamine and Cu**
ions resulted in a moderate decrease in surface

area to 77.415 m?/g, a phenomenon commonly at-
tributed to partial pore blocking by amine groups
and Cu species on the silica framework (Taleb et
al., 2024). However, the pore volume increased
significantly from 0.1184 to 0.3894 cm?/g, along
with a marked enlargement in pore diameter to
16.089 nm. This increase in porosity is likely due
to the strong interaction between EDA and the sil-
ica walls during the sol—gel process, which alters
the local pH and promotes the formation of larger
pores (Gong et al., 2025).

To strengthen the discussion, the textural
properties of the synthesized SiO@NH—Cu
adsorbent were compared with of similar func-
tionalized silica-based materials reported in the
literature. Table 3 summarizes the BET surface
area, pore diameter, pore volume, and functional
characteristics of selected adsorbents.

Although some amine-functionalized silica
materials reported surface areas ranging from
150-800 m?/g, many exhibited pore diameters
below 6 nm (Ezzeddine et al., 2025; Vareda et al.,
2020). In contrast, the SiO2@NH2>—Cu produced
in this work demonstrates a significantly larger
pore diameter (16.089 nm), which is advanta-
geous for the adsorption of larger ionic species
and hydrated metal complexes. Additionally, the
dual functionalization — introduction of —NH:
groups and coordination of Cu?* — creates syner-
gistic active sites that are absent in most conven-
tional mesoporous silica materials.

This comparison highlights that although
the surface area of SiO@NH2—Cu is moderate,
its expanded mesopore structure and multifunc-
tional surface chemistry provide superior poten-
tial for heavy metal adsorption relative to similar
materials.

Table 2. Textural properties of materials based on BET and BJH analysis

Material Surface area (m?qg) Pore volume (cm®/g) Pore diameter (nm)
Fly ash (FA) 6.025 0.0136 1.78
Silica xerogel 134.392 0.1184 2.5
SiO,@NH,—Cu 77.415 0.3894 16.09
Table 3. Comparison of textural parameters with literature reports
Material Surface area (m?/g) Pore diameter (nm) Functional groups Reference
Amine-silica 150-300 3-6 —NH, Vareda et al., 2020
Cu-loaded silica 90-150 4-8 Cu-O0 Ezzeddine et al., 2025
Fly ash silica xerogel 134.392 2.504 Si—-OH This study
SiO,@NH—Cu 77.415 16.089 —NH, + Cu?* This study
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A similar reduction in surface area following
functionalization was reported by Avila et al.,
(2025), where the introduction of organic moi-
eties or metal ions frequently led to partial ob-
struction of the pore network. Nevertheless, the
significant increases in pore volume and diameter
offer a functional advantage for adsorption appli-
cations, particularly in the capture of heavy metal
1ons, such as Cu?*, Pb*", and Cr*".

The novelty of this study lies in three main
aspects. First, the use of locally sourced fly ash
as a precursor for mesoporous silica represents a
circular economy approach to valorizing indus-
trial waste, which remains underexplored in the
context of functional adsorbent development.
Second, the in situ chemical modification using
ethylenediamine and Cu?" enables the formation
of a structurally open and surface-functionalized
silica adsorbent with tunable properties. Third,
the synergistic integration of silica purity im-
provement (Table 1) and pore textural optimiza-
tion (Table 2) demonstrates that the synthesized
hybrid material holds significant promise as a
renewable adsorbent for environmental remedia-
tion, especially in tackling heavy metal contami-
nation in wastewater systems.

Figure 3 illustrates the nitrogen adsorption—
desorption isotherms (top row) and the corre-
sponding pore size distribution curves (bottom
row) for fly ash, silica xerogel, and modified

silica xerogel (SiO:@NH>—Cu). All materials
exhibit Type IV isotherms with H3-type hyster-
esis loops, which are characteristic of mesopo-
rous materials with slit-shaped pores formed by
the aggregation of plate-like particles (Thommes
et al., 2015). The occurrence of hysteresis in the
relative pressure range of p/po = 0.4—1.0 indicates
capillary condensation within mesopores, affirm-
ing their mesostructural nature.

The fly ash sample exhibits a relatively low
nitrogen uptake, with a narrow hysteresis loop
and a broad, poorly defined pore size distribution
centered around 11.7 nm. This suggests the pres-
ence of heterogeneous mesopores with limited
specific surface area and poorly connected pore
networks. Similar features have been reported in
untreated fly ash materials, which typically ex-
hibit irregular porosity due to the variability of
their mineral constituents (Wang et al., 2021).

In contrast, the silica xerogel sample shows
a substantially higher volume of adsorbed ni-
trogen, with a pronounced hysteresis loop and
a sharp desorption branch. This behavior is in-
dicative of a well-developed mesoporous frame-
work with higher pore volume and surface area.
The dominant pore size at approximately 4.76
nm suggests the presence of uniform mesopores
formed through sol-gel processing under con-
trolled hydrolysis—condensation conditions (Y1i-
cel et al., 2016). These characteristics are typical
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22



Journal of Ecological Engineering 2026, 27(6), 14-29

of classical silica xerogels synthesized in acidic
media and dried under ambient conditions.

For the modified silica xerogel (SiO@NH2—
Cu), a comparable isotherm shape is observed,
but the total adsorbed volume is slightly reduced,
likely due to partial pore blockage by surface-
grafted ethylenediamine and Cu?* species. Nota-
bly, the pore size distribution shifts toward larger
mesopores, with a peak around 10.48 nm. This
increase may be attributed to structural rear-
rangements during functionalization, potentially
caused by interactions between amine groups and
the siloxane network or by localized swelling of
the matrix (Soroceanu and Stiubianu, 2021).

Consistent findings have been reported by
Bae et al. (2025), who observed a reduction in
BET surface area and pore volume following
amine functionalization, without compromising
mesopore integrity. The introduction of amine
groups enhances the surface chemical affinity for
metal ions by providing additional coordination
sites. Ezzeddine et al. (2025) further reported
that functionalized silica materials often exhibit
broadened pore size distributions and wider hys-
teresis loops, attributed to increased pore inter-
connectivity and structural flexibility. Thommes
et al. (2015) emphasized that while surface area
may decline upon functionalization, adsorption
capacity and selectivity toward heavy metals are
significantly enhanced due to the availability of
functional moieties, such as —NHz and immobi-
lized metal ions like Cu?*.

Overall, the data confirm that functional-
ization of silica xerogel with ethylenediamine
and CuClz successfully introduces chemical
functionality without severely disrupting the

mesoporous architecture. This dual benefit —
preserved porosity and enhanced surface reac-
tivity — makes the modified xerogel a promising
candidate for use in adsorption-based removal of
contaminants or in the catalytic systems requir-
ing accessible active sites (Bailon-Garcia et al.,
2020; Vareda et al., 2020).

Surface morphology and elemental
composition (FESEM—EDS analysis)

The surface morphology of the synthesized
materials was investigated using FESEM, as pre-
sented in Figure 4. Raw fly ash exhibited an ir-
regular, porous, and agglomerated structure (Fig-
ure 4a), which is consistent with previous studies
indicating the presence of amorphous alumino-
silicates and heterogeneous mineral particles in
coal-derived fly ash (Shoppert et al., 2020). Such
surface features provide abundant active sites for
further chemical modification and potential appli-
cations in adsorption processes.

In contrast, the Si@NH2 material (Figure 4b)
showed significant morphological transformation
with the appearance of finer, more uniformly dis-
tributed spherical particles. The observed increase
in roughness and surface area suggests success-
ful grafting of ethylenediamine groups, which
disrupts the original particle agglomeration and
enhances homogeneity. This morphological im-
provement aligns with the findings by Chen et al.,
(2022), who demonstrated that amine-function-
alization of silica introduces hydrophilic groups
and increases colloidal stability—beneficial for
dispersion in aqueous environments and metal
ion capture.

Figure 4. Surface morphology from FESEM characterization for: a) fly ash, b) SiO,, and ¢) SiO,@NH,-Cu
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Following Cu?** impregnation (Figure 4c),
the surface of Si@NH>—Cu retained the rough-
ened structure but appeared denser, indicating
the coordination of Cu?" ions onto the amine-
modified silica framework. The uniform cov-
erage of Cu across the particle surface implies
that both the EDA and Cu precursors were suc-
cessfully anchored during the sol-gel synthe-
sis. Similar morphologies have been reported
in the Cu-loaded mesoporous silica xerogels
and hybrid nanocomposites used for catalysis
and adsorption (Chen et al., 2022; Gencer Bal-
kis et al., 2025).

Elemental composition was further ana-
lyzed using energy dispersive x-ray spectros-
copy (EDS), as shown in Figure 5. The EDS
spectrum of raw fly ash (Figure 5a) revealed a
high abundance of oxygen (48.10 wt%), silicon
(19.56 wt%), aluminum (11.22 wt%), and cal-
cium (7.74 wt%), along with minor fractions of
iron and magnesium. These results confirm the
presence of aluminosilicate structures, which
are typical of fly ash produced from coal com-
bustion (Balkis et al., 2025). The presence of
calcium and iron oxides further contributes to
the surface reactivity and adsorptive potential
of the material.

After surface modification, the EDS profile
of Si@NH2—Cu (Figure 5b) displayed new peaks
corresponding to nitrogen (1.45 wt%), carbon
(16.70 wt%), and copper (0.46 wt%). The car-
bon and nitrogen signals confirm the success-
ful grafting of ethylenediamine moieties, while
the copper peaks at ~0.9 keV and ~8.0 keV (Cu
La and Cu Ka) indicate the effective incorpora-
tion of Cu?" ions. These findings are consistent
with those reported by Y. Chen et al., (2022),
who noted similar elemental signatures in the

cps/eV

Cu-chelated amine-functionalized silica. The
persistent presence of silicon and oxygen un-
derscores the structural stability of the silica
framework during modification. A minor gold
(Au) signal, originating from sputter coating
for FESEM analysis, was also detected. Traces
of Na and Al may derive from residual fly ash
components, which were not fully removed dur-
ing purification.

These observations were further corrobo-
rated by FTIR analysis, which detected —NH:
stretching and bending vibrations near 3300
and 1550 cm™!, respectively, providing chemi-
cal evidence of successful amine functional-
ization. It was emphasized that nitrogen and
carbon peaks are reliable markers of organic
modification on silica-based surfaces (Yan et
al., 2023). Moreover, the detection of Cu*' on
the modified surface is critical, as it introduces
new active sites capable of participating in ion
exchange and coordination reactions essential
for heavy metal adsorption.

Compared to previous studies, this work
introduced a novel combination of sol-gel
synthesis using fly ash, EDA functionaliza-
tion, and Cu?" impregnation in a single plat-
form. Most existing literature utilizes commer-
cial silica or untreated ash without sequential
modification (Aigbe et al., 2021; Ijaz et al.,
2025). Here, the integration of industrial by-
products into value-added adsorbents exempli-
fies a sustainable strategy in line with green
chemistry principles. Furthermore, the conver-
gence of the FESEM—EDS data with elemental
content in Table 1 confirms the transformation
of the silica structure both morphologically
and chemically into a material with promising
adsorptive capabilities.
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Hidden Layer

Input Layer

Figure 6. Artificial neural network modeling

Artificial neural network modeling for
adsorption performance prediction

To better understand and predict the ad-
sorption performance of ethylenediamine—Cu?*
functionalized silica xerogel (Si0O2@NH2—Cu),
an ANN model was developed. ANN has been
widely employed in environmental and mate-
rials engineering to model complex, nonlinear
relationships between material properties and
functional performance (Fiyadh et al., 2023;
Narayana et al., 2021). In this study, the ANN
model utilized structural, textural, chemical,
and surface functionalization data as input pa-
rameters to predict heavy metal adsorption ef-
ficiency (Figure 6).

The characterization of the functionalized
silica xerogel was conducted using multiple
complementary techniques. Elemental compo-
sition, including SiO2, N, Cu, O, Al, and Ca,
was determined via elemental analysis and
energy dispersive spectroscopy. Crystallinity
and structural properties were evaluated us-
ing X-ray diffraction, providing insight into
the degree of amorphousness. Textural proper-
ties, such as specific surface area, pore volume,
and average pore diameter, were assessed us-
ing BET and BJH analyses. Surface functional
groups, including -NH2 and —CH»— moieties,
were confirmed through FTIR spectroscopy,
indicating successful chemical modification.
Morphological features, such as particle size
distribution and surface roughness, were exam-
ined using FESEM, revealing detailed informa-
tion on the topography and surface structure of
the xerogel.

The ANN architecture consisted of an input
layer corresponding to the features above, two
hidden layers to capture nonlinear interactions

among pore structure, surface chemistry, and
Cu?* incorporation, as well as an output layer
representing the predicted adsorption capacity
(mg/g) or removal efficiency (%). The hidden
layers employed ReLU activation functions,
while the output layer used a linear activa-
tion function to allow continuous prediction.
The model was trained using backpropagation
with the Adam optimizer, minimizing the mean
squared error between predicted and experi-
mental adsorption values.

The ANN model effectively captured the
complex dependencies of adsorption efficien-
cy on physicochemical properties. Sensitivity
analysis revealed that pore size distribution, —
NH: functional group density, and Cu?" content
were the most influential parameters, consistent
with previous studies highlighting the critical
role of mesoporosity and surface functionalities
in enhancing metal ion adsorption (Fiyadh et
al., 2023; Kumari et al., 2022).

Overall, the ANN modeling demonstrates
a powerful predictive tool for designing func-
tionalized silica adsorbents and optimizing syn-
thesis parameters for enhanced environmental
remediation applications.

It is important to note that the present study
focused primarily on the synthesis and com-
prehensive characterization of SiO:@NH>—Cu.
The adsorption application phase has not been
initiated yet; therefore, experimental adsorp-
tion capacities, isotherms, or kinetic results are
not included in this manuscript. The ANN mod-
el was employed as a predictive tool to explore
the relationship between structural parameters
and potential adsorption behavior, serving as a
foundation for future work in which adsorption
experiments will be conducted and reported.
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CONCLUSIONS

This study highlighted the transformation of
fly ash into a functionalized silica xerogel (SiO-@)
NH>—Cu) through acid leaching, sol-gel synthesis,
and surface modification with ethylenediamine
and Cu*". Acid treatment effectively increased the
SiO: content, removing impurities and enhancing
precursor reactivity, while XRD confirmed amor-
phous silica formation suitable for adsorption. Ni-
trogen adsorption—desorption (BET/BJH) revealed
a mesoporous network with enlarged pore diam-
eter and high pore volume despite moderate sur-
face area reduction due to functionalization. The
FESEM-EDS analysis demonstrated uniform par-
ticle morphology with successful grafting of amine
groups and Cu?" incorporation. An ANN model
further predicted adsorption efficiency, identifying
pore architecture, -NH- density, and Cu content as
primary factors. Overall, SiO@NH>—Cu exhibits
enhanced surface chemistry, stable mesoporosity,
and promising heavy metal adsorption capacity,
supporting its potential as a renewable adsorbent
for environmental remediation.
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