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ABSTRACT

This study explores the valorization of geothermal silica waste as a functional filler for the
fabrication of polyvinyl alcohol (PVA)-based nanofibers via electrospinning. Geothermal silica
was processed through a sol—gel route and incorporated at varying weight fractions (0—7 wt%) into
PVA solutions before electrospinning. The resulting nanofiber mats were characterized in terms of
morphology, elemental composition, chemical structure, mechanical properties, and surface
wettability using FESEM-EDS, FTIR, Vickers hardness testing, and water contact angle
measurements. Silica incorporation influenced the nanofiber morphology, reducing the average
fiber diameter to 170 nm at 5 wt% silica loading; however, excessive silica content promoted bead
formation and fiber fusion due to limited silica dispersion within the PVA matrix. EDS and FTIR
analyses confirmed the incorporation of geothermal-derived silica within the PVA nanofiber
matrix. Mechanical evaluation revealed that 1 wt% silica loading exhibited the highest hardness
value (20.36 HV), while higher silica concentrations reduced mechanical performance due to
morphological defects and silica aggregation. Surface wettability analysis showed improved
hydrophilic behavior with increasing silica loading up to 5 wt%, while excessive silica addition
resulted in reduced wettability due to morphological heterogeneity. These findings demonstrate
that geothermal silica waste can be successfully converted into functional PV A/silica nanofibers
composites, highlighting the importance of silica loading optimization to achieve balanced
mechanical and surface properties for potential membrane-related applications and circular
economy strategies.
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1. Introduction

Nanofiber-based materials have
attracted considerable attention in materials
engineering due to their high specific surface
area, porosity, structural flexibility, and ease of
surface  functionalization [1-3].  These
properties enable applications in filtration,
sensing, separation, biomedical treatments,
and energy systems [4-8]. Among various
fabrication methods, electrospinning is widely
used for its simplicity and precise control over
fiber morphology [9]. The process employs a
high-voltage electric field to draw polymer
solutions or melts into continuous nanofibers,
forming nonwoven mats [10]. Polyvinyl
alcohol (PVA) is often used owing to its water
solubility, chemical stability, biocompatibility,
and excellent spinnability [11], though its
limited mechanical strength and thermal
stability require reinforcement with fillers.
Silica (SiO2) has been incorporated into PVA
nanofibers to improve mechanical, thermal,
and surface properties [12-14]. Commonly,
silica is synthesized through sol—gel processes
using  precursors such as tetracthyl
orthosilicate (TEOS) [15]. Furthermore, silica
surfaces can be chemically modified using
silane coupling agents or antimicrobial agents,
such as  3-chloropropyltrimethoxysilane
(CPTS) and benzalkonium chloride (BAC), to
introduce specific functionalities including
improved interfacial  compatibility or
antibacterial properties [16]. Other studies
have integrated cellulose nanofibers from rice
husk—mnaturally rich in silica—into PVA to
enhance crystallinity and thermal stability
[17]. Combining sol-gel synthesis with
electrospinning can  yield PVA/silica
nanofibers with antibacterial properties [16],
and silica—carbon quantum dot hybrids in PVA
have shown high bioactivity for medical uses
[18].

Research on waste-derived silica, such
as from volcanic ash, has mostly targeted
composite membranes or adsorbents via phase
inversion or casting, with limited use in direct
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electrospinning integration [19]. Electrospun
silica-based nanofibers still rely heavily on
commercial precursors like sodium silicate or
TEOS, which require chemical processing to
produce nanoscale silica suitable for polymer
matrices. Additional surface functionalization
is often employed to enhance compatibility
and impart specific properties. Pure silica
nanofibers from TEOS typically involve sol—
gel processing and calcination to achieve high

purity [20].
However, TEOS-based approaches
generally require additional chemical

precursors and processing steps, which may
reduce the sustainability advantage compared
with waste-derived silica sources [21, 22].
Rice husk—derived silica offers a natural
alternative but often requires energy-intensive
processing and shows limitations in advanced
applications [23]. In contrast, geothermal
waste, a by-product of geothermal power
operations, contains abundant amorphous
silica with high surface area and reactivity,
typically >90% SiO2 with minor Al.Os, Fe20s,
and CaO impurities [24-26]. The amorphous
structure promotes better adhesion within
polymer matrices, improving interfacial
bonding in PVA-silica composites. Using
geothermal silica offers processing advantages
over rice husk silica, as it avoids high-
temperature combustion and harsh leaching,
aligning with green chemistry and circular
economy principles. Valorizing geothermal
by-products into functional materials reduces
waste and dependence on synthetic chemicals,
while achieving mechanical and thermal
properties comparable to those from synthetic
silica sources.

This study proposes the direct
incorporation of geothermal waste—derived
silica into PVA nanofibers via a sol—gel route
followed by electrospinning. The approach
addresses two main gaps: the underutilization
of industrial silica waste streams in high-value
nanofiber applications, and the lack of research
integrating waste-derived silica directly into
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electrospun structures rather than post-
processing or using membrane casting
methods. The work also aims to establish
structure—property relationships for varying
silica loadings, providing insight into optimal
filler content for balancing fiber uniformity,
mechanical performance, and functional
attributes. By replacing conventional synthetic
precursors with geothermal silica, the method
supports sustainable manufacturing while
expanding the application potential of
electrospun nanofibers in fields such as
filtration,  adsorption, and  functional
membranes for environmental and biomedical
purposes.

2. Materials and Methods

The experimental procedure was
adapted from previous studies [15, 25, 27],
with modification involving the replacement
of conventional silica sources with geothermal
waste-derived silica. This modification aims to
utilize geothermal waste as an alternative silica
precursor and supports waste valorization
strategies aligned with circular economy
principles.

2.1 Materials

Polyvinyl alcohol (PVA, Mw~85,000—
124,000, 98-99% hydrolyzed) was purchased
from Sigma-Aldrich. Geothermal sludge was
collected from the silica deposition area of the
Geothermal Power Plant in Ulu Belu,
Lampung Province, Indonesia. The collected
sludge was subsequently dried and processed
to obtain geothermal-derived silica precursor.
Nitric acid (HNOs, 65%), ethanol (C:HsOH,
analytical grade), and deionized water were
used throughout the process. All chemicals
were of analytical grade and used without
further purification.

2.2 Preparation of Silica from geothermal
sludge

Geothermal sludge was initially dried at
105°C for 24 h, followed by grinding and
sieving to obtain particles below 200 um. The
silica precursor was extracted through an acid-
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assisted sol—gel process. Briefly, 10 g of dried
geothermal sludge was mixed with 100 mL of
2 M HNO:s and stirred at 70°C for 2 h. The
mixture was filtered, and the obtained filtrate
was adjusted to pH 7 using NH+OH to induce
silica gel formation. The gel was aged for 24
h, dried at 100°C, and calcined at 600°C for 3
h to improve silica purity and obtain a stable
silica powder. The chemical composition of
the obtained silica powder was analyzed using
XRF to determine its SiO2 content.

2.3 Fabrication of PVA/Silica nanofibers
via electrospinning

The overall fabrication procedure of
PVA/silica nanofiber membranes via
electrospinning is illustrated schematically in
Fig. 1. The process consists of PVA solution
preparation, silica sol preparation,
homogenization of the spinning solution,
electrospinning fabrication, and subsequent
characterization.

EQUIPMENT AND MATERIAL PREPARATION
I

2
A. PVA SOLUTION
PVA 10 wt% + Deionized water 10 mL
was stirred using a magnetic stirrer
at 500 rpm and 90 °C
for 120 minutes.

L 2
B. SILICA SOL
(SOL-GEL METHOD)

Silica sol was prepared
by the sol-gel method.

| O |
O

‘ C. PVA/SILICA SOLUTION |

PVA solution and silica sol were homogenized
using a magnetic stirrer for 60 minutes at 90 °C,
with silica loading of 0, 1, 3, 5, and 7 wt%.
L2
PVA/SILICA SOLUTION
¥
ELECTROSPINNING
¥
PVA/SILICA NANOFIBER MEMBRANE
L 2
[ CHARACTERIZATION

(FESEM, FTIR, Contact Angle, Vickers Hardness) J
Fig. 1. Schematic representation of the fabrication

process of geothermal silica-based PVA nanofiber
membranes via electrospinning.

A 10 wt% PVA solution was prepared
by dissolving PVA in deionized water under
magnetic stirring at 90 °C for 2 h until a
homogeneous solution was obtained. The
solution was then cooled to room temperature
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before silica incorporation. Geothermal-
derived silica-rich powder was added at
different concentrations (0, 1, 3, 5, and 7 wt%
relative to PVA content) and ultrasonicated for
30 min to improve silica dispersion within the
polymer solution.

The prepared spinning solution was
transferred into a syringe equipped with a
stainless-steel needle (0.6 mm inner diameter).
Electrospinning was conducted under an
applied voltage of 20 kV, a flow rate of 0.5 mL
h™!, and a tip-to-collector distance of 15 cm.
The generated nanofibers were collected on
aluminum foil and dried at room temperature
for 24 h to remove residual moisture.

The obtained nanofiber samples were
coded according to silica loading as follows:
NFSO (0 wt% silica), NFS1 (1 wt% silica),
NFS3 (3 wt% silica), NFS5 (5 wt% silica), and
NFS7 (7 wt% silica).

2.4 Characterization

The morphology and elemental
composition of the nanofiber membranes were
analyzed wusing field emission scanning
electron microscopy coupled with energy

dispersive  spectroscopy  (FESEM-EDS)
(Thermo Scientific Quattro S). Fourier
transform infrared spectroscopy (FTIR)

(Bruker Invenio-R) was employed to identify
the characteristic functional groups and
chemical interactions within the nanofiber
membranes. Although tensile testing is
commonly used for fibrous membranes,
Vickers hardness was selected in this study as
a comparative indicator of local surface
mechanical resistance and structural rigidity of
the nanofiber mats. Vickers hardness
measurements were performed using a Zwick
Roell microhardness tester with an applied
load of 100 g and a dwell time of 10 s to
evaluate the mechanical response of the
nanofiber membranes. Water contact angle
measurements were conducted using a
DSA25E goniometer to evaluate the surface
wettability characteristics.

The properties of pristine PVA
nanofibers and PVA nanofibers incorporating
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geothermal-derived silica were compared. The
evaluated parameters included average fiber
diameter, Si elemental distribution, chemical
bonding characteristics, hardness, and water
contact angle.

3. Results and Discussion
3.1 Chemical composition of geothermal-
derived Silica

The  chemical composition  of
geothermal-derived silica powder was
analyzed using XRF, as summarized in Table
1. The result revealed that SiO. was the
dominant component with a concentration of
94.743 wt%, indicating the effectiveness of the
extraction process in producing a silica-rich
material from geothermal sludge.

Table 1. Chemical composition of
geothermal-derived silica powder obtained
from XRF analysis.

Oxide Content (Wt%)

Si0: 94.743

Fe20s 2.623

CaO 0.795

P05 0.660

K20 0.503

MgO 0.337

TiO: 0.184

Others <0.2

Trace/ minor oxide components,

including Fe.Os (2.623 wt%), CaO (0.795
wt%), K20 (0.503 wt%), and P20s (0.660
wt%), were also detected. The presence of
these minor oxides is associated with residual

mineral  constituents  originating  from
geothermal  deposits  and  rock—fluid
interactions during geothermal processes.

Nevertheless, the high SiO: concentration
indicates that the obtained material can be
considered a silica-rich precursor suitable for
incorporation into the PVA nanofiber matrix.

Further  confirmation  of  silica
incorporation within the nanofiber matrix was
subsequently evaluated through FTIR and
EDS analyses.
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3.2 Morphological analysis of PVA/Silica
nanofibers

The morphology of PVAJsilica
nanofiber membranes with different silica
loadings was investigated using FESEM and
fiber diameter distribution analysis, as
presented in Figs. 2—6. The FESEM images
revealed progressive changes in fiber
morphology with increasing silica loading,
including variations in fiber diameter, surface
uniformity, and defect formation. In the NFS0
sample (Fig. 2), the nanofibers exhibited an
average diameter of 228 + 40.6 nm with a
relatively wide diameter distribution. The
nanofiber network showed relatively uniform
morphology; however, several isolated beads
were still observed. Pure PVA solutions
generally produce fine fibers; nevertheless,
defects such as bead formation may occur due
to the competition between electrostatic
forces, solution viscosity, and surface tension
during the electrospinning process [18].

10.00 KV 50000 x 103

Fig. 2. FESEM image, and diameter distribution of
sample NFSO0.

mm 829 um 3.5

In the NFS1 sample (Fig. 3), the average
fiber diameter slightly increased to 250 + 54.7
nm compared with pristine PVA (NFS0),
accompanied by a narrower diameter
distribution. This variation suggests that low
silica loading does not necessarily result in
diameter reduction, as fiber morphology is
influenced by the combined effects of solution
viscosity, conductivity, and polymer—filler
interactions during electrospinning. The
FESEM image showed a relatively uniform
and nearly bead-free fiber network. This
observation is consistent with previous
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findings reporting that small amounts of
inorganic fillers can improve electrospinning
jet stability by modifying solution conductivity
and polymer—filler interactions, resulting in
more uniform fiber formation [28].

Fig. 3. FESEM image, and diameter distribution of
sample NFS1.

In the NFS3 sample (Fig. 4), the average
fiber diameter decreased to 208 = 49.6 nm
compared with NFSO and NFS1, accompanied
by a narrower diameter distribution mainly
within the range of 100-250 nm. The reduction
in fiber diameter suggests that moderate silica
incorporation influenced the electrical and
rheological characteristics of the PVA
solution, promoting more efficient jet
stretching during electrospinning. However,
FESEM images revealed the initial appearance
of small bead-like structures, indicating slight
instability in the electrospinning process. This
behavior may be related to changes in solution
properties and silica dispersion within the
PVA matrix, which affect jet stability during
fiber formation [27].

Diameter (nm)

d diameter distribution of

Fig. 4. FESEM image, a
sample NFS3.

In the NFS5 sample (Fig. 5), the fibers
exhibited the smallest average diameter of 170
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+ 56.8 nm; however, the broader diameter
distribution indicates increased morphological
heterogeneity due to the coexistence of
ultrafine and thicker fibers. The FESEM image
revealed the formation of large beads, fiber
fusion, and non-uniform fiber morphology.
These observations suggest that higher
silica loading may induce silica aggregation,
which disrupts fiber continuity and promotes
morphological defects [29]. Although NFS5
exhibited the smallest average fiber diameter,
the increased diameter variation indicates that
the reduction in fiber size was accompanied by
deterioration of morphological uniformity.
Therefore, excessive silica
incorporation may contribute to continued jet
stretching and diameter reduction while
simultaneously causing silica aggregation and
fiber fusion, which negatively affect the
structural integrity of the nanofiber network.

Fig. 5. FESEM image, and
sample NFS5.

In the NFS7 sample (Fig. 6), the average
fiber diameter increased again to 225 + 43.2
nm, accompanied by a relatively broad
diameter distribution. This increase suggests
that excessive silica loading altered the
electrospinning behavior by affecting solution
properties and fiber formation dynamics. The
FESEM image showed relatively continuous
fiber structures; however, fiber fusion between

adjacent fibers remained evident. The
observed morphology 1is consistent with
previous studies, which reported that

increasing inorganic filler content can modify
fiber formation behavior and improve fiber
network compactness within an optimum
loading range, while excessive filler addition
may induce structural defects [30].
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Fig. 6. FESEM image, and diameter distribution of
sample NFS7.

Overall, the results indicate that
relatively favorable morphological
characteristics were obtained at low to

moderate silica loadings (1-3 wt%), where
improved silica dispersion, controlled fiber
diameter, and reduced defect formation were
observed. At higher silica loadings, silica
aggregation and fiber fusion became more
pronounced, resulting in increased
morphological heterogeneity. This observation
agrees with  composite  reinforcement
principles, where non-uniform filler dispersion
can act as structural defects and reduce the
effectiveness of stress transfer within the
polymer matrix.

3.3 Hardness analysis of PVA/Silica
nanofibers

The Vickers hardness results of
PVA/silica nanofibers membranes with

different silica loadings are presented in Fig. 7.

20.36 £ 0.85

16.23 + 0.15

12.36 + 0.93

10 8.63+0.15

5.03 +0.35

Vickers Hardness (HV)
w

NFS0

NFS1 NFS3  NFS5
Nanofiber Samples

Fig. 7. Average Vickers hardness of PVA/Silica
nanofibers.

NFS7
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The average hardness values exhibited
clear wvariations depending on the silica
content. For NFSO, the hardness value was
recorded at 12.36 £ 0.93 HV. In NFS1, the
hardness increased to 20.36 + 0.85 HV,
indicating a strengthening effect associated
with improved silica dispersion and enhanced
interaction between silica particles and the
PVA matrix. This improvement can be
attributed to the incorporation of silica-derived
fillers, which restrict polymer chain mobility,
enhance interfacial stress transfer, and
contribute to increased stiffness of the
nanocomposite network.

The physical interactions between
silica-derived fillers and the PVA matrix
facilitate stress transfer and restrict polymer
chain mobility, contributing to improved
mechanical reinforcement [31]. In the NFS3
sample, the hardness value decreased to 16.23
+ 0.15 HV; however, it remained higher than
pristine PVA (NFSO0), indicating that silica
incorporation still contributed to mechanical
enhancement. This reduction may be
associated with changes in solution properties
and silica dispersion behavior, which can
influence jet stability, fiber formation, and
stress transfer efficiency within the nanofiber
network. Similar observations were reported
by Pirzada et al. [21], who demonstrated that
variations in silica/PVA ratios can modify
solution properties and subsequently affect
fiber morphology and mechanical
performance. Excessive filler loading may
reduce reinforcement efficiency due to particle
aggregation and  non-uniform  stress
distribution within the polymer matrix.

This trend was evident in the NFS5
sample, where the hardness decreased sharply
to 5.03 + 0.35 HV. FESEM analysis revealed
substantial silica aggregation, bead formation,
and fiber fusion, which can act as stress
concentration sites within the nanofiber
structure and reduce stress transfer efficiency.
EDS analysis further confirmed the presence
of silica within the PVA matrix. For NFS7, the
hardness increased slightly to 8.63 = 0.15 HV
but remained significantly lower than the
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optimum value observed for NFSI1. This
modest recovery may be associated with
improved fiber continuity compared with
NFS5; however, silica aggregation and
structural defects were still present at high
silica loading.

The relationship between average fiber
diameter and Vickers hardness of the
PVA/silica nanofiber membranes is presented
in Fig. 8. The correlation was evaluated by
plotting fiber diameter as the independent
variable and hardness value as the dependent
variable. The linear fitting indicates the
general relationship between these two
parameters;  however, the correlation
demonstrates that fiber diameter alone is
insufficient to determine the mechanical
response of the nanofiber membranes.
Although the NFS5 sample exhibited the
smallest average fiber diameter (170 nm), it
showed the lowest hardness value (5.03 HV),
which was attributed to silica aggregation,
fiber fusion, and increased morphological
defects. Therefore, the mechanical
performance of PVA/silica nanofibers is
governed not only by fiber diameter but also
by silica dispersion, polymer—filler interfacial
interaction, and structural integrity of the
nanofiber network.

.NFS]

20.0{ y=0.153x -20.54
R?=0.568

—
2
n

o \FS3
15.0 1

12.51

10.0

2
n

Vickers hardness (HV)

NFS5

h
=)

180 200 220 240 260

Average fiber diameter (nm)

160

Fig. 8. Relationship between average fiber diameter
and Vickers hardness of PVA/silica nanofiber
membranes with different silica contents.
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Although a reduction in fiber diameter is
generally expected to improve fiber uniformity
and  potentially  enhance  mechanical
performance, the NFS5 sample exhibited an
opposite behavior. NFS5 possessed the
smallest average fiber diameter (170 + 56.8
nm) but showed the lowest hardness value
(5.03 £ 0.35 HV). This result indicates that
fiber diameter alone is insufficient to
determine the mechanical performance of the
nanofiber membrane. Other structural factors,
particularly  fiber = morphology,  silica
dispersion, and defect formation, significantly
influenced the mechanical response. In the
NFS5 sample, the presence of silica
aggregation, bead formation, and fiber fusion
generated structural discontinuities that
reduced stress transfer efficiency and
weakened the nanofiber network. The lower
hardness of NFS5 is attributed to excessive
silica incorporation, which may promote silica
aggregation and affect electrospinning jet
stability. These effects can generate
morphological defects such as bead formation
and fiber fusion, resulting in reduced structural
uniformity and inefficient stress transfer
within the nanofiber network. Therefore, the
mechanical reinforcement effect of silica
depends not only on fiber diameter reduction
but also on effective filler dispersion,
interfacial interaction between silica and PVA,
and preservation of the fibrous structure.

3.4 Elemental composition analysis by EDS

The elemental composition and spatial
distribution of elements within the PV A/silica
nanofiber membranes were investigated using
energy dispersive spectroscopy coupled with
field emission scanning electron microscopy
(FESEM-EDS). Figure 9 presents the FESEM
images and elemental mapping results of
selected samples (NFSO, NFS3, and NFS7),
representing the pristine PVA membrane,
intermediate silica loading, and highest silica
loading, respectively. The EDS mapping
provides information regarding the spatial
distribution of C, O, Si, and minor inorganic
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elements within the nanofiber membrane
structure.

The FESEM images of the selected
samples reveal interconnected fibrous
networks within the nanofiber membranes.
The elemental mapping results show the
presence of C and O elements, which are
mainly associated with the PVA polymer
matrix. The relatively uniform distribution of
C and O elements is consistent with the
homogeneous distribution of the PVA
component throughout the nanofiber structure,
confirming the formation of a continuous
polymer-rich phase.

In the NFSO sample, the FESEM image
reveals a continuous fibrous network without
the presence of silica-related elements. The
EDS mapping shows only C and O as
dominant elements, corresponding to the
chemical composition of the PVA matrix. The
uniform distribution of these elements
confirms the homogeneous polymer phase in
the pristine PVA nanofiber membrane.

(a) NFSO (b) NFS3

(c) NFS7

Fig. 9. FESEM images and corresponding EDS
elemental maps of (a) NFSO0, (b) NFS3, and (c)
NFS7 PVA/silica nanofiber membranes.
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In addition to C and O, Si signals were
detected in silica-containing  nanofiber
samples, confirming the presence of
geothermal-derived silica within the PVA
matrix. The Si distribution became more
evident with increasing silica loading,
suggesting a higher contribution of silica-
derived components within the nanofiber
structure. The detection of Si is consistent with
the XRF composition of the silica precursor
and supports the FTIR identification of silica-
related bonding characteristics within the
nanofiber matrix.

The EDS analysis also detected minor
amounts of Na and Al elements, which may
originate from residual mineral components
associated with geothermal silica waste. These
minor elements reflect the natural mineral
composition of the geothermal-derived silica
source. However, their relatively low signals
compared with Si indicate that silica-derived
components remain the predominant inorganic
species detected within the nanofiber structure.

Semi-quantitative EDS analysis revealed
that the detected Si content increased from
0.16 wt% in NFSO to 0.66 wt% in NFS3 and
further increased to 1.60 wt% in NFS7. The
small Si signal detected in NFSO is likely
associated with background contribution,
substrate effects, or instrumental detection
limitations. Although slight variations were
observed among samples, these differences
can be attributed to the localized nature of EDS
analysis and the heterogeneous morphology of
electrospun nanofiber membranes.

3.5 Contact angle analysis of PVA/Silica
nanofibers

The contact angle measurements
presented in Fig. 10, for samples NFSO, NFS1,
NFS3, NFS5, and NFS7 demonstrate the effect
of increasing silica content on the surface
wettability of the nanofiber membranes. The
contact angle values for each sample were
measured with water droplets as the test liquid
at 20°C.

The analysis is as follows: the initial
sample without silica (NFSO, Fig. 10a)
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exhibited an average contact angle of 43.7°.
This relatively low wvalue indicates a
hydrophilic surface, which is typical for pure
PVA due to the presence of abundant hydroxyl
(—OH) groups capable of forming hydrogen
bonds with water molecules. This strong
hydrophilic behavior facilitates the spreading
of water on the surface, consistent with
previous studies reporting contact angles
between 40° and 50° for electrospun PVA
membranes [32-34].

Upon the addition of 1 wt% (NFSI, Fig.
10b) silica, the contact angle slightly decreased
to an average of 41.3° (41.9° left, 40.7° right).
This reduction suggests an enhancement in
hydrophilicity, attributed to the introduction of
silanol  (Si—-OH) groups on the silica
nanoparticle surface, which are highly polar
and capable of hydrogen bonding with water.
Moreover, the homogeneous dispersion of
silica nanoparticles likely increased the
effective polar surface area [35].

In NFS3 (Fig. 10c), the contact angle
further decreased to 34.9°, indicating a
significant improvement in wettability. This
result implies that at moderate silica loading,
the polar groups are well-distributed, and the
surface roughness induced by nanoparticles
enhances the spreading of water. The
synergistic effect of PVA’s hydroxyl groups
and silica’s silanol groups optimizes surface
hydrophilicity at this composition [35]. For
NFS5 (Fig. 10d), the contact angle decreased
even more to 29.8° (30.7° left, 28.9° right),
representing the highest hydrophilicity among
all samples. This may be due to the optimal
balance between silica dispersion and the
creation of micro/nano-scale roughness,
leading to improved water spreading according
to the Wenzel wetting model. However, at this
stage, excessive silica loading may begin to
risk agglomeration if further increased [36].
Interestingly, the NFS7 (Fig. 10e) sample
exhibited an increase in contact angle to an
average of 42.75° (45.8° left, 39.7° right),
indicating a reduction in hydrophilicity
compared to NFS5. This behavior is likely
caused by nanoparticle agglomeration at
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higher loadings, which reduces the number of

accessible  hydrophilic groups on the
membrane surface. Such agglomerates may
create  localized hydrophobic  regions,

decreasing the overall wettability [37].

(b)

(a)

Fig. 10. Contact angle measurements of nanofiber
membranes: (a) NFSO, (b) NFSI1, (¢) NFS3, (d)
NFSS, and (e) NFS7, using water droplets at 20 °C.

The decrease in water contact angle from
43.7° for NFSO to 29.8° for NFS5 indicates
enhanced surface wettability due to the
hydrophilic nature of silica and the presence of
surface hydroxyl groups. However, further
silica addition (NFS7) increased the contact
angle, which may be associated with silica
agglomeration and heterogeneous surface
morphology that reduced the accessibility of
hydrophilic sites.

3.6 FTIR spectroscopy

The FTIR spectrum of the PVA/silica
nanofibers (NFSO-NFS7) in Fig. 11, shows the
presence of the main functional groups of the
PVA matrix and silica filler from the sol-gel
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synthesis. FTIR spectra of PVA/silica nanofibers
with varying silica content.

- NFS7

Transmittance (%)

©
2
=
H
S
- -

L 1417 9
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T T T T T
2500 2000 1500 1000 500

Wavenumber cm-1
Fig. 11. FTIR spectra of PVA/silica nanofibers
with different silica loadings (NFSO-NFS7).

T T
4000 3500 3000

The broad peaks at 3270-3278 cm-' were
identified as stretching O-H hydroxyl groups
derived from PV A and silanol (Si-OH) groups
on silica particles [38]. Variation in the O-H
band intensity may be associated with the
overlapping contributions of hydroxyl groups
from PVA and silica-derived silanol groups.
The band at 2910-2914 cm-' is related to the
C-H stretching of the -CH: group in the PVA
backbone. The position and intensity of this
band is relatively constant across all samples,
indicating that the main structure of PVA
remains intact despite the addition of silica
[39].

The band at 1413-1419 cm™' originates
from C-H bending vibrations, while the
absorption band at 1087-1091 cm™ is
attributed to Si—O-Si asymmetric stretching
vibrations, which are characteristic of silica
network structures [40—41]. The appearance of
Si—-O-Si related bands in silica-containing
samples indicates the presence of silica-
derived structures within the PVA matrix and
supports the incorporation of geothermal-
derived silica during nanofiber fabrication. In
addition, the band at 916-919 cm™ can be
associated with Si—-OH related vibrations
originating from incompletely condensed
silanol groups. The presence of these silanol
groups provides potential sites for hydrogen
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bonding interactions between PVA chains and
silica surfaces, which may contribute to
improved interfacial adhesion between the
polymer matrix and silica particles [42].

This observation is consistent with the
Vickers hardness results, where the 1 wt%
silica composition (NFS1) exhibited the
highest hardness value (20.36 HV). This
improvement may be associated with better
silica dispersion and enhanced interfacial
interactions between the PVA matrix and silica
particles, which facilitate stress transfer within
the nanofiber network. In contrast, at higher
silica loading (=5 wt%), the mechanical
performance decreased, which can be
attributed to morphological changes observed
from FESEM analysis, including silica
aggregation and fiber fusion. These structural
defects may act as stress concentration sites
and reduce the efficiency of stress transfer
within the nanofiber network. From a surface
property perspective, the presence of silanol
(Si—OH) and hydroxyl (O—-H) groups may
contribute to enhanced hydrophilic behavior of
the nanofiber surface. This behavior is
reflected in the contact angle measurements,
where silica-containing samples generally
exhibited lower contact angles due to
improved interaction between hydrophilic
surface groups and water molecules.

Overall, FTIR analysis supports the
incorporation of geothermal-derived silica into
the PVA nanofiber matrix through the
identification of silica-related vibrations and
hydroxyl groups. These chemical
characteristics provide insight into the possible
interactions between PVA and silica, which
may contribute to the observed changes in
mechanical  performance and  surface
wettability of the nanofiber membranes.

4. Conclusion

This study successfully produced PVA-
based nanofibers reinforced with geothermal
silica synthesized via the sol—gel method and
fabricated through electrospinning.
Morphological analysis revealed that silica
incorporation at low to medium concentrations
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(1-3 wt%) improved fiber uniformity and
reduced morphological defects. The highest
hardness value (20.36 HV) was achieved with
1 wt% silica, whereas the optimal balance
between mechanical properties and surface
wettability was obtained at 3 wt% silica,
exhibiting a hardness value of 16.23 HV and a
water contact angle of 34.9°. FTIR analysis
confirmed the presence of silica-related bonds,
including Si—O-Si and Si—-OH groups, which
contributed to the modification of surface
characteristics.

The novelty of this research lies in the
direct utilization of geothermal silica waste,
processed via the sol-gel method without
additional functionalization, as a low-cost and
environmentally friendly filler for nanofiber
production. The results demonstrate the
potential of this material for membrane and
filtration applications requiring a balance
between mechanical strength and improved
hydrophilicity, while providing a sustainable
approach for converting geothermal waste into
value-added materials.

The relationship between surface
wettability and mechanical performance
demonstrated that silica incorporation
influenced different functional properties of
PVA nanofiber membranes. Although
increased silica loading improved hydrophilic
behavior due to silica-associated hydroxyl
groups, excessive silica addition resulted in
morphological  defects  that  reduced
mechanical  performance. =~ Among the
investigated compositions, NFS3 provided the
most balanced combination of surface
wettability (34.9° contact angle) and
mechanical properties (16.23 HV hardness),
supported by relatively uniform nanofiber
morphology. These findings indicate that
controlling silica loading is essential for
optimizing the multifunctional performance of
PV A/silica nanofiber membranes.

Future studies should investigate the
reproducibility of high silica-loading
formulations through repeated electrospinning
experiments using independent batches of
geothermal silica precursor. Additional
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quantitative analysis of silica dispersion and
interfacial interactions may also provide
deeper understanding of the reinforcement
mechanism.
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