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The development of Polyacrylonitrile (PAN)—Polyethersulfone (PES) nanofiber membranes loaded with Reduced Graphene Oxide
(rGO) offers an innovative and sustainable solution for water filtration. This study synthesized and characterized PAN-PES loaded
rGO nanofiber membranes using an electrospinning technique. A PAN—PES mixture (8:2 mass ratio) at 10-20 wt% served as
the matrix, with 48 mg of rGO added. The membranes were analyzed using scanning electron microscopy, Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), mechanical testing, water absorption, immersion resistance, and clean water
permeability (CWP). The resulting nanofibers exhibited defect-free, bead-free, and uniform morphology with diameters ranging from
389 to 757 nm. FTIR confirmed hydrogen bonding between PAN-PES and rGO, while XRD showed sharp peaks with a maximum
crystallinity of 33.52%. The membrane displayed a Young's modulus of 57.83 MPa and remained stable after 32 days of immersion.
It demonstrated superhydrophilic behavior with a contact angle of 72.4° to 74.3°, sustaining a stable water flux at 6.0 bar for 60 min,
yielding a permeability of 3.25 to 23 L/mZh-bar and an equilibrium water content of 69 to 91%. Surface morphology before and after
wastewater filtration revealed effective contaminant capture and strong antifouling resistance. These results confirm that PAN-PES
loaded rGO nanofiber membranes possess excellent mechanical stability, high permeability, and superior wettability, providing a
promising pathway for advanced, sustainable water filtration applications.

Received: 8 November 2025, Accepted: 24 January 2026
https://doi.org/10.26554/sti.2026.11.2.457-480

1. INTRODUCTION

The availability of clean water is increasingly threatened due
to rising pollution loads from industrial and domestic activities
in various countries, including Indonesia. One clear indicator
of water quality degradation is the change in river color to yel-
lowish (Rangecroft et al., 2023). One clear indicator of water
quality degradation is a change in the river’s color to yellowish.
This color is generally caused by high levels of dissolved organic
matter such as tannins and lignin originating from biomass
waste, as well as the presence of heavy metals like iron and
chromium produced by the textile, pulp and paper, and mining
industries. The presence of these compounds not only causes

color changes, but also indicates the existence of pollutants that
are difficult to degrade naturally and can be toxic to aquatic
organisms. Various conventional methods such as coagulation,
flocculation, and adsorption have been used to treat colored
wastewater, but their effectiveness is often limited against nano-
and micro-sized contaminants. In addition, these processes can
produce secondary chemical residues that have the potential to
pollute the environment. In the past two decades, membrane-
based separation technologies have emerged as a promising
alternative because they are able to physically remove contam-
inants with high efficiency and without generating hazardous
by-products (Zhao et al., 2024). Nevertheless, conventional
flat-sheet membranes often face challenges such as fouling
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and low water permeability. To overcome these issues, the
development of nanofiber membranes produced through the
electrospinning method is receiving increasing attention. The
nanofiber structure offers a high specific surface area, uniform
pore distribution, and better water permeability compared to
conventional membranes (Wang et al., 2025). The next chal-
lenge is selecting base materials that have an optimal balance
of mechanical, chemical, and surface properties to maximize
wastewater filtration performance.

Among various synthetic polymers, Polyacrylonitrile (PAN)
and Polyethersulfone (PES) are two materials that are widely
used for membrane fabrication due to their good chemical, ther-
mal, and mechanical stability. PAN is capable of stably forming
fibers with nanoscale diameters through electrospinning, and
it is easily chemically modified because it contains reactive ni-
trile groups. Research on the development of nanofiber mem-
branes for water filtration has been extensively conducted by
previous researchers. Roche and Yalcinkaya (2019) reported a
water permeability value of 600 L.m™2.h"!.bar! for pure PAN
membranes. Meanwhile, Jang et al. (2020) reported a value
of 890 L.m2.h"L.bar’! for the Ag/GO composite-modified
PAN membrane. Meanwhile, PES is known for its mechanical
strength and resistance to organic solvents, but its relatively
hydrophobic nature often leads to fouling. The combination
of PAN and PES in a single polymer matrix can produce a
synergistic effect, where PAN enhances hydrophilicity and per-
meability, while PES reinforces mechanical stability and chem-
ical resistance. Meanwhile, Pervez et al. (2022) reported that
the PES/PAN mixed membrane has mechanical stability and
hydrophilicity (contact angle 65.9 + 1.2°) which will affect its
absorption capacity, namely MB (1010 mgMB/g), which is bet-
ter than that of the pure membrane (48 mg/g). Previous studies
have also shown that membrane performance can be further
enhanced by the addition of nanomaterials such as graphene
oxide (GO) or reduced graphene oxide (rGO), which serve as
structural reinforcements and improve hydrophilicity. There-
fore, the combination of PAN-PES with rGO filler becomes
a promising approach to produce nanofiber membranes with
high filtration performance.

Reduced Graphene Oxide (rGO) is a two-dimensional
carbon-based material that possesses exceptional mechanical
properties, a high surface area, as well as good electrical and
thermal conductivity (Manikandan and Lee, 2023). In the
context of filtration membranes, rGO plays an important role
in forming water transport channels through parallel-aligned
graphene layers, thereby reducing diffusion resistance and in-
creasing permeability. Motlokoa et al. (2025) reported that the
addition of 1 to 5 wt% rGO to PES membranes increased water
flux (88 L m2h. 1 bar™1), whereas Rostami et al. (2024) showed
that the addition of GO increased permeability by 80% and
selectivity by 76% for heavy metal ions such as Pb. Compared
to GO, rGO has a lower oxygen content, making it structurally
more stable and less prone to swelling in aqueous media (Liu
et al., 2022). However, the dispersion of rGO within the poly-
mer matrix often becomes a challenge due to its tendency to
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agglomerate. Therefore, various approaches such as surface
modification of rGO and optimization of the filler ratio have
been employed to ensure even distribution and strong bonding
with the polymer matrix. The incorporation of rGO with the
PAN-PES system is expected to enhance water permeability, as
well as provide improved antifouling capabilities and mechan-
ical strength compared to conventional membranes (Icdokali
et al., 2024). Although a number of studies have explored
the use of synthetic GO/rGO based on commercial graphite,
sustainable and low-cost sources of rGO from biomass have
still rarely been developed.

One of the most promising sources of biomass is Palm
Kernel Shell (PKS), a solid waste product from palm oil pro-
cessing that is abundant in Indonesia and other tropical coun-
tries (Nabila et al., 2023). PKS contains a high carbon content
(around 48-52%) and can be used as a raw material to produce
graphene oxide or reduced graphene oxide through carboniza-
tion and chemical reduction processes. The utilization of PKS
can add value to agricultural waste and support the principles
of the circular economy in the field of materials. Faaizatunnisa
et al. (2025) used ZnO/rGO nanocomposites derived from
PKS via a modified Hummers method, showing an increase in
surface area and adsorption capacity, achieving 95% degrada-
tion of 2-naphthol after 120 minutes of irradiation, surpassing
pure ZnO. Mohd Ali Jinnah et al. (2024) successfully synthe-
sized rGO from PKS using a double oxidation and carboniza-
tion method, achieving a Rhodamine B adsorption efficiency of
up to 195.24 mg/g. Meanwhile, Ab Aziz et al. (2023) have suc-
cessfully synthesized rGO using the same method from PKS,
with a maximum adsorption capacity reaching 50.07 mg/g.
These results indicate that PKS-based rGO has characteristics
similar to commercial rGO in terms of adsorption capacity and
hydrophilicity. However, the use of rGO from PKS as a filler
in PAN-PES nanofibers for wastewater filtration applications
has not been widely reported. This combination of sustain-
able materials has great potential to produce environmentally
friendly membranes with high performance (Adhikary and
Goswami, 2025). In addition to reducing dependence on fossil
carbon sources, the integration of rGO-PKS can improve the
porosity and structural stability of nanofibers, as well as en-
hance the membrane’s ability to remove organic and inorganic
contaminants from wastewater.

Research on the development of nanofiber membranes for
water filtration has been extensively conducted by previous
researchers. Chen et al. (2022) reported a water permeabil-
ity value of 8490 L.m2.h™!.bar’! for PAN/TPU composite
nanofiber membranes. Meanwhile, Askari et al. (2024) re-
ported a value of 1265 L.m™2.h"!.bar’! for PES/PAN mem-
branes in oil/water separation applications, with an oil separa-
tion efliciency reaching 86%. Another study by Elessawy et al.
(2024) also reported that the addition of graphene oxide (GO)
into the PES nanofiber matrix was able to increase water per-
meability up to 1867 LMH, with a maximum rejection rate of
around 93%, as well as enhanced membrane hydrophilicity and
porosity. Meanwhile, Liu et al. (2023) reported that the combi-
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nation of PAN/PES/TiOg resulted in an increase in water flux
up to 619.4 L/m?h'bar, as well as demonstrating better fouling
resistance compared to single membranes. Lastly, Ebrahimi
et al. (2022) developed a PAN/GO/SiO2 membrane, which
demonstrated oil/water separation with a 98% rejection rate,
confirming that the integration of carbon-based materials can
significantly enhance filtration performance. However, there
have not been many studies that integrate biomass-based rGO,
especially those derived from Palm Kernel Shell (PKS), into
PAN-PES composites for wastewater filtration applications,
systematically investigating the influence of electrospinning
process parameters on filtration performance using statistical
approaches such as Response Surface Methodology, as well as
combining approaches of material synthesis, membrane fab-
rication, and filtration performance optimization within an
integrated research framework.

This research explores the utilization of Palm Kernel Shell
(PKS) as a natural carbon source for the synthesis of reduced
graphene oxide (rGO) and its application as a filler material
in PAN-PES nanofiber composites for water filtration appli-
cations. This approach provides a biomass-based alternative
that has the potential to support sustainability and local waste
utilization. The combination of PAN-PES with PKS-based
rGO is still relatively limited reported in the wastewater fil-
tration literature, so this study contributes to expanding the
understanding of the effect of biomass-based rGO on struc-
tural properties and membrane filtration performance. This
research was conducted through an integrated experimental
approach that includes material synthesis, nanofiber fabrica-
tion, characterization, and filtration performance evaluation.
Material characterization was carried out using various tech-
niques, such as SEM and TEM for morphological analysis,
FTIR for functional group identification, XRD for crystal struc-
ture analysis, and contact angle measurement to evaluate the
hydrophilicity level of the membrane. In addition, direct test-
ing was also conducted on the nanofiber surface morphology
before and after the wastewater filtration process to observe
structural changes and fouling potential on the membrane sur-
face. The membrane’s performance in the filtration process
was evaluated through absorption capacity testing and clean
water permeability testing to assess separation efliciency as well
as fluid transport characteristics. Thus, this research is expected
to provide both scientific and practical contributions to the de-
velopment of sustainable nanofiber membrane technology for
industrial wastewater treatment in the future.

2. EXPERIMENTAL SECTION

2.1 Materials

In this study, Polyacrylonitrile (PAN, CAS 25014-41-9) was
obtained from Sigma Aldrich Co., Ltd. (Singapore) and a
molecular weight of 150,000 g/mol. Polyethersulfone (PES,
SU306311) granules with a nominal granule size of 3 mm,
weight of 200 g, and clear amber color were purchased from
Sigma Aldrich Co., Ltd. (Singapore) with a molecular weight
of 64,000 g/mol. N, N-dimethylformamide (DMF, anhydrous,
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99.8%, CAS No. 68-12-2) was obtained from Sigma-Aldrich
Co (Singapore). Reduced Graphene Oxide (rGO) was synthe-
sized from Palm Kernel Shells (CKS) using a hydrothermal
method, as previously described (Jauhari et al., 2021; Widi-
atmoko et al., 2019). Other materials and reagents were used
directly without further modification, unless otherwise stated.

2.2 Fabrications of Nanofiber Membranes

Figure 1 illustrates the manufacturing process of the PAN-PES
loaded rGOPKS electrospun nanofiber membrane. In this ex-
periment, a PAN-PES polymer with a mass ratio of 8:2 was
used as the matrix at concentrations of 10, 15, and 80 wt.%, dis-
solved homogeneously in the organic solvent DMF (90 wt.%)
using magnetic stirring (Thermo Scientific Cimarec, USA) at
a temperature of 80°C for 12 hours. rGOPKS (48 mg) was
added and mixed with vigorous stirring at 300 rpm and 80°C
for 8 h. The compositions of the polymer solutions are sum-
marized in Table 1. The NLI603 electrospinning facility was
supplied by Nanolab Instruments Sdn. Bhd. The PAN-PES
loaded rGOPKS dope solution was placed into a 10 cc/mL
plastic syringe (Terumo-Syring®, Indonesia) connected to a
stainless-steel needle (outer diameter 0.8 mm). The needle was
connected to the positive terminal of the voltage generator. A
working voltage of 15 kV and a flow rate of 1.5 ml/h (through
an injection pump controlled by a human-machine interface
touchscreen) were used. The environmental parameters were
maintained at a room temperature of 30°C and relative hu-
midity of approximately 60%. The successful preparation of
electrospun nanofibers was confirmed by observing the Tay-
lor cone, and finally, the nanofiber mats were collected onto
a nonwoven fabric placed 100 cm from the needle tip. The
resulting PAN-PES loaded rGOPKS nanofiber membrane was
separated from the nonwoven sheet. The entire experimen-
tal process was completed in 8 h. The fiber membranes were
placed in a vacuum drying oven at 40°C for 24 h to remove
residual organic solvents.

Table 1. Composition of the Polymer Solution for Substrate
Preparation

Sample PAN-PES (8:2 wt.%) rGOPKS (mg)
PAN-PES 10 0
PPG10 10 48
PPG15 15 48
PPG20 20 48

2.3 Methods of Characterization

2.3.1 Morphology of rGOPKS

Observation morphologies were performed to reduction Grap-
hene Oxide of Palm Kernel Shell (rGOPKS). The morphology
and size of rGOPKS were investigated by scanning electron
microscopy (SEM, TESCAN-Vega 3, Czech Republic) after
coating with a 10 nm gold layer. The surface morphology of
rGOKS was observed using a Tecnai G2 20S-TwinTransmission
Electron Microscopy (FEI., USA) at a voltage of 100 kV.
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1. Preparation of PAN-PES
solution in DMF using a
magnetic stirrer at 80 °C for
12 hours.

2. Addition of 48 mg rGO

into the polymer solution

and stirred at 80 °C, 300
rpm for 8 hours.

6. Drying of nanofiberin a
vacuum oven at 40 °C for
24 h to remove residual
organic solvents.

5. Collection of nanofibers
onto a honwoven fabric
substrate, forming slightly
elongated nanofiber.

solutioninto a10 cc/mL
syringe connected toa
stainless-steel needle.

5. Characterization of the
prepared m using SEM,
XRD, FTIR, Mechanical , and
Contact Angle analysis.
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3. Loading the dope 4. Electrospinning process
performed at 15 kV and 1.5
mL/h with a tip-to-collector

distance of 100 cm.

Ve

6. Application of the PAN-
PES/rGO nanofiber in a
filtration setup for separating
contaminants from water.

Figure 1. Schematic [llustration of the Preparation, Fabrication, and Application of the PAN-PES/GOPKS Electrospun

Nanofiber Membrane

2.3.2 Morphology of Electrospun Nanofibers

The morphology of the electrospun nanofibers was investi-
gated using field-emission scanning electron microscopy (SEM)
(JEOL JSM 6510 LA, Japan) with an accelerating voltage of
20 kV and a working distance of 20 mm. Samples were pre-
pared by loading electrospun PAN-PES loaded rGOPKS onto
carbon tape on an aluminum disk. The samples were gold
sputtered and then loaded into the SEM sample chamber for
analysis. The diameters of 100 fibers were determined using
Image] software (National Institute of Health, USA) in the
SEM image, and the diameter distribution was calculated.

2.3.3 FTIR and XRD Analysis

Fourier-transform infrared (FT-IR) spectroscopic measure-
ments of the as-prepared PAN-PES loaded rGOPKS compos-
ite nanofibers were performed on an IR spectrophotometer
(Nicolet iS50, Thermo Scientific, USA) in the scanning range
from 4000 to 400 cm~!. X-Ray Diffraction (XRD, Bruker
D2 Phaser) patterns were recorded from 10° to 90° with a
step size of 0.08° using Cu-Ka photons (1 = 1.5406 A) to
analyze the structural details of the carbonized pristine and
modified nanofibers. The interlayer spacing, d, was calculated
using Bragg’s law (Equation 1), where 8 is the Bragg angle.
The crystallite sizes were estimated using the Scherrer equa-
tion (Equation 2), as follows: where A is the X-ray wavelength,
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n was set as 1, K is the shape factor (0.89 for L.), B is the full
width at half maximum (FWHM) of the diffraction peak, and
0 the Bragg angle in radians. The relative percentage of crys-
tallinity was determined by dividing the total area of the crystal
peaks by the total area (total intensity) of the spectrum. The
relative percentage of crystallinity (X.%) was then calculated
using the ratio of these two intensities, as shown in Equation 3,
where I. = total intensity of the crystalline peaks and I, = total
intensity of the amorphous peak (Almafie et al., 2025; Sriyanti
et al., 2025, 2026).

na
d= 2sin 6 1)
I Ka @
B cos 8
I
X9 = — ®)

2.3.4 Mechanical Properties
Tensile tests were performed to determine the mechanical

properties of the composite. Universal Tensile Strength Test-
ing Machine (ZwickRoell, BT2-FR0O20TH. A60 (Germany)
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was used to conduct tensile tests following ASTM standard
D3039/D3039M to assess the mechanical properties of the
fabrics at room temperature. The test specimens were three
pieces, each 1 cm wide and 2 cm long. The distance between
the fixtures was 2 cm. The load cell was 100 cN, the extension
rate was 0.6 mm/min, and the gauge length was 10 mm. The
data obtained from the tensile tests, maximum stress (UTS),
elongation, and Young’s modulus values of the composite spec-
imens were determined.

2.3.5 Water Contact Angle

The surface wettability of the modified membranes was ex-
amined using a Digital Microscope (Model X4, Magnification
1600x). This instrument facilitated the measurement of the
angle formed between a liquid droplet and the surface of the
modified membranes, which served as an indicator of surface
hydrophilicity or hydrophobicity. The nanofibers were stuck
on glass slides, and a drop of Milli-Q water (3 ul.) was applied
to the film surface. The drop images were captured using a
digital camera. Subsequently, the contact angle values from 0
to 50 min were measured using ImageJ software. The mean
value of the contact angle was calculated from three individual
tests performed at different positions on the nanofibers.

2.3.6 Water Absorption Test

The wettability of a material is largely dependent on its hy-
drophilic and hydrophobic nature. Therefore, this study inves-
tigated whether the hygroscopicity of the prepared nanocom-
posite film met the requirements for water filtration by testing
the hygroscopicity and equilibrium water content of the mate-
rial. To test the water absorption by the nanofiber membrane,
the prepared nanofiber membrane was cut into small pieces
of size 20 x 20 mm? with mass mg. Second, the samples were
immersed in 10 mL of deionized water at 87 °C for 2 h, then
removed, and the excess deionized water was gently wiped off
the surface with filter paper and weighed as m,. The absorption
rate and equilibrium water content of the fibres membrane
were calculated using Equation 4 and Equation 5, respectively
(Hou et al., 2023; Shahryari et al., 2021).

Absorption rate (%) = Mo 100% “4)

my

MM 100% (5)

my

Equilibrium water content (%) =

2.3.7 Water Resistance

To test the nanofiber degradation in liquids, a test solution was
prepared. This solution was suitable for testing. The nanofiber
samples were cut into uniform sizes of 20 x 20 mm?. The
sample was placed in a container containing the test solution
and was completely submerged. The container was tightly
sealed and incubated at room temperature (35 °C) to simulate
the actual water filtration conditions. At certain time intervals
(1, 8, 16, 24, and 32 days), samples were collected for further
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analysis. During the test, any visual changes in the nanofibers,
such as changes in texture, shape, or color, were observed and
recorded. The process was repeated with multiple replicates to
ensure accuracy.

2.3.8 Water Permeability

The performance of the membrane water filter was determined
by the normalized clean water permeability (CWP, Indonesia)
using a cassette cleanliness test. This involves measuring the
flow of clean water through the membrane at a standard pres-
sure and temperature. The membrane was wetted in ultrapure
water for a maximum of 60 min, pumped to a pressure of 2.0
— 6.0 bar, and its performance was measured. The Water Flux
of the nanofiber membrane was calculated using Equation 6
(Mataram et al., 2024). where Jv is the volumetric flux, ex-
pressed in units of liters per square meter per hour per bar.
V is the volume of permeate produced during the filtration
process (L), A is the effective surface area of the membrane
used (m?), ¢ is the operating time (hours), and P indicates the
applied operating pressure (bar).

Iy (Lm_2 h! bar_l) = (6)

2.3.9 Wastewater Filtration Test

The wastewater filtration performance of PAN-PES nanofiber
membranes containing reduced graphene oxide derived from
palm kernel shell fGOPKS) was evaluated using a simple
gravity-driven setup (Figure 12a). The filtration device was
constructed from a modified plastic bottle and a glass beaker,
with the nanofiber membrane securely positioned between
them as the active filtration layer. Wastewater samples were
collected from the Ogan River in Muara Penimbung Ilir Village,
Indralaya, Ogan Ilir, South Sumatra, Indonesia, characterized
by high turbidity and suspended solids. Approximately 100 mL
of raw water was poured into the upper chamber and allowed
to pass through the membrane under atmospheric pressure (1
atm) at room temperature (+27°C) without any external force
applied. The membranes were visually examined before and
after filtration to observe color and surface changes (Figure b
and 10d). Morphological analysis was conducted using scan-
ning electron microscopy (SEM) to evaluate fiber structure and
the presence of residual impurities.

2.3.10 Statistical Analysis

Statistical analysis was performed using OriginLab software.
The data were analyzed using one-way ANOVA followed by
Tukey’s HSD post-hoc test to determine statistically signifi-
cant differences at a significance level of p <0.05. All data are
presented as Mean =+ standard deviation (SD).

3. RESULTS AND DISCUSSION

3.1 Analysis Morphology of rGOPKS Using SEM and TEM
Figure 2 shows the results of surface morphology characteri-
zation of rGOPKS (reduced Graphene Oxide from Palm Oil
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Kernel Shell) using Scanning Electron Microscopy (SEM) at
two magnification levels. rGOPKS was synthesized through
the pyrolysis process of POKS at temperatures of 700-900°C
with the aid of an FeClg catalyst. During this process, Fe?* ions
in FeClg are reduced to Fe®, which acts as a nucleation cen-
ter where carbon atoms diffuse and form a graphitic structure
(Zakaria et al., 2024). As the pyrolysis temperature increases,
carbon atoms from the biomass are directed to form graphene
layers, which are then oxidized into graphene oxide (GOPKS)
and subsequently reduced to rGOPKS. This phenomenon is
consistent with the findings of Widiatmoko et al. (2019), who
reported that activated carbon from palm fruit can transform
into graphene as the pyrolysis temperature rises from 700°C
to 800°C (Widiatmoko et al., 2019). The SEM image at low
magnification (Figure 2a) shows that the sample consists of
aggregates of thin sheets stacked irregularly, forming a porous
and layered structure. At higher magnification (Figure 2b), it
can be seen that the edges of the rGOPKS sheets are irregu-
lar and the surfaces are wavy. This corrugated morphology
is caused by the bending of the two-dimensional sheets, re-
sulting in thermodynamically stable rumpled structures. This
structure increases the active surface area and enhances the
number of adsorption sites for pollutants such as heavy metal
ions and organic compounds. Several studies support these
findings. Alimohammady et al. (2025) reported that graphene
oxide-based 5-ATP-GO has high adsorption capacity and se-
lectivity for Cd(IT), Hg(II), and As(III) ions. Ristiani et al.
(2022) reported that increasing the heating temperature of
graphene-based carbon from coconut shells produces a mixed
2D-3D structure with meso- and microporous morphology.
Meanwhile, Davidovd et al. (2024) reported that the pyrolysis
of montmorillonite with low molecular weight carbon sources
produces conductive materials containing graphite and multi-
layer graphene, with conductivity reaching up to 85 S m™!.
These results reinforce that the process of forming rGOPKS
from Palm Oil Kernel Shell through high-temperature py-
rolysis and FeClg reduction is effective in producing a water
filtration material with active morphology and a high surface

area.

Figure 2. Scanning Electron Microscopy Images of the
rGOPKS Sample at Two Magnifications: (a) 15,000x with a
Scale Bar of 2 pym, and (b) 30,000x with a Scale Zar of 1 um
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Figure 3 shows the results of TEM characterization of
rGOPKS samples at various magnifications as well as selected
area electron diffraction (SAED) patterns. In the low magnifi-
cation TEM image (Figure 3a), it can be seen that the sample
consists of aggregates of thin sheets with relatively large lateral
sizes, indicating that the rGOPKS structure still retains the
characteristic morphology of graphene-based materials. These
sheets appear to cover most of the TEM grid area, indicating
good particle dispersion in the colloidal suspension (Vella et al.,
2025). An HR-TEM image at medium magnification (Figure
3b) shows in greater detail the geometric shapes of the edges
of the sheets. It can be observed that the rGOPKS flakes have
relatively regular edges and do not show any significant signs
of damage on the basal plane, indicating that the reduction
process and composite formation do not cause severe struc-
tural degradation (Utkan et al., 2023). At high magnification
(Figure 3c), several layers of rGOPKS stacked on top of each
other can be clearly seen. The lattice fringe patterns indicate
interlayer distances consistent with a partially reduced graphitic
structure, where the layers’ orientations are not completely par-
allel, possibly due to random overlap (turbostratic stacking)
resulting from the exfoliation and reduction processes (Joshi
etal., 2024). The Selected Area Electron Diffraction (SAED)
pattern in Figure 3d shows faint diffraction rings with weak, un-
evenly distributed spots, indicating that the rGOPKS material
has semi-crystalline properties. The presence of diffuse pat-
terns with low intensity suggests that some graphitic domains
have been restored during the reduction process, while others
remain in the amorphous phase due to residual oxygen func-
tional groups and structural defects (Schuepfer et al., 2020).
This feature is a distinctive characteristic of reduced graphene
oxide (rGO), where the reduction process only restores part
of the sp? bonds in the carbon framework, resulting in a com-
bination of orderly graphitic regions and amorphous regions
as a consequencide of the partial reduction of graphene oxide
(Rapisarda et al., 2020). This reinforces the conclusion that
rGOPKS material has a semi-crystalline structure, consistent
with the partial reduction of graphene oxide resulting in a com-
bination of ordered graphitic regions and disordered regions
due to structural defects.

3.2 PAN-PES loaded rGOPKS Nanofiber

Figure 4 highlights the notable visual distinction between the
pure PAN-PES solution and the PAN-PES solution loaded
with rGOPKS. The pure PAN-PES solution was clear, signi-
fying a uniform distribution of the two polymers, polyacry-
lonitrile (PAN) and polyethersulfone (PES) is show in Figure
4a. However, when rGOPKS, which is inherently deep black,
is added, the PAN-PES solution darkens upon homogeneous
mixing, as observed in samples PPG10, PPG15, and PPG20.
This color transformation is attributed to rGOPKS high light
absorption of rGOPKS, which stems from its extensive sp? hy-
brid structure (Sabet and Soleimani, 2022). Idjan et al. (2025)
reported that mixing PVA/CA with yellow wood extract pro-
duces yellowish fibers due to natural chromophoric compounds.
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5.00 1/nm

Figure 3. TEM Characterization of The PAN-PES Loaded
Rgopks Sample. (a) Low Magnification TEM Image of the
Sample. (b) HR-TEM Detail on the Geometrical Shape of the
Flake Edges. (¢) HR-TEM High Magnification Detail
Showing a Number of Superimposed Rgopks Layers. (d)
SAED Pattern Showing Diffuse Rings with Weak Diflraction
Spots

The study by Dani et al. (2024) shows that the addition of ac-
tivated carbon to EPS changes its color to gray due to the
light-absorbing properties and deep black color of activated
carbon. These findings indicate that the color changes occur-
ring in the PAN-PES loaded rGOPKS solution are consistent
with the optical characteristics of the filler material used. The
darkening of the color in the PAN-PES loaded rGOPKS solu-
tion is mainly caused by the intrinsic properties of rGOPKS as
a light-absorbing material. rGOPKS’s intrinsic properties of
rGO include a broad layered carbon-based structure with oxy-
gen functional groups, such as hydroxyl, epoxide, and carbonyl
groups. These functional groups facilitate strong interactions
with the polymer matrix through hydrogen bonding (Gadtya
etal., 2024). As the rGOPKS concentration increased from
PPG10 to PPG20, the solution became progressively darker,
indicating enhanced rGOPKS dispersibility. This observation
aligns with our previous research on rGOPKS for supercapac-
itor applications, which also demonstrated a deepening black
color with an increase in the rGOPKS content (Jauhari et al.,
2021). The homogeneity of the solution is crucial for de-
termining the quality of the resulting nanofibers. Figure 4b
shows the nanofiber membranes derived from the pure PAN-

PES solution (white) and PAN-PES solution with rGOPKS
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(PPG10-PPG20). In the subsequent stage, these solutions were
transformed into nanofiber membranes using electrospinning.
The results revealed a stark contrast between the membranes
made from the pure PAN-PES solution and those containing
rGOPKS (PPG10-PPG20). The pure membrane was white
and smooth, whereas the rGOPKS-infused membrane exhib-
ited a gray to black hue, indicating the successful integration of
rGOPKS into the nanofibers. The incorporation of rGOPKS
provides synergistic benefits, such as enhanced electrical con-
ductivity and mechanical strength. The layered structure of
rGOPKS also improves the mechanical and chemical interac-
tions with the PAN-PES matrix through hydrogen bonding
(Shahryari et al., 2021). Furthermore, rGOPKS’s hydrophilic
nature boosts the water absorption capacity of membranes,
making them more suitable for filtration applications.

Figure 4c shows the longitudinal observation of the nano-
fiber membranes, comparing pure PAN-PES with PAN-PES
loaded with rGOPKS. In the longitudinal orientation, the pure
PAN-PES nanofiber membranes exhibited a smooth and uni-
form tubular structure. This morphology results from the
electrospinning technique, which facilitates the formation of
nanofibers with a controlled orientation along the longitudi-
nal axis (Fitria et al., 2025). The incorporation of rGOPKS
into the PAN-PES matrix significantly altered the longitudi-
nal structure of the nanofibers. The PAN-PES membrane
loaded with rGOPKS exhibited a rougher morphology and
more complex surface texture. This is attributed to the distri-
bution of rGOPKS within the polymer matrix, which creates
micro- and nanoscale porous structures. These changes suggest
that rGOPKS serves as a mechanical reinforcing material and
influences the electrospinning process parameters, such as the
flow rate and solution surface tension (Rinovian et al., 2025).
Observation of the transverse position (Figure 4d) revealed the
cross-sectional morphology of both pure PAN-PES nanofiber
membranes and PAN-PES loaded rGOPKS composite mem-
branes. The transverse cross-section of pure PAN-PES mem-
branes displayed a uniform tubular structure. These nanofiber
membranes could be bent to a radius of 1 cm, indicating excel-
lent flexibility, as discussed in the mechanical analysis section.
Consistent with these findings, previous research by Pervez
et al. (2022) reported that electrospun membranes based on
PAN and PES exhibited good mechanical stability without frac-
ture, confirming the inherent elasticity of the polymer matrix.
This structure reflects polymer compatibility, resulting in a
well-distributed nanofiber matrix without significant deforma-
tion. In contrast, the PAN-PES loaded rGOPKS composite
membrane exhibited a more complex transverse structure. The
addition of rGOPKS resulted in nanofibers with smaller lay-
ered or hollow structures, as observed in the PPG10 to PPG20
membranes. The presence of rGOPKS also created a more
intricate porous structure in the transverse cross-section, en-
hancing the filtration capacity and membrane permeability.
These changes in the transverse morphology are crucial for
determining the efficiency of membrane applications.
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Figure 4. (a) PAN-PES Solution and PAN-PES Solution Loaded with rGOPKS (b) PAN-PES Nanofiber Membrane and
PAN-PES Nanofiber Membrane Loaded with rGOPKS: PPG10, PPG15, and PPG20, in (c¢) Longitudinal Position and (d)

Transversal Position

8.8 Morphology and Diameter of Nanofibrous Membrane

The surface morphology of nanofibers is a critical factor influ-
encing their mechanical properties, porosity, and functional
performance in filtration and separation applications. Figure 5
presents the SEM micrographs and corresponding fiber diam-
eter distributions of electrospun PAN-PES loaded rGOPKS
nanofiber membranes. The morphology and diameter distri-
bution were analyzed using the Gaussian Amp (GaussAmp)
model, which accurately represents a normal distribution with
a symmetrical peak. The high correlation coefficients (R? >
0.95) confirmed the reliability of the fitting model for all sam-
ples (Almafie et al., 2022). In the PAN-PES Pure membrane
(Figure 5a), the fibers exhibit a non-uniform morphology char-
acterized by numerous bead formations, indicating instability
during the electrospinning process. This phenomenon arises
from the low viscosity and weak polymer chain entanglement
in the 10 wt.% PAN-PES solution, which fails to sustain a
stable jet under the influence of the electrostatic field (Denk

© 2026 The Authors.

et al., 2024). When viscosity is insufficient, the surface tension
dominates the electrostatic force, leading to the breakup of the
fluid jet into droplets that solidify as beads instead of form-
ing continuous fibers. Furthermore, the absence of conductive
fillers such as rGO results in low electrical conductivity, limiting
charge accumulation on the jet and reducing stretching during
flight. Consequently, bead fibers with poor uniformity were
formed, with a mean diameter of 839.54 + 95.409 nm (R? =
0.95). Upon the incorporation of rGOPKS into the PAN-PES
matrix at the same total polymer concentration (10 wt.%), the
morphology improved significantly. The PPG10 nanofiber
(Figure 5b) displayed smooth, uniform, and bead-free fibers
with an average diameter of 889.22 + 87.94¢ nm (R? = 0.97).
The elimination of beads is attributed to the enhanced electri-
cal conductivity and increased charge density of the spinning
solution induced by rGO nanosheets. The conductive rGO
facilitates better jet elongation and reduces the Rayleigh insta-
bility that causes bead formation (Keshmiri et al., 2025). In
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Figure 5. SEM Images and Diameter Distributions of the PAN-PES Loaded rGOPKS Nanofiber Membranes: (a) PAN-PES, (b)

PPG10, (c) PPG15, and (d) PPG20

addition, rGOPKS enhances the intermolecular interaction
and viscosity of the spinning solution through hydrogen bond-
ing and - stacking between rGOPKS and PAN-PES chains,
improving jet stability during electrospinning. Similar findings
were reported by Adabavazeh et al. (2025) who stated that the
addition of conductive fillers can transform bead-containing
fibers into uniform nanofibers due to improved electrostatic
stretching forces.

As the polymer concentration increased to 15 wt.% (PPG15),
the average fiber diameter rose to 582.95 + 88.80b nm (R? =
0.96), with slightly reduced uniformity. The increased viscosity
restricted jet stretching, leading to thicker fibers (Adabavazeh
etal., 2025). A further increase to 20 wt.% (PPG20) resulted
in the largest average diameter of 757.59 + 83.68a nm (R?

© 2026 The Authors.

= 0.98), exhibiting a dense and interconne cted fiber network.
The presence of different superscript capital letters among all
samples confirms that the variations in average fiber diameter
are statistically significant (p <0.05) based on the Two-way
ANOVA and Tukey’s post-hoc analysis (Qosim et al., 2025).
The rise in fiber diameter with higher polymer concentration
corresponds to stronger chain entanglement and reduced sol-
vent evaporation, which limit the stretching of the polymer jet.
In contrast, the PPG20 nanofiber, with a 20 wt.% concentra-
tion, displayed a larger and more uniform structure, featuring a
more compact fiber arrangement and a larger average diameter
of 757.59 nm with a standard deviation of 83.68 nm. Jang
etal. (2020) suggested that Ag/rGO-PAN composite-modified

membranes for water purilication applications have an average
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diameter of 544 + 82 nm, maintaining a water flux of 658
L/m%hbar. Li et al. (2020) found that super-hydrophilic elec-
trospun PVDF/PVA mixed nanofiber membranes, with average
diameters ranging from 1130 to 840 nm, can sustain maximum
water fluxes of 1130 to 871 L/m%h-bar. Li et al. (2021) in-
troduced a new PAN-ZnO electro-clean nanofiber membrane
with superior water flux, having diameters between 200 and
400 nm, with the water flux of the nanofiber membrane gradu-
ally decreasing from 1140 L/m?h-bar to 959 L/m?h-bar as
sputtering time increases. Thus, optimizing both polymer con-
centration and rGO loading is essential to produce defect-free,
uniform PAN-PES loaded rGOPKS nanofiber membranes
with excellent structural integrity for advanced water filtration
applications.

3.4 FTIR Analysis

FTIR spectra were conducted to elucidate the chemical struc-
ture of the membrane. Figure 6 shows the FTIR spectra of the
PAN-PES nanofiber membranes loaded with rGOPKS. The
FTIR spectra in Figure 6 show the functional group character-
istics of (a) rGOPKS, (b) PAN, and (c) PES. In the graphene
spectrum (a), the weak absorption band around 8429 ¢cm~!
indicates the O—H stretching of the hydroxyl group, while
the bands at 2871 em™! and 1579 em™! are related to the
aromatic C = C and C=C vibrations, respectively, indicat-
ing a graphitic structure with little residual oxygenation. The
PAN spectrum (b) shows a characteristic band at 2248 cm™!
which is the stretching absorption of the nitrile group (C = N),
while the bands at 2981 and 2870 em~! are from the aliphatic
C—H stretching (Mokhtari-Shourijeh et al., 2020). The peaks
around 1664, 1452, and 1857 ecm™! indicate the presence of
C=0 and C-H bending groups of the PAN polymer chain.
Meanwhile, the PES (c) spectrum displays strong absorption
bands at 1240-1105 em™! indicating asymmetric and sym-
metric stretching of sulfone groups (O=S=0), as well as bands
at 1578 and 1488 cm™! related to aromatic ring vibrations
(Alsohaimi, 2024). The band at 83096 cm~! indicates aromatic
C—H stretching, while the absorption at 557 cm™! confirms
the C=O bond in the PES structure (Sam et al., 2021).

As depicted in this Figure 6, a broad peak at approximately
3440-8439 cm! signifies the stretching vibration of hydroxyl
groups (-OH), which may stem from adsorbed water molecules
or hydroxyl groups on the rGOPKS surface (Tohamy et al.,
2024). This peak shifted slightly toward higher wavelengths as
the polymer concentration increased, suggesting an enhanced
capacity of the matrix to bind water owing to increased inter-
actions between rGO and the polymer or an increase in the
number of hydroxyl groups on the nanofiber surface. The
peak at 2916-2800 cm™! corresponds to the aliphatic C-H
stretching vibration originating from the hydrocarbon struc-
ture in the PAN polymer molecules. This aliphatic C-H bond
can be divided into five peaks, specifically those arising from
asymmetric -CHg stretching (approximately 2922 cm™) and
symmetric =CHg stretching (approximately 2850 em™) (Yu
et al.,, 2024). The characteristic nitrile (CN) peak at 2240-
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2241 em! is linked to the C= N stretching vibration of the
nitrile groups in PAN (Yu et al., 2024). This peak exhibited
clear characteristics but was less intense than that of pure PAN,
as previously reported (Sriyanti et al., 2024; Sriyanti et al.,
2025). The presence of the nitrile group remained consistent,
indicating that increasing the polymer concentration did not af-
fect the fundamental structure of PAN. The polymer structure
(aliphatic and nitrile bonds) remained stable during mixing
with rGOPKS (Abdallah et al., 2023). No significant changes
were observed in the intensity or position of these peaks among
the three samples, suggesting that the basic structure of the
polymer matrix was maintained even as the concentrations of
PAN and PES increased.

The peak observed at approximately 1650 cm™ corre-
sponds to the stretching vibration of the carbonyl group (C=0)
present in rGOPKS (Giraldo et al., 2025). This peak remained
consistent, indicating that varying polymer concentrations did
not influence the detectable amount of carbonyl groups. Fur-
thermore, rGO was more uniformly distributed and interacted
more effectively with the polymer. The G-band peak, located
at approximately 1586 cm™!, serves as a crucial marker of
sp? groups associated with the C=C stretching vibration in
highly ordered or more conjugated carbon structures (Sabet and
Soleimani, 2022). This is reflected in the color of the nanofiber
mat, which ranged from dark gray to black, depending on the
layer thickness. The sp? group can engage in 7-7 interactions
with aromatic groups or aliphatic chains in the polymer, thereby
enhancing the homogeneity of the rGOPKS distribution within
the polymer matrix and boosting the load-bearing capacity of
the composite (Upadhyay et al., 2023). The sulfonate (-SOg)
region of PES, spanning 1400-1100 cm™!, highlights a specific
characteristic of PES. Two peaks, at approximately 1486 cm™!
and 1411 em™!, were identified as the stretching vibrations
of the chemically stable integral benzene ring. Additionally,
two peaks near 1298 cm™! represent the asymmetric stretching
vibration of the S=O bond, while the symmetric stretching
vibration of this bond appears at 1148 cm™! (Mokarami and
Sereshti, 2024). Peaks below 1000 cm™! indicate the deforma-
tion vibration of aliphatic C-H from PAN and C-O-C groups,
resulting from changes in bond angles within the sulfone (-
SOg) structure and the benzene ring of PES (Ali et al., 2021).
The FTIR spectrum revealed that the chemical structure of the
rGOPKS-loaded PAN-PES nanofiber membrane remained
stable, with a well-distributed array of functional groups and
interactions that, in turn, supported enhanced structural stabil-
ity, morphology, and mechanical properties, all of which are
vital for applications such as water filtration.

3.5 XRD Analysis

X-ray diffraction (XRD) patterns, which are characteristic of
each crystal phase, are well known to be influenced by the spe-
cific atomic arrangement within the crystal. The structural
description of the synthesized membranes was examined us-
ing the powder X-ray diffraction model, as shown in Figure
7. The XRD profiles of all the membranes were similar, mak-
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Figure 6. FTIR spectra of the (a) Graphene, (b) PAN, (c) PES, and PAN-PES Loaded rGOPKS Composite Nanofiber: (d)

PPG10, (¢) PPG1), and (f) PPG20

ing it difficult to identify significant changes. For all samples,
broad peaks appeared in the range of 20-40°, which are char-
acteristic of semicrystalline materials. The patterns of all three
PAN-PES-loaded rGOPKS composite nanofibers exhibited
dominant diffraction peaks at specific 26 angles, associated with
particular crystallographic planes. PPG10 has main peaks at
20 =17.79° (021), 21.23° (002), 23.61° (021), 26.45° (130),
and 32.36° (131). PPG15 exhibited similar peaks but with
slight shifts, such as at 26 = 17.16° (021), 21.25° (002), 23.66°
(021), 26.52° (130), and 32.46° (131). Meanwhile, PPG20
displays a pattern almost identical to that of PPG15, but with
slightly higher intensity at certain peaks, such as at 20 = 7.90°
(021), 21.84° (002), 23.71° (021), and 32.49° (131). PES lacks
a clear crystalline structure; therefore, it strongly depends on
the degree of crystallinity and changes in the material structure.
Pure PES typically exhibits relatively weak and broad peaks,
with the main characteristic peak at approximately 20 = 17.69°,
reflecting its amorphous nature (Mohamat et al., 2022). PAN
exhibited a diffraction pattern that reflected the properties of a
semicrystalline polymer, with certain diffraction peaks indicat-
ing the formation of crystalline structures, although most of its
structure was amorphous. PAN nanofiber membranes have a
characteristic peak at approximately 20 = 23.51° (Almafie et al.,

© 2026 The Authors.

2022). The characteristic peaks of rGOPKS indicate a distinct
crystallographic structure that has been oxidized. Generally,
rGOPKS exhibits a relatively sharp diffraction peak identifiable
at 20 = 21.23° (Jauhari et al., 2021). Additionally, a second
peak appeared at 20 = 32.36° due to the second carbon pairs
found on adjacent chains (Vali et al., 2024). This peak is asso-
ciated with the interplanar spacing (d-spacing), indicating the
presence of oxygen layers on the graphene surface.

The XRD pattern revealed that rGOPKS served as a struc-
tural reinforcement within the PAN-PES matrix. XRD analysis
also facilitates the calculation of crystal size using the Scher-
rer equation, providing insights into the dimensions of the
crystalline domains in the material (Zhou et al., 2020). The
distance between the crystallographic planes (d-spacing) is de-
termined using Bragg’s law, which correlates the position of
the 20 peak with the spacing between the crystal planes. In
PPG10, the diffraction pattern indicates a relatively small crys-
tal size (6.761 nm) and a large interplanar distance (7.4002
A) (Ariyoshi et al., 2021). This suggests that, at lower PAN-
PES concentrations (10 wt.%), the distribution of rGOPKS in
the matrix is less uniform, resulting in a more random ma-
terial structure. In contrast, PPG15, with a PAN-PES con-
centration of 15 wt.%, shows a more uniform distribution of
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rGOPKS, leading to a slightly larger crystal size (6.801 nm)
and a more organized molecular structure. PPG20, with a
PAN-PES content of 20 wt.% and a more concentrated distri-
bution of rGOPKS, exhibits a sharper diffraction pattern, larger
crystal size (6.901 nm), and a smaller d-spacing (4.159 A). This
indicates that the increased interaction between the polymer
and rGOPKS contributed to a denser and more homogeneous
structure (Hou et al., 2021). The improved rGOPKS distri-
bution in PPG15 and PPG20 directly affected the nanofiber
morphology. Nanofibers with more orderly semicrystalline
structures tend to have smoother surfaces and more evenly
distributed pores. These findings align with the measurements
of the degree of crystallinity, which showed an increase in crys-
tallinity with increasing PAN-PES concentration from PPG10
(24.63%) to PPG15 (31.58%) to PPG20 (33.52%). This re-
flects a greater molecular structural order in the material as
the polymer concentration increases (Yang et al., 2020). The
PAN-PES concentration was increased to 20 wt.% provides a
sufficient number of polymer molecules to interact effectively,
while optimal GO distribution acts as a nucleator that enhances
the formation of crystalline domains. This high crystallinity
imparts the strongest mechanical properties, enabling the ma-
terial to withstand high mechanical pressure without significant

© 2026 The Authors.

deformation, thereby increasing its fouling resistance (IX1-Aswar
et al., 2022). Additionally, the denser crystalline structure lim-
its water absorption, further enhancing the material’s resistance
to fouling, which is particularly important in applications such
as water filtration.

3.6 Mechanical Properties

Mechanical testing of electrospun nanofibers is the most di-
rect method for examining their mechanical performance, as
shown in Figure 8 and summarized in Table 2. We assessed
the mechanical properties of the nanofibers through tensile
testing using a universal testing machine (Almafie et al., 2022).
The tensile behavior reflects the influence of intermolecular
bonding, polymer homogeneity, and fiber morphology on me-
chanical integrity. Figure 8a displays the stress—strain curves,
illustrating that increasing the PAN-PES concentration en-
hances the strength and elongation capability of the nanofiber
mats. Figure 8b and Table 2 show that the strain at break in-
creases significantly from 15.66 + 0.759% (PAN-PES) to 22.09
+ 1.44°% (PPG10), 35.36 = 1.08"% (PPG15), and 40.18 +
2.21*% (PPG20). The increase in strain corresponds to im-
proved molecular flexibility and chain mobility due to better
dispersion of rGOPKS and enhanced interfacial bonding be-
tween PAN, PES, and rGOPKS components (Upadhyay et al.,
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Table 2. Mechanical Properties*

Sample Strain at Break (%)

Ultimate Tensile Strength Young’s Modulus (MPa)

(MPa)

PAN-PES 15.66 +0.754 34.79 + 1.754 34.79 + 1.76¢
PPG10 29.09 + 1.44°¢ 45.483 + 2.82¢ 45.43 + 2.82P
PPG15 35.86 + 1.08P 48.11 + 1.86" 48.11 + 1.36P
PPG20 40.18 + 2.21% 57.83 +4.89° 57.83 +4.89°

*The values were expressed as the mean + standard deviation of the three samples (n = 3). The use of superscripts in each column indicates a statistically significant difference
between groups. In each column, values with different superscripts showed significant differences (p < 0.05).

2023). The rise in elongation behavior can be attributed to
the synergistic interactions among the functional groups of the
polymers namely, the nitrile group (-<C=N) of PAN, the sp?
carbon network of rGO (Yu et al., 2024), and the sulfon (=SOy)
group of PES which promote van der Waals, hydrogen bond-
ing, and electrostatic interactions (Sarlak et al., 2012). These
interactions improve compatibility and load transfer across the
composite matrix, enhancing ductility and strength. Figure 8c

© 2026 The Authors.

and Table 2 further show the ultimate tensile strength, which
increases progressively from 84.79 + 1.759 MPa (PAN-PES)
to 45.48 + 2.82¢ MPa (PPG10), 48.11 + 1.86" MPa (PPG15),
and 57.83 + 4.839* MPa (PPG20). The increase in tensile
strength is attributed to better rGO dispersion and improved
crystallinity within the PAN-PES network. Higher PAN-PES
concentration enhances the formation of a dense polymer net-
work, while rGO acts as a nanofiller, transferring stress effi-

Page 469 of 480



Dani et. al.

qst 8th

16th

Science and Technology Indonesia, 11 (2026) 457-480

32th

24th

Figure 9. Thirty Two Days Water Resistance Test on PAN-PES Loaded rGOPKS Composite Nanofibers (a) PAN-PES Pure, (b)

PPG10, (c) PPG15, and (d) PPG20

ciently across the fiber structure (Mohamat et al., 2022). The
highest tensile strength in PPG20 is further supported by the
increased crystallinity, as evidenced by the XRD analysis, which
fortifies the internal structure of the material. This semicrys-
talline structure is crucial for strengthening the material, as the
crystalline regions contribute to stiffness and strength, whereas
the amorphous regions add elasticity (Jauhari et al., 2021). This
phenomenon indicates a strengthened interfacial adhesion be-
tween the polymer chains and rGOPKS nanosheets, reducing
void formation and mechanical failure. Prior research also
supports these observations (Jauhari et al., 2021).

Figure 8d shows the Young’s modulus values, which in-
crease from 84.79 + 1.76° MPa (PAN-PES) to 45.43 + 2.89P
MPa (PPG10), 48.11 + 1.86"> MPa (PPG15), and 57.88 =+
4.39* MPa (PPG20). The superscripts presented in each col-
umn represent statistically significant differences among the
groups. Specifically, values within the same column that are
labeled with different superscript letters indicate a significant
difference between those groups (p < 0.05), while identical
superscripts denote no significant variation. This upward trend
demonstrates that higher PAN-PES concentrations lead to a
more rigid and stable structure, as the molecular chains become

© 2026 The Authors.

more aligned and well-organized due to strong polymer-filler
interactions (Yu et al., 2024). In water filtration applications,
mechanical strength is a critical performance indicator, de-
termining membrane lifetime and resistance to compaction.
Chen et al. (2022) reported that the PAN/TPU composite
exhibited a tensile strength of approximately 24.5 MPa and a
Young’s modulus of approximately 630.6 MPa. These prop-
erties enable the membrane to maintain flux stability. Leaper
et al. (2021) also reported that the addition of functionalized
graphene oxide (POSS-GO) to PVDF membranes increased
tensile strength by up to 271% and elastic modulus by 38%,
which contributed to enhanced mechanical stability and filtra-
tion performance. Thus, PPG20 nanofibers, with a tensile
strength of 57.83 MPa and a Young’s modulus of 57 MPa,
have higher strength but lower stiffness compared to previous
studies. This combination makes them ideal for water filtration
membranes that are pressure-resistant and structurally stable.
Therefore, the mechanical analysis confirms that increasing
the PAN-PES concentration and incorporating rGOPKS sub-
stantially improve the nanofiber’s tensile strength, elasticity,
and stiffness. The statistically significant differences (denoted
by different superscripts) validate the reliability of these im-
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Figure 10. Wettability of Electrospun PAN-PES Loaded GO Composite Nanofibers. (a) Dynamic Water Contact Angle (WCA)
Images, (b) Changing Curve of Dynamic WCA, and (c) Equilibrium Water Content and Water Absorption Rate

Table 3. Water Absorption and Equilibrium Water Content of PAN-PES and PAN-PES Loaded rGOPKS Composite Nanofiber

Membranes*
Sample Water Absorption (%) Equilibrium Water Content (%)
PAN-PES 87.67 + 2.52% 91.67 + 1.58%
PPG10 80.00 + 2.00" 87.00 + 1.00"
PPG15 78.67 + 1.53°¢ 79.67 + 1.53¢
PPG20 61.38 + 1.534 69.67 + 2.084

*The values were expressed as the mean + standard deviation of the three samples (n

= 8). The use of superscripts in each column indicates a statistically significant difference

between groups. In each column, values with different superscripts showed significant differences (p < 0.05).

provements. These mechanical reinforcements are directly
correlated with enhanced durability and stability during water
filtration, positioning PPG20 as the optimal composition for
high-performance membrane applications.

3.7 Water Resistance

Figure 9 presents the results of the 32-days water resistance
test on rGOPKS-loaded PAN-PES composite nanofibers com-
pared to pure PAN-PES. This test was designed to assess the
structural stability of nanofibers under prolonged immersion,

© 2026 The Authors.

which is pertinent to water filtration applications. The sam-
ples tested included pure PAN-PES (a) and composites with
rGOPKS at various PAN-PES concentrations: PPG10 (b),
PPG15 (¢), and PPG20 (d). For pure PAN-PES (a), the ma-
terial’s structure showed significant visual degradation by the
8™ day, with discoloration and increasingly noticeable texture
damage from the 16™ to the 82" day. This suggests that pure
PAN-PES has low water resistance owing to weak intermolecu-
lar interactions within the polymer structure, making it suscep-
tible to disintegration in aqueous environments (Mokarami and
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Sereshti, 2024). In contrast, the composite nanofibers modi-
fied with rGOPKS demonstrated significantly better stability.
PPG10 (b) maintained its form with slight changes from the
8th to the 16th day but began to show minor degradations after
the 24th day. PPG15 (c) and PPG20 (d) exhibited superior
water resistance compared to PPG10, with the material struc-
ture remaining intact without significant degradation up to the
32" day.

Several previous studies have shown that morphological
stability and water resistance are important factors in the per-
formance of filtration membranes. Akerlund et al. (2022)
reported that PCL polymer experiences a very low mass loss
( 0.6%) after 4 weeks of immersion, indicating high stability
against in-vitro degradation. Ebrahimi et al. (2022) found
that electrospun PAN membranes with a GO/SiO9 compos-
ite structure exhibited increased hydrophilicity and surface
stability compared to pure PAN. While a study by Xue et al.
(2020) reported that the graphene-oxide composite structure

© 2026 The Authors.

remained stable without significant morphological changes af-
ter being immersed for approximately 30 days. Based on the
water resistance standards for filtration membranes (ASTM
D570, ISO 62:2008, and JIS K7209), a material can be cate-
gorized as water-resistant if it is able to maintain at least 90% of
its structural integrity and experiences a mass loss of less than
5% after 30 days of immersion.

Based on these standards and findings, the PAN-PES sam-
ple containing rGOPKS developed in this study meets the rel-
evant water resistance criteria for water filtration applications.
This is evidenced by the absence of visual degradation for up
to 32 days and the ability to maintain fiber structure without
loss of mechanical integrity. Functionally, the increased water
resistance in PPG15 and PPG20 indicates that the addition
of rGOPKS acts as a reinforcing agent that strengthens the
bonds between polymer chains, reduces water absorption, and
increases structural density. This effect enables the compos-
ite to have water resistance comparable to, or even exceeding,
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some commercial water filtration materials reported in previ-
ous studies. Thus, it can be concluded that PAN-PES loaded
rGOPKS exhibits good water resistance characteristics and suf-
ficient structural stability for long-term use in water filtration
systems. PPG15 is considered the optimal formulation because
it balances mechanical strength, structural density, and water re-
sistance. While increasing the rGOPKS ratio up to PPG20 still
demonstrates good performance, a slight decrease in elasticity
indicates that too high a concentration can reduce membrane
flexibility without significantly improving water resistance.

3.8 Water Contact Angle and Water Absorption Test

The phenomenon in which a liquid spreads on a solid surface
is known as wetting behavior, and the contact angle measured
using deionized water is termed the water contact angle (WCA)
(Mousa et al., 2022). Figures 10a and 10b show the wettability
of PAN-PES loaded rGOPKS nanofiber membranes with dif-
ferent rtGOPKS contents, namely PPG10, PPG15, and PPG20.
All samples initially exhibited hydrophobicity, with WCAs of
about 73.1°-74.3°, but the angles gradually decreased to 0°
within 50 minutes, indicating a transition toward hydrophilicity.
This gradual reduction reflects a progressive wetting process,
where water slowly infiltrates the porous nanofiber network.
Such stable, sustained wetting is advantageous for filtration, as
it prevents pore blockage, enhances permeability, and reduces
fouling over time. The variation in WCA is influenced by fiber
diameter and the presence of functional groups. SEM analy-
sis showed that smaller nanofiber diameters provide a larger
specific surface area, promoting stronger interactions between

© 2026 The Authors.
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Figure 12. (a) Filtration Process using a Handmade Device Equipped with PAN/PES Nanofiber Membranes Containing
rGOPKS, (b) Condition of the Filter Before Filtration, (¢) Microscopic Appearance of Clean Nanofibers Without Contaminants,
(d) Condition of the Filter After Filtration, and (e) Microscopic Appearance of Nanofibers with Residual Impurities

hydrophilic sites and water molecules (Dobosz et al., 2021).
Among the samples, PPG10 had the smallest fiber diameter and
thus the best hydrophilicity, while PPG20, with larger fibers,
exhibited slower wetting behavior. This indicates that fiber
morphology plays a key role in determining surface wettability.
FTIR spectra confirmed the existence of hydrophilic functional
groups such as hydroxyl (-OH) and carbonyl (-C=0), which
enhance water aflinity. Increasing rGOPKS content, particu-
larly in PPG20, introduced more such groups, strengthening
hydrogen bonding with water and improving overall wetta-
bility. Meanwhile, hydrophobic groups such as methyl and
methylene (-CHg) from the PAN-PES matrix slightly opposed
wetting but had a lesser effect than the hydrophilic rtGOPKS
functionalities. Previous studies suggest that an optimal WCA
for filtration membranes lies between 20°-60°, balancing hy-
drophilicity and structural stability. According to Liu et al.
(2020), the addition of TiOg particles into the PAN matrix
decreases the water contact angle to around 48.8°, thereby in-
creasing the hydrophilicity and antifouling performance of the
membrane (Liu et al., 2020). These studies collectively suggest
that membranes with controlled and progressive reduction in
contact angle, rather than immediate full wetting, maintain
better structural endurance and filtration efficiency. Therefore,
the PAN-PES loaded rGOPKS nanofibers developed in this
study, particularly PPG10 and PPG15, meet the hydrophilicity
criteria for efficient and durable water filtration membranes.
The equilibrium water content and water absorption rate
of the PAN-PES loaded rGOPKS composite nanofiber mem-
branes exhibited a gradual decrease with increasing PPG con-
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Table 4. Previous Report for Water Filtration
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. . Water Contact Water Flux .
Membrane Material Diameter (nm) Angle (L/m?.h.bar) References
PVC@Ag/TiOq ~ 370 - ~ 1300 (Zulfi et al., 2023)
TEOS/PSF 623 to 902 ~67° 26.84 and 24.92 (Wu et al., 2024)
CNF/RSNF 128-106 ~49° to ~ 85° ~ 2710~ 53 (Hassan et al., 2020)
. or ro o 2162 to 8651 (14 e ono
Styrofoam/ACCS 590-610 126.5° and 131 bar from 15-60 s) (Dani et al., 2024)
PAN-PES/rGO 389-757 79.4° to 74.8° 8.25 to 23 (2-6 bar This study

from 1-60 min)

centration, as shown in Figure 10c and Table 3. The equilib-
rium water content of the nanofiber membranes demonstrated
a clear decreasing trend with increasing rGOPKS content. The
pure PAN-PES membrane exhibited the highest value (91.67 +
1.58%%), followed by PPG10 (87.00 + 1.00°%), PPG15 (79.67
+ 1.53%), and PPG20 (69.67 + 2.08%%). This decline indicates
that the incorporation of rGOPKS reduced the membrane’s
ability to retain moisture at equilibrium due to the partial hy-
drophobicity of rGOPKS and the decreased availability of hy-
drophilic functional groups. Similarly, the water absorption
rate showed a progressive reduction from 87.67 + 2.52%% for
pure PAN-PES to 80.00 + 2.00°% (PPG10), 78.67 + 1.58%
(PPG15), and 61.83 + 1.581% (PPG20). Groups with the same
superscripts within each column indicate that the values are not
significantly different (p > 0.05). The lower absorption rate at
higher rGOPKS content can be attributed to decreased poros-
ity and increased compactness of the nanofiber network, which
restrict water penetration into the membrane matrix. These
results confirm that increasing PPG content enhances the hy-
drophobicity of the composite, leading to reduced water uptake.
This finding corroborates the equilibrium water content trend,
showing that PPG10 possesses a higher absorption capacity
than PPG15 and PPG20. The results demonstrate a tunable
wettability gradient from hydrophilic to hydrophobic surfaces
by varying PPG concentrations. Such wettability control is
often attributed to hierarchical micro-nano surface structures
that modify surface energy (Liu et al., 2025). The results of
this study are consistent with previous reports. For example,
(Sun et al., 2021) reported that increasing the PVP fraction in
PVP-PVDF nanofiber membranes significantly enhances water
uptake capacity, reaching approximately 140-171% depending
on polymer composition. Overall, these findings indicate that
membranes with controlled and progressive wetting behavior
exhibit superior structural durability and filtration efficiency.
Therefore, the PAN-PES loaded rGOPKS nanofibers devel-
oped in this study, particularly PPG10 and PPG15, are suitable
candidates for efficient and durable water filtration membranes.

3.9 Water Permeability

Water permeability (CWP) is a crucial parameter for evalu-
ating membrane performance in filtration applications, as it
reflects the membrane’s ability to permit water flux under a spe-
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cific transmembrane pressure without contamination. Quan-
titatively, CWP represents the membrane’s capacity to allow
water to pass through under a defined pressure gradient and
serves as an indicator of both pore structure and surface hy-
drophilicity. As illustrated in Figure 11, CWP analysis was
conducted on PAN-PES composite membranes with vary-
ing PPG and rGOPKS contents. In Figure 11a, the perme-
ability of all membranes decreased linearly with increasing
filtration time, indicating a time-dependent decline in water
flux. This linear trend suggests that fouling and membrane
compaction occur gradually rather than abruptly. At a con-
stant pressure difference of AP = 2 bar, the initial permeabil -
ity of the pristine PAN-PES membrane was approximately
23 Lm 2 h ! bar !, whereas PPG10, PPG15, and PPG20 ex-
hibited progressively lower initial permeabilities of about 20,
12, and 9 Lm~2h~!bar™!, respectively. Under the same op-
erating pressure, the PPG10 membrane consistently showed
higher permeability than PPG15 and PPG20. This behavior
confirms that lower rGOPKS loading provides less resistance
to water transport by maintaining a more open pore network.
The gradual decline in permeability over time is attributed to
progressive pore blockage and surface fouling caused by the
adsorption of residual impurities or polymer chain rearrange-
ment under hydraulic stress (FHami et al., 2023). In contrast,
PPG20, which contains the highest rtGOPKS concentration,
exhibited the lowest permeability, decreasing from approxi-
mately 8 to 5 Lm~2h~! bar~! within 60 min. This reduction
is likely associated with rGOPKS aggregation within the poly-
mer matrix, resulting in pore constriction or partial blockage.
Moreover, increased rGOPKS content enhances membrane
hydrophobicity, which further impedes water flux. In Figure
11b, a quantitative comparison shows that PAN-PES recorded
a final permeability of 18.80+0.89* Lm~2h~! bar~!, followed
by PPG10 (16.10+0.89%), PPG15 (18.22+0.42°), and PPG20
(8.72 + 0.40%). The different superscripts indicate statistically
significant differences among the samples (p < 0.05), confirm-
ing that rGOPKS loading has a pronounced effect on mem-
brane permeability. The substantial reduction from PAN-PES
to PPG20 suggests that excessive rGOPKS content decreases
water flux due to combined pore constriction and interfacial
incompatibility between rGOPKS sheets and the polymer ma-
trix.
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Figure 11c further examines the pressure-dependent per-
formance of the PPG20 membrane. Permeability decreased
linearly with increasing operating pressure and filtration time,
indicating that membrane compaction becomes more severe at
elevated pressures. This structural densification reduces effec-
tive pore size and limits water transport (Mohamat et al., 2022).
As shown in Figure 11d, the final permeability decreased from
8.82+0.27¢ Lm~2h~!bar~! at 2 bar to 5.60 + 0.84° at 4 bar
and 3.25 £ 0.32¢ at 6 bar. This inverse relationship between
pressure and permeability demonstrates that, beyond 4 bar,
mechanical compaction dominates over the increased driv-
ing force, resulting in lower net flux. Therefore, operation at
moderate pressure (approximately 2 bar) provides an optimal
balance between driving force and structural integrity. Pre-
vious studies have reported significantly higher permeability
values through surface modification strategies. For instance,
(Ibrahim and Hilal, 2023) demonstrated that diamond and
honeycomb surface patterning on PES-based ultrafiltration
membranes increased clean water permeability to approxi-
mately 76.6 = 16.9 Lm~2h~!bar~!. Similarly, Zhao et al.
(2021) reported that feed-spacer-inspired surface patterning
enhanced membrane permeance to 110 + 17 Lm™2h~! bar™!
under optimal conditions. Compared with these reports, the
permeability of PPG20 (8.82-3.25 Lm~2h~! bar™!) is lower;
however, this is reasonable considering the high rGOPKS load-
ing, which inherently increases flow resistance. The relatively
low permeability observed in this study is primarily attributed
to membrane densification, increased nanofiber diameter due
to high rGOPKS content, and the absence of surface pattern-
ing strategies commonly employed in high-flux membranes.
These findings demonstrate that both rGOPKS loading and
operating pressure strongly influence CWP behavior. Lower
additive concentration and moderate pressure preserve mem-
brane porosity, whereas excessive rGOPKS loading or high
operating pressure accelerates compaction and flux decline.
Maintaining permeability above 8 Lm™2h~!bar~! is there-
fore desirable for sustainable clean water filtration. Overall, the
water permeability behavior observed in this study is governed
by membrane compaction under pressure, nanofiber diameters
in the range of 889-757 nm, moderate hydrophilicity (water
contact angle 72.4 —74.3°), and continuous filtration at 2—6 bar
for 60 min (Firdaus et al., 2025b; Firdaus et al., 2025a). This
behavior is consistent with the findings of Wu et al. (2024), who
reported a comparable permeability of 24.92 L m~2h~! bar~!
for membranes with similar fiber diameters and contact angles,
confirming that the permeability values obtained in this study
are structurally reasonable.

8.10 Surface Morphological of Nanofiber Before and After
‘Wastewater Filtration

Figure 12 shows the water filtration process using a simple

device equipped with a PAN-PES nanofiber membrane con-

taining rGOPKS. Figure 12(a) illustrates the filtration of river

water, which appears cloudy due to the presence of suspended

particles, fine silt, and dissolved organic materials. This condi-
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tion is a common characteristic of surface water, especially in
river basins that receive runoff from domestic and agricultural
activities. The high level of turbidity indicates the presence
of total suspended solids (T'SS) and organic compounds such
as humic substances and tannins, which can cause clogging
(fouling) in the membrane pores during the filtration process
(Certiat et al., 2024). Before the filtration process, as shown
in Figure 12(b), the membrane surface appears clean, with
a homogeneous color, and shows no signs of contamination.
Meanwhile, microscopic observations in Figure 12(c) reveal a
smooth, uniform, and interconnected nanofiber network struc-
ture, with fiber diameters in the micrometer range. This mor-
phology indicates an optimal electrospinning result, where the
even distribution of fibers and high porosity allow water to flow
smoothly through the gaps between the fibers while providing a
large surface area for capturing fine particles. These structural
characteristics are consistent with the findings of Zeng et al.
(2023), who reported that a layer of chitosan nanofibers pro-
duced by electrospinning with a pore size of approximately 274
nm and a thickness of £10 um was capable of generating a very
high water flux of up to 107.53 L.m2.h"! in forward osmosis
applications. This demonstrates that a porous and uniform
nanofiber structure significantly enhances water permeability
and reduces the tendency for membrane fouling.

After the filtration process, the membrane surface condi-
tion changed significantly as shown in Figure 12(d). The mem-
brane color became darker due to the accumulation of particles
and the deposition of contaminants on its surface. This color
change is an indication of fouling, which is blockage caused
by solid particles and organic materials adhering to the fibers.
Figure 12(e) shows the nanofiber surface after filtration, where
the fiber network appears to be covered by an irregular layer of
residue, indicating the adsorption of particles onto the fiber sur-
face. These findings indicate that the filtration mechanism re-
lies not only on the physical screening process but also involves
active chemical interactions between the functional groups of
rGOPKS and the contaminant molecules or ions in the water
(Dani et al., 2024). These results are consistent with another
research report by Elessawy et al. (2024) which also stated that
the addition of graphene oxide (GO) to the PES nanofiber ma-
trix enhances the adsorption capacity for organic compounds
and heavy metals, thanks to the presence of active oxygen
groups on its surface. Morphological changes before and af-
ter filtration demonstrate the effectiveness of the PAN-PES
membrane loaded with rGOPKS in capturing solid contam-
inants from river water. The dense fiber structure and even
distribution of rGO help enhance the membrane’s filtration
capacity and resistance to fouling. These results indicate that
rGO-polymer composite nanofiber technology has great poten-
tial to be applied as a simple yet eflicient water filtration system
in areas with poor surface water quality. Previous reports on
nanofibrous membranes for water filtration are summarized in

Table 4.
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4. CONCLUSIONS

Empirical evidence suggests that the concentration of the PAN-
PES core solution significantly influences the fiber diameter,
mechanical properties, water contact angle, water absorption,
water resistance, and clean water permeability. PPG10-PPG20
samples, defect-free, bead-free, and geometrically uniform
nanofiber membranes were produced, with nanofiber pore
channel diameters ranging from 389 to 757 nm. The nanoscale
fiber diameter of PAN-PES loaded with rGO provides a sub-
stantial surface area, enhancing the absorption capacity and
membrane separation performance. Characterization revealed
that the formation of hydrogen bonds between PAN-PES
loaded with rGO effectively enhanced the hydrophilicity of
the membrane. Distinct crystallization peaks were observed,
with a maximum crystallinity of 33.52%. The modulus in-
creased markedly from 84.79 to approximately 57.83 MPa as
the fiber diameter increased. The dependence of the modulus
on the diameter suggests that the fiber cross-section is homoge-
neous. A rough nanostructure was formed on the membrane
surface following the incorporation of rGO particles onto the
PAN surface, significantly increasing the hydrophobicity of the
membrane (WCA 74.8°) with an equilibrium water content
of 91%. The nanofiber membranes exhibited resistance to im-
mersion for 32 d. PPG10 maintained a strong permeability
(16.10 L/m?.h.bar), PPG15 maintained a stable permeability
(18.22 L/m?2.h.bar), and PPG20 maintained a weak perme-
ability (8.72 L/m2.h.bar). This study demonstrates that the
resulting electrospun membrane successfully enhanced the sur-
face properties and improved the filtration performance with
high flux. Furthermore, morphological analysis shows that the
PAN-PES membrane loaded with rGO is effective in capturing
suspended solids and preventing fouling, confirming its poten-
tial as an efficient medium for sustainable water purification.
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