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Abstract

This study investigated the use of an electric field-assisted phase inversion method (15 kV) to tailor the properties of PVDF membranes
with a thickness of 3 mm. The electric field significantly altered membrane formation, producing porous structures compared to
the dense morphology of untreated membranes. Increasing the PVDF concentration (25—35%) reduced the pore size from 11.54
pm to 5.27 um, resulting in more uniform structures. Surface analysis indicated that the membranes remained relatively smooth,
with smaller surface features at higher polymer concentrations. The mechanical properties improved substantially, with the tensile
strength increasing from 12.28 MPa to 43.21 MPa and higher stiffness observed. FTIR results revealed enhanced S -phase formation
under the electric field, indicating improved chain alignment, supported by increased crystallinity from XRD. In terms of filtration
performance, the permeability reached 55.32 L/m?-h-bar, while turbidity rejection exceeded 90% for all treated membranes. These
results demonstrate a promising approach for high-performance PVDF membranes and strong potential as composite base materials.
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1. INTRODUCTION

Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer
with high chemical stability, thermal resistance, hydrophobic
properties, and outstanding piezoelectric and pyroelectric capa-
bilities (Marshall et al., 2021). This combination of character-
istics makes PVDF an excellent candidate for a wide range of
technological applications, including energy storage, biomed-
ical materials, and filtration (Sriyanti et al., 2024a). In water
treatment, PVDF membranes are widely used due to their re-
sistance to solvents, stability across a wide pH range, and ability
to maintain mechanical integrity during filtration operations
(Acarer-Arat et al., 2024). However, filtration performance is
significantly influenced by pore morphology and distribution.
Conventional fabrication processes, such as phase inversion
without an electric field, often result in non-uniform pores,
thereby limiting flux efficiency, selectivity, and fouling resis-
tance (Eniola et al., 2024). Therefore, developing more precise
pore-formation techniques is essential for improving the qual-
ity of water filtration membranes.

Electric field-based methods offer a new approach for poly-
mer membrane engineering. Applying an electric field dur-

ing membrane formation can induce dipole orientation and
polymer chain reorganization, thereby affecting the morphol-
ogy, pore homogeneity, and crystal phase ratio (Besghini et al.,
2019). The electric field increases chain mobility and creates
a more directed solvent migration path, resulting in a more
uniform pore distribution and good inter-pore connectivity.
Preliminary studies have shown that adjusting electrical pa-
rameters, such as the voltage of the electric field, contributes
to increased pore formation and reduces flow resistance with-
out decreasing the mechanical strength (Firdaus et al., 2025a;
Mataram et al., 2024). Another advantage is the minimal need
for additives, resulting in a structure that closely resembles
that of pure PVDF with high phase purity. For water filtration
applications, strict control of pore size and distribution is im-
portant to achieve an optimal balance between permeability,
contaminant rejection, and fouling resistance.

Most previous studies have focused on electrospinning
techniques or conventional phase inversion approaches (Al-
malfie et al., 2025; Sriyanti et al., 2025). For instance, electro-
spinning has been widely reported to produce highly porous
PVDF nanofiber membranes with enhanced permeability and
B -phase dominance; however, this method typically requires
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complex setups and suffers from limited control over pore in-
terconnectivity and scalability (Navarro-Tovar et al., 2025).
The study by Sriyanti et al. (2024b) investigated the physic-
ochemical and mechanical properties of polyvinylidene fluo-
ride nanofiber membranes synthesized using the electrospin-
ning technique. Nanofiber PVDF produced by electrospinning
exhibits a smooth morphology without beads, with a diame-
ter of 280-855 nm, a dominant S phase, and crystallinity of
52.67-58.45%, tensile strength increasing to 6.00 MPa with
concentration, and chemical stability. Another study by Al-
mafie et al. (2024) also invetigates PVDF membranes fabri-
cated using electrospinning, this study reports that the mem-
branes has tensile strength of 8.25-15.79 MPa. Both studies
showed similarities in the characteristics of the membranes pro-
duced; specifically, these membranes had relatively low tensile
strengths. This suggests that inadequate mechanical strength
remains a persistent and widely reported limitation in mem-
brane fabrication, thereby necessitating the development of
more effective strategies to improve mechanical robustness.

Similarly, recent developments in near-field electrospin-
ning and nonsolvent-induced phase separation (NIPS) have
enabled more ordered fiber deposition, yet challenges remain in
achieving structural uniformity and large-scale production (Al-
biladi et al., 2023). Basko et al. (2023) study reviews the mech-
anism of PVDF membrane formation using the nonsolvent-
induced phase separation (NIPS) method. Increasing the
DMACc concentration increases the pore size (60-150 nm)
and permeability (2.8-8 L/m?-h-bar) with a tensile strength
that changes from 9-11 to 6 MPa, whereas the addition of
water reduces the pore size (55-25 nm), decreases the perme-
ability (2.8-0.5), and reduces the tensile strength (9—6 MPa).
On the other hand, Zhang et al. (2024) reported that con-
ventional nonsolvent-induced phase separation (NIPS) relies
primarily on thermodynamic instability and diffusion kinetics,
which inherently limit precise control over pore architecture
and often result in isotropic structures. Although recent mod-
ifications, such as those described in a study by Huang et al.
(2024) reported that plasma-assisted NIPS have improved
surface functionality, these approaches remain dependent on
post-treatment rather than direct manipulation of polymer
dynamics during membrane formation. Furthermore, recent
studies have emphasized that membrane morphology and per-
formance are highly sensitive to molecular interactions and
phase separation pathways; however, these parameters are gen-
erally tuned through material composition rather than external
field-driven mechanisms (Huang et al., 2025).

Despite these advances, a critical gap remains in the ability
to actively control membrane formation through external fields
that directly influence polymer dynamics during phase separa-
tion. To date, there have been few comprehensive reports on
the application of electric fields during the formation of pure
PVDF membranes, particularly in relation to their physico-
chemical properties, crystal structure evolution, and filtration
performance. More importantly, the underlying mechanism
by which electric fields influence pore growth, - phase trans-
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formation, and structure—function relationships under realistic
filtration conditions remains insufliciently understood. This
limitation hinders the optimization of the fabrication param-
eters and restricts the development of membranes with pre-
dictable and high-performance characteristics.

In this context, the present study introduces an electric
field-assisted phase inversion strategy that enables the active
manipulation of membrane formation via electrostatic interac-
tions, including Coulomb forces and Maxwell stresses. Unlike
conventional methods that passively rely on thermodynamic
and kinetic factors, this approach directly influences polymer
chain orientation and phase separation pathways, leading to
anisotropic pore evolution and improved structural control.
This mechanism not only differentiates the proposed method
from existing electrospinning and NIPS-based techniques but
also provides a complementary and scalable route for tailoring
membrane morphology. Therefore, this study aims to synthe-
size PVDF membranes through an electric field-assisted forma-
tion method and evaluate their morphology, crystal structure,
chemical characteristics, and water filtration performance. The
results are expected to advance the fundamental understanding
of electric field-driven membrane formation and offer a promis-
ing pathway for the development of high-performance water
filtration membranes with enhanced permeability—selectivity
balance.

2. EXPERIMENTAL SECTION

2.1 Materials

Polyvinylidene fluoride (PVDF, Sigma-Aldrich, Singapore)
and dimethylformamide (DMF, CAS 68-12-2, anhydrous,
99.8%) were used as received without further purification.

2.2 Fabrication of Membranes

PVDF membranes were fabricated at three different polymer
concentrations (25, 30, and 35 wt.%) in DMF to investigate
the effect of polymer content on pore formation. The poly-
mer was dissolved in DMF under continuous stirring at ap-
proximately 40°C for 8 h until a homogeneous solution was
obtained, ensuring sufficient viscosity to achieve a membrane
thickness of approximately 8 mm, after which it was stored
in an airtight glass container to prevent solvent evaporation.
The solution was then cast onto a copper plate mold, with
plaster serving as the mold boundary, followed by exposure
to a direct current (DC) electric field of 15 kV for 2 min as
part of the deposition process following the previous study Fir-
daus et al. (2025b). Subsequently, the membranes underwent
phase inversion through immersion in water until detachment
from the copper plate occurred, and were finally dried at room
temperature for 24 h. The overall composition of the pre-
pared membranes is presented in Table 1, and a schematic of
the PVDF membrane fabrication experiment is illustrated in
Figure 1.
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Figure 1. Schematic of Sample Fabrication. Photograph Courtesy of Rahma Dani, copyright 2026.

Table 1. Composition of PVDF Precursor Solution

Sampel PVDF (g) Electric Field (kV)
SMPO 25 0
SMP1 25 15
SMP2 30 15
SMP3 35 15

2.8 Characterization

The surface morphology and topographical structure of the
membranes were examined using scanning electron microscopy
(SEM, Inspect S50, FEI Company) operated at 15 kV after
coating the samples with a thin layer of gold to ensure con-
ductivity. Surface roughness and hardness were further ana-
lyzed using atomic force microscopy (AFM, AMTEC, UTM)
in the three-dimensional mode with a scanning area of 10 x
10 um. The mechanical properties of the membranes were
evaluated through tensile testing using a universal testing ma-
chine (ZWICK ROEL Material Testing Machine, Type BT2-
FRO20TH. A60, Germany) in accordance with the ASTM
D638-05 (2008) standard. The crystalline structure of the
membranes was characterized using X-ray diffraction (XRD,
Rigaku MiniFlex 600, Japan), whereas Fourier-transform in-
frared spectroscopy (FTIR, Thermo Nicolet iS10, Japan) was
employed to identify functional groups and confirm chemi-
cal interactions within the PVDF/DMF system. The surface
hydrophilicity of the membranes was tested using a digital mi-
croscope (Model X4, magnification 1600x). The performance
of the membranes was determined through clean water perme-
ability (CWP, Indonesia) testing. Prior to measurement, the
membranes were pre-wetted in ultrapure water for 15 min, fol-
lowed by pressurization at 1-6 bar, and the permeate volume
was collected using a 50 mL measuring cylinder for 60 min
under standard laboratory conditions (Dani et al., 2026). Tur-
bidity testing was conducted at the Palembang Public Health
Laboratory. Wastewater was collected from the river drainage
system in Palembang, filtered using a CWP device, and then

© 2026 The Authors.

tested at the Palembang Public Health Laboratory.

3. RESULT'S AND DISCUSSION

3.1 Morphology of the PVDF Membranes

Figure 2a shows an SEM image of a PVDF membrane that
was not subjected to an electric field (SMPO), while Figures 2b
and 2c show membranes subjected to an electric field (SMP1
and SMP3). In general, these observations show that variations
in PVDF concentration have a significant impact on the pore
size, pore distribution, and density of the resulting membrane
structure. SMP1 displays a large pore structure that is un-
evenly distributed. The presence of these large pores is closely
related to the low viscosity of the polymer solution, so that
the diffusion rate between the solvent and non-solvent dur-
ing the electric field process is relatively fast (Hu et al., 2024;
I[slam et al., 2023). This condition causes the formation of
macrovoids, which contribute to increased membrane porosity
but can reduce its mechanical stability. In addition, uneven ag-
glomeration is observed on the membrane surface, indicating
that the structural stability is not yet optimal at low polymer
concentrations.

More importantly, the observed pore formation behavior
is strongly governed by the presence of an electric field, as evi-
denced by SMPO (without an electric field), which exhibits a
dense structure with no observable pores. This confirms that
the electric field acts as the primary driving force for pore ini-
tiation. Under the applied electric field (SMP1 and SMP3),
electrostatic forces, particularly Coulomb forces and Maxwell
stress, induce dipole orientation and local deformation within
the polymer solution, which accelerates phase separation and
promotes the formation of polymer-lean domains that evolve
into pores. The presence of large pores in SMP1 (D = 11.54
+ 0.02 pum) indicates that electrostatic forces dominate over
viscous resistance, allowing rapid domain growth and expan-
sion. Similar observation have been reported by Ohno et al.
(2021) in electric field-assisted PVDF systems, where electro-
static interactions enhance demixing kinetics and promote the
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Figure 2. SEM Images and Pores Distribution Graph of the PVDF Membranes (a) SMPO (b) SMP1 (¢c) SMP3

formation of more open porous structures.

Conversely, in SMP3, the pore size tends to be smaller
with a more homogeneous distribution. This observation is
further supported by the pore diameter distribution analysis,
where SMP1 exhibited a broader distribution with a larger
average diameter (D = 11.54 + 0.02 um), indicating struc-
tural heterogeneity. In contrast, SMP3 showed a narrower
distribution centered at a smaller average diameter (D = 5.27
+ 0.010 pm), reflecting more uniform pore formation. The
higher R-square (0.96-0.97) values of the Gaussian fitting in
both samples confirmed that the pore size distribution followed
a relatively normal trend, with SMP3 demonstrating better
uniformity than SMP1. High R? values indicated excellent
goodness-of-fit between the Gaussian model and experimental
data, suggesting that the pore formation process was statistically
consistent and reproducible. Furthermore, the slightly higher
R? value observed in SMP8 implied a narrower deviation from
the mean pore size, confirming a more controlled and homo-
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geneous phase separation process than SMP1. In contrast, the
broader distribution in SMP1 reflects greater variability in pore
growth, which is attributed to the dominance of rapid demixing
under lower viscosity conditions (Hamta et al., 2021). This
transition from large to small pores under the same electric
field strength indicated that pore size was not solely governed
by electrostatic forces but rather by the competition between
driving and resisting forces. While the electric field provided
electrostatic driving forces (Coulomb force and Maxwell stress),
the increase in PVDF concentration significantly enhanced vis-
cous and elastic forces owing to chain entanglement, which
acted as resisting forces that limited domain growth. Con-
sequently, although pore nucleation still occurred under the
electric field, its growth was suppressed, leading to smaller and
more uniform pores in SMP38. This mechanism is consistent
with recent study by Huang et al. (2025), showing that increas-
ing polymer concentration increases chain entanglement and
reduces diffusion rates, thereby producing smaller pore sizes
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and denser structures.

The high concentration of PVDF increases the viscosity of
the solution, so that the solvent-non-solvent exchange process
is slower and more controlled (Bohr et al., 2023; Ghorbandoust
et al., 2024). Consequently, the membrane structure becomes
denser with uniform micropores. This condition positively
impacts the mechanical properties of the membrane because
the bonds between the polymer chains are stronger, although
it reduces water permeability. SEM images also show that the
number of macrovoids is significantly reduced in membranes
with high concentrations, indicating a morphological transition
from a large porous structure to a denser structure (Gayatri
et al., 2024; Qua et al., 2022).

This phenomenon of pore size differences can be explained
through thermodynamic mechanisms in phase change pro-
cesses and the effects of electrical fields. In solutions with low
viscosity (SMP1), molecular mobility is higher, so solvents eas-
ily diffuse out when they come into contact with non-solvents
(Ahmadi Bonakdar and Rodrigue, 2024; Choi et al., 2023).
This triggers the formation of a solvent-rich phase, which subse-
quently collapses to form large pores. Conversely, in solutions
with high viscosity (SMP3), molecular mobility is limited, so the
demixing process proceeds slowly, resulting in smaller, more
uniform pores (Annadurai and Alam, 2025). This behavior is
consistent with NIPS-based membrane study by Basko et al.
(2028), where pore size is governed by the balance between dif-
fusion kinetics and phase separation rate. Furthermore, other
study by Huang et al. (2024) in field-assisted membrane fab-
rication also demonstrate that external fields can control pore
morphology by modifying molecular orientation and interfa-
cial dynamics, leading to tunable pore structures.

In addition to the influence of pore size, the agglomeration
observed in both samples indicates the interaction between
polymer chains. At low concentrations, agglomeration appears
to be more dominant due to the lack of polymer density sup-
porting the membrane structure, resulting in uneven empty
areas (Kariuki et al., 2022). At high concentrations, agglom-
eration tends to decrease because the denser polymer density
results in a smoother membrane surface. These results are
consistent with previous studies on PVDF-based membranes,
where increased polymer concentration is associated with im-
proved structural compactness and surface smoothing (Sriyanti
et al., 2024b). However, the trade-ofl between permeability
and mechanical strength remains a key factor to consider in
membrane design. Membranes with large pores do offer high
water flux, but they are prone to fouling and decreased mechan-
ical stability (Chen et al., 2024b; Sisay et al., 2023). Conversely,
membranes with small pores tend to have better stability and
mechanical resistance, but their water permeability decreases
(Hami et al., 2023). Thus, variations in PVDF concentration
and the application of an electric field act synergistically as key
parameters in controlling membrane morphology. The electric
field initiates pore formation through electrostatic forces, while
polymer concentration governs pore size through viscoelastic
resistance, resulting in a transition from non-porous (SMP0)

© 2026 The Authors.
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to large-pore (SMP1) and finally to compact small-pore struc-
tures (SMP3), consistent with trends reported in recent PVDF
membrane studies.

3.2 Topography of the PVDF Membranes

Topographic analysis using atomic force microscopy (AFM)
revealed significant differences in the surface morphology of
PVDF membranes owing to variations in polymer concentra-
tion. Figure 3a is an SMP1 image showing a wavy surface
landscape with a relatively large peak-to-valley amplitude of >2
um and an uneven height distribution, reflecting rapid demix-
ing dynamics due to low solution viscosity, which produces
large pores up to the surface (Arif et al., 2019; Hu et al., 2024).
This high roughness increases the contact area and can increase
flux, but it also creates many fouling retention sites and reduces
mechanical stability (Nazari and Abdelrasoul, 2022). In con-
trast, the topography of SMP8, shown in Figure 3b, exhibits a
more homogeneous profile with a much lower height amplitude
of <1 um. The transition between peaks and valleys is smooth,
and there are indications of structural regularity due to more
controlled solvent-non-solvent exchange (Bohr et al., 20238;
Ghorbandoust et al., 2024). This surface smoothness strength-
ens the bonds between polymer chains, increasing mechanical
strength and reducing the potential for fouling, although water
permeability tends to decrease (Nagandran et al., 2020). The
topographical differences between SMP1 and SMP3 also have
implications for the nature of the interface. The rough sur-
face of SMP1 reduces the apparent contact angle and increases
initial hydrophilicity; however, extreme irregularities can trap
particles. Conversely, SMP3 with its smooth texture produces
a more even distribution of interfacial tension and minimizes
the accumulation of organic fouling (Kim et al., 2025; Sultana
etal., 2025). Overall, the AFM results confirm that polymer
concentration is a key parameter controlling the evolution of
the PVDF surface texture from a wavy topography and high
porosity to a smooth and compact morphology, thereby en-
abling the adjustment of membrane properties according to
application requirements.

3.8 Mechanical Properties of PVDF Membranes

The mechanical property testing results of the PVDF mem-
branes, shown in Figure 4, indicate a consistent relationship
between the application of an electric field, increasing poly-
mer concentration, and the resulting mechanical performance,
which is comprehensively reflected in all parameters, namely,
the stress—strain curve, tensile strength, elongation at break, and
Young’s modulus. In general, an increase in PVDF concentra-
tion from 25% (SMP1), 30% (SMP2), to 35% (SMP3) resulted
in a significant increase in tensile strength, elasticity, and ma-
terial stiffness. This study also utilized a benchmark sample
in the form of a membrane with a 25% PVDF concentration
without electric field treatment (SMPO0), aimed at analyzing
the effect of applying an electric field on the membrane’s me-
chanical characteristics. Based on the tensile strength graph,
the tensile strength value increased from 12.28 MPa in SMP0
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Figure 3. Atomic Force Microscopy Images of the (a) SMP1 and (b) SMP3

to 18.47 MPa in SMP1, 38.28 MPa in SMP2, and reached
48.21 MPa in SMP3. This trend aligns with the stress—strain
curve, indicating that samples subjected to an electric field and
with higher PVDF concentrations possess a greater ability to
withstand stress before failure occurs. This increase indicates
that the use of an electric field and higher polymer concentra-
tions results in a denser membrane structure, where interchain
polymer interactions become stronger and produce a mechani-
cally more stable network (Marshall et al., 2021; Sriyanti et al.,
2024a).

Additionally, the elongation at break graph shows an in-
crease from 6.7% (SMPO) to 10.1% (SMP1), 13.1% (SMP2),
and 15.9% (SMP3), indicating that the membrane becomes
stronger and more ductile. This result indicates that the appli-
cation of an electric field and increasing the PVDF concentra-
tion do not make the material brittle but rather improve the
balance between strength and flexibility. This phenomenon
explained by Amin et al. (20238); Osama et al. (2024), by the
increased polymer chain density, which allows for a more even
distribution of stress during the deformation process, thereby

© 2026 The Authors.

slowing down crack initiation. The correlation between elonga-
tion at break and the stress—strain curve is evident, with SMP3
exhibiting a wider curve area, indicating a higher capacity to
absorb deformation energy compared to the other samples.
Furthermore, the increase in Young’s modulus from 850 MPa
(SMP1) to 710 MPa (SMP2) and 780 MPa (SMP3) indicates
that the membrane becomes stiffer as the PVDF concentration
increases. A high Young’s modulus indicates that the material
has greater resistance to elastic deformation, which is directly
correlated with increased tensile strength. Thus, these three
parameters (tensile strength, elongation, and modulus) demon-
strate a mutually reinforcing relationship: increased PVDF
concentration results in a stronger, stiffer membrane while
maintaining good deformation capacity (Amin et al., 2023;
Osama et al., 2024).

The role of the electric field method in the fabrication pro-
cess also significantly contributes to the improvement of the
membrane’s mechanical performance. Compared to SMPO
(without electric field), which exhibits significantly lower tensile
strength (10-12 MPa), elongation (6.7%), and modulus (178
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MPa). The application of a DC electric field during the mem-
brane formation process influences the orientation of PVDF
molecules, resulting in a more organized structure and a more
homogeneous pore distribution. Clearly demonstrates that the
application of a DC electric field induces a fundamental trans-
formation in the internal structure of the PVDF membrane.
Mechanistically, this improvement is governed by the in-
terplay of electrostatic forces, primarily Coulomb forces and
Maxwell stress as the main driving forces, and viscous as well
as elastic forces (arising from chain entanglement) as resist-
ing forces. Under the applied electric field, dipolar PVDF
chains experience electrostatic torque and stretching, leading
to chain alignment and enhanced molecular orientation. This
phenomenon is reported in recent PVDF studies by Tansel
(2021); Zhang et al. (2023), where electric field-induced align-
ment promotes the formation of polar g-phase and signifi-
cantly enhances mechanical and electromechanical properties.
Furthermore, the contribution of Maxwell stress, which
scales with the square of the electric field, induces internal elec-
trostatic pressure that promotes structural densification and
chain packing. This electro-mechanical coupling mechanism
has been analyzed by Zhang et al. (2025b) this phenomenon
been shown to enhance stiffness and strength in PVDF-based
systems through electrostriction and dipole alignment effects.
In addition, other studies by Fu et al. (2025) on electrically

© 2026 The Authors.

assisted polymer systems report that electric fields facilitate
molecular rearrangement and defect minimization, resulting
in improved interchain interactions and load transfer efficiency.
Similar observations by Qiao et al. (2023) have also been re-
ported in field-assisted orientation systems, where external
fields (electric or magnetic) align internal structures and signifi-
cantly improve mechanical integrity and structural homogene-
ity.

The progressive increase in tensile strength from SMP1
to SMP3 further indicates that the electric field effect is not
isolated but is synergistically enhanced by increasing polymer
concentration. While electrostatic forces promote chain align-
ment, the increased viscosity at higher PVDF concentrations
strengthens intermolecular interactions and suppresses chain
relaxation, effectively “locking” the oriented structure. This
competition between electrostatic driving forces and viscoelas-
tic resisting forces results in a highly compact and homogeneous
structure, which improves the stress distribution and reduces lo-
calized failure points. Similar synergistic mechanisms between
molecular orientation and structural densification have been
reported in recent PVDF study by Chen et al. (2024a), where
enhanced crystallinity and chain alignment lead to substantial
improvements in mechanical performance.

The improvement in mechanical properties from SMPO to
SMP3 is also directly correlated with the effects of the electric
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field, porosity, and crystallinity. The application of an elec-
tric field during fabrication promotes the orientation of PVDF
chains and enhances the formation of crystalline phases (partic-
ularly theB-phase), thereby increasing the tensile strength and
modulus. Simultaneously, increasing the PVDF concentration
reduces porosity and results in a denser, more homogeneous
structure, thereby reducing weak points (large voids) and im-
proving mechanical strength. This combination explains the
significant increase in tensile strength and Young’s modulus, as
well as the increase in elongation owing to the more integrated
structure.

These results are consistent with a study by He et al. (2022),
which reported that an increase in PVDF concentration en-
hances crystallinity and results in a mechanically stronger struc-
ture due to reduced system compatibility and an increased crys-
tallization temperature. In addition, a recent study by Zhang
et al. (2025a), shows that increased crystallinity (8 -phase) and
controlled porosity result in an optimal balance between me-
chanical strength and membrane structural stability. Thus, the
improvement in the mechanical properties of the membrane
is primarily driven by the synergy between chain orientation
induced by an electric field, reduced porosity, and increased
crystallinity.

The correlations among the graphs also indicate that the
increase in Young’s modulus does not significantly compromise
elongation, suggesting that the resulting membrane structure
possesses an optimal balance between rigidity and flexibility.
This is crucial in membrane applications, where the material
must withstand operational pressures without experiencing
permanent deformation or structural damage. In other words,
increasing the PVDF concentration and applying an electric
field creates a synergy that not only enhances tensile strength
but also improves overall structural stability (Yang et al., 2025)

The error bars presented in (Figure 4b-d) represent the
standard deviation of the measurements and provide impor-
tant insight into the data variability and reproducibility of the
mechanical properties. Overall, the relatively small error bars
observed across all samples (SMP0O-SMP83) indicate good ex-
perimental consistency and reliable measurement repeatability.
In the tensile strength data (Figure 4b), the narrow error range
suggests that the measured values are highly consistent, partic-
ularly for SMP2 and SMP8, implying that the enhancement in
strength due to the applied electric field is not only significant
but also reproducible. In addition, the Young’s modulus data
(Figure 4d) also exhibit small error bars, especially at higher
electric field conditions (SMP2 and SMP3), suggesting that
the increased stiffness is consistently achieved. In addition, the
Young’s modulus data (Figure 4d) also exhibit small error bars,
especially at higher electric field conditions (SMP2 and SMP3),
suggesting that the increased stiffness is consistently achieved.
Opverall, the error bar analysis supports the conclusion that the
application of an electric field leads to not only enhanced but
also highly reproducible mechanical performance.

Opverall, these results confirm that increasing the PVDF

© 2026 The Authors.
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concentration in combination with electric field techniques is
an effective approach for enhancing membrane mechanical
properties. Improvements were not limited to a single parame-
ter; all mechanical parameters showed consistent and mutually
correlated improvements. This indicates that this method has
great potential for the development of high-performance mem-
branes, particularly for applications requiring high mechanical
strength and long-term stability. A comparison of the PVDF
membrane water flux with that in previous studies is presented
in Table 2.

3.4 FTIR Analysis of the PVDF Membranes

The FTIR spectrum of the SMP2 membrane in Figure 5 con-
firms the chemical integrity of the polymer backbone and re-
veals the dominance of electroactive crystal motifs relevant
to membrane function. The band at 2922 cm™! is consistent
with the aliphatic C—H stretching of the CHy group, which
verifies the preservation of the fluoride vinylidene repeat unit,
while the weak absorption near 2860 cm™! is characteristic of
atmospheric COg and should be considered an extrinsic arti-
fact rather than a sample feature (Thakur and Han, 2022). In
the fingerprint region, clear absorption at 1275 cm™! and 840
em™! along with supporting features at 1175 and 1072 cm™!
are diagnostic of CFy and CHg vibrations associated with the
all-trans (B8) conformation of PVDF He et al. (2022). The
peak at 1402 em™ is caused by the CHgy bending mode and
further supports a well-defined crystal lattice (Ke et al., 2020).
The minor band at 877 em™! indicates a minor contribution
from other polymorphs (a/y), implying that the membrane
is not in a pure phase but is dominated by the polar 8 phase
(Gayatri et al., 2024).

To further substantiate this observation, a semi-quantitative
assessment of the phase composition was performed based
on the relative intensities of the characteristic FTIR peaks.
The B-phase fraction in PVDF is commonly evaluated by
comparing the absorbance of the g-phase band at 840 cm™!
with that of the @-phase band at 762-764 cm™!. In the present
spectrum, the B-phase peak at 840 cm™! exhibited significantly
higher intensity than the a-phase peak at 762 cm™! (Agy >
A7g9) , indicating a high fraction of electroactive B -phase. This
approach follows the well-established Gregorio method, which
has been widely adopted for semi-quantitative phase analysis
in PVDF systems (Roni et al., 2025). The relatively weak
a-phase contribution, together with the absence of strong a-
characteristic bands, further confirms the suppression of non-
polar crystalline domains.

This result is consistent with recent studies by Bertolini et al.
(2028); Zaitzefl and Groven (2028), reporting that enhanced
B -phase formation is characterized by dominant absorption
bands at 840 and 1275 cm™!, particularly in PVDF membranes
processed under external stimuli such as electric fields or con-
trolled crystallization conditions. Similar trends have also been
observed in advanced PVDF-based systems studies by Fakhry
et al. (2025); Jayasekara and Cebe (2023); Silva et al. (2023),
where processing -induced dipole alignment promotes B -phase
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Table 2. Comparison of PVDF Membrane Tensile Stress with Previous Studies

Membrane Material Fabrication Methods Tensile Stress (MPa) References
PVDF/GO Dip Coating Technique Combining nonsolvent- 4.97-6.15 (Dawam et al., 2025)
Induced phase ) ) ’ )
i separation (NIPS) and thermally-induced phase 1 onoe
PVDF/p-ATP wonaration (L1PS) 4.4 (Mao et al., 2023)
PVDF/TiOg Phase Inversion ~0.93 - ~2.28 (Mao et al., 2023)
PVDF/PANI/GO Phase Inversion ~1.5-~5 (Nawaz et al., 2021)
PAN/PVDF Electrospinning 8.25 (Almafie et al., 2024)
PVDF Electric Field 18.47 - 43.21 This Study
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Figure 5. FTIR of the SMP2 (a) 3000-500 (b) 1500-700

crystallization and improves electroacive.

The dominance of g-related band spectroscopy has im-
portant implications; B-phase enrichment implies increased
dipolar order and crystallinity, which typically correlates with
increased mechanical stiffness and dielectric/piezoelectric activ-
ity (Edwards et al., 2024). This property can affect the strength
of the membrane under hydraulic pressure and its interactions
with charged solutes. However, changes in the phase content
can also modulate chain packing and free-volume distribution,
with potential downstream effects on porosity, water flux, and
fouling tendency.

3.5 XRD Analysis of the PVDF Membranes

The XRD Graph, shown in Figure 6, reveals the typical diffrac-
tion pattern of PVDF membranes in SMP1 and SMP3 samples,
characterized by relatively consistent peak intensities and po-
sitions, indicating the presence of a semi-crystalline structure
formed during fabrication. The dominant peak appears at
around 260 = 18-20°, which can be attributed to the «-PVDF
phase (de Jesus Silva et al., 2020; Suresh et al., 2024), while
the peak in the range of 86-40° indicates the presence of the
phase, which is known to have better piezoelectric properties

(Ahbab et al., 2025).

© 2026 The Authors.

However, a more detailed inspection of the diffraction pro-
file reveals the emergence of a strong peak centered at 20-21°,
which is widely recognized as the characteristic reflection of
the (110)/(200) planes of B-phase PVDF, indicating the for-
mation of a polar crystalline structure. Notably, the intensity
of this peak increases significantly from SMP1 (20.14°) to
SMP3 (21.44°), suggesting an enhanced fraction and ordering
of the B-phase. In contrast, the shoulder peak observed at
18.26-19.86°, corresponding to a-phase reflections, appears
relatively weaker, indicating the suppression of non-polar crys-
talline domains. A semi-quantitative evaluation based on the
relative intensity ratio (I3/la) demonstrates that SMP3 ex-
hibits a substantially higher 8 -phase contribution compared to
SMP1, confirming the progressive transformation from a@- to
B -phase under the applied fabrication conditions. This inter-
pretation is consistent with recent study by Roni et al. (2025),
where the B-phase is characterized by a dominant diffraction
peak at 20.2-20.6°, while a-phase peaks appear at lower an-
gles (17.7-19.9°). Similar enhancement of B-phase intensity
due to processing-induced dipole alignment has been reported
by Ahmad et al. (2025); Rehman et al. (2025), in PVDF sys-
tems subjected to external fields or controlled crystallization
conditions. Furthermore, the presence of secondary reflec-
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tions around 36-42° in the present data can be associated with
higher-order crystalline planes or mixed-phase contributions,
which are commonly observed in modified PVDF systems with
improved structural organization (Nugraha et al., 2024). Ad-
ditional study by Roopa et al. (2021), also confirm that the
attenuation of @-phase peaks accompanied by intensified 8-
phase reflections indicates successful phase transformation and
enhanced crystallinity in PVDF-based materials.

The higher peak intensity in the SMP3 sample compared
to that in the SMP1 sample indicates that the increased poly-
mer concentration in the solution contributes to the growth of
more regular crystal domains, resulting in a higher degree of
crystallinity. This is consistent with the phenomenon whereby
a higher polymer content provides more molecular chains to
orient under the influence of the applied electric field, thereby
strengthening the transition from the amorphous phase to the
crystalline phase (Wang et al., 2023). In addition, the differ-
ences in intensity between samples also show that the electric
field-based fabrication method used in this study not only fa-
cilitates pore formation but also affects the distribution of the
PVDF crystalline phase. In other words, electric field treatment
plays an important role in modifying molecular orientation

© 2026 The Authors.
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and phase stability, which ultimately affects the mechanical and
functional properties of the membrane (Rothermund et al.,
2024). These findings confirm that combining the appropri-
ate polymer concentration with the application of an electric
field can be an effective strategy for engineering the crystalline
properties of PVDF without the need for additional chemical
treatment, thus offering a simpler and more environmentally
friendly approach. These findings confirm that combining the
right polymer concentration with the application of an electric
field can be an effective strategy for engineering the crystalline
properties of PVDF without the need for additional chemical
treatment, thus offering a simpler and more environmentally
friendly approach.

3.6 Water Contact Angle Analysis of the PVDF Membranes
Figure 7 shows the analysis of the water contact angle on PVDF
membranes, which provides important information regarding
the surface hydrophilicity and its relationship with morphol-
ogy and filtration performance. In general, the contact angle
values decrease over time in all samples, indicating a process of
absorption or penetration of water into the membrane struc-
ture. SMP1 exhibits the lowest contact angle values, decreasing
from 53.706 + 3.045° to 47.800 + 1.515°, indicating the most
hydrophilic property compared to the other samples. This is
consistent with the SEM results, which show that SMP1 has
larger pore sizes and a more open structure, allowing water
to spread and enter the membrane pores more easily. This
behavior can be explained by its relatively large pore size (11.5
pm) and open structure observed in SEM images, which fa-
cilitate liquid infiltration into the roporous structure. Such
wetting behavior is consistent with the Wenzel model, where
the liquid fully wets the roscopically rough surface, increasing
the effective solid=liquid contact area and thereby reducing the
apparent contact angle. Similar findings have been reported in
recent study by Al-Gharabli et al. (2021), where membranes
with larger and more open pore structures exhibit enhanced
wettability due to capillary-driven penetratio.

In contrast, SMP3 recorded the highest contact angle, de-
creasing from 70.093 £ 0.579° to 64.127 + 5.146°, indicating
increased hydrophobicity due to its smaller and denser pore
structure, as observed in the SEM images. This behavior is
attributed to its smaller pore size (5.27 um) and denser struc-
ture, as well as increased surface roughness, confirmed by AFM
analysis. The combination of fine pores and higher roughness
promotes air entrapment within roscale cavities, leading to the
formation of a composite solid-liquid—air interface. This con-
dition is better described by the Cassie~Baxter model, in which
the presence of trapped air reduces the effective contact area
and increases the apparent contact angle. Similar behavior has
been reported in study by Teoh et al. (2021), for structured
PVDF membranes exhibiting hierarchical oughness, where air
trapping significantly enhances hydrophobicity.

SMP2 falls in between, with intermediate contact angle
values ranging from 69.959 + 2.485° to 66.597 + 2.864°,
reflecting a transitional wetting state governed by both sur-
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face roughness and partial liquid penetration. This suggests
that SMP2 also operates in a mixed Wenzel-Cassie regime,
in which water partially infiltrates macropores while retaining
trapped air pockets. Such intermediate wetting behavior has
been reported in study by Rauter et al. (2021), where this phe-
nomena often associated with complex surface morphologies.
This correlation demonstrates that pore size and distribution
greatly influence the membrane surface’s interaction with water
(Hamad et al., 2022). Membranes with larger pores tend to
have better wettability, while denser structures hinder water
penetration (Zhu and Mao, 2020).

This phenomenon is also consistent with the water flux
test results, where SMP1 exhibits the highest flux owing to
a combination of hydrophilic properties and an open pore
structure, minimizing flow resistance, which will be discussed
in the next section. In contrast, SMP3 has the lowest flux
owing to its more hydrophobic nature and smaller pore size,
which increases resistance to water flow. Thus, these results
confirm that there is a strong relationship between membrane
morphology (pore size), surface properties (contact angle), and
filtration performance (water flux), making the optimization
of fabrication parameters key to producing membranes with
optimal performance. A comparison of the PVDF membrane
contact angles with those in previous studies is presented in
Table 3.

The error bars presented in Figure 7 represent the standard
deviation of the water contact angle (WCA) measurements
obtained from three independent repetitions (n = 3), providing
important insights into the surface uniformity and structural
heterogeneity of the membranes. SMP1 exhibited a notice-
able decrease in standard deviation from + 3.045° to £ 1.515°
over time, indicating that the wetting behavior became more
homogeneous as water progressively infiltrated the open pore

© 2026 The Authors.

structure. This trend suggests that capillary-driven penetration
reduces local variations in liquid—solid interaction, which is
consistent with Wenzel-type wetting behavior on porous sur-
faces (Al-Gharabli et al., 2021). In contrast, SMP3 showed
significantly larger error bars, particularly at longer contact
times (up to + 5.146°), indicating a higher degree of surface
heterogeneity. This variability can be attributed to the complex
surface morphology and increased roughness observed in the
atomic force microscopy (AFM) analysis, which led to spatial
variations in local wetting states. Specifically, some regions may
retain trapped air and follow Cassie—-Baxter behavior, whereas
others undergo liquid penetration and transition toward Wen-
zel wetting. The coexistence of these wetting regimes results
in greater dispersion in the measured contact angles. Similar
observations have been reported in recent study by Rauter et al.
(2021), where heterogeneous porous surfaces exhibit increased
variability due to mixed wetting mechanisms. SMP2 demon-
strated relatively stable and moderate standard deviation values
(£ 2.485° to + 2.864°), suggesting a more uniform surface mor-
phology and consistent wetting behavior across the membrane.
This indicates a balanced structural configuration, where pore
size distribution and surface roughness are sufficiently homoge-
neous to minimize local variations in wettability (Rauter et al.,
2021). Overall, these results highlight that, beyond average
WCA values, the magnitude of the standard deviation plays
a crucial role in understanding membrane surface properties.
Membranes with higher roughness and more complex pore
structures tend to exhibit larger deviations due to localized
differences in liquid-solid interactions, emphasizing the impor-
tance of considering both mean values and statistical variation
in wettability analysis.
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Table 3. Comparison of PVDF Membrane Contact Angles with Previous Studies

Membrane Material

Fabrication Methods

Contact Angle (°)

References

PVDF Membrane Distillation (MD)  157.5 (Hamad et al., 2022)
PVDF Grafting to 110-155 (Hamad et al., 2022)
PVDF-CTFE/SiO¢  Electrospinning 151.3 (Ren et al., 2023)
PVDF Phase Inversion 130 - 150 (Yang et al., 2023)
PVDF Electric Field 47 - 60 This Study
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Figure 8. Permeability of the SMP1, SMP2, and SMP3 (a) Water Pressure-Permeability (b) Final Permeability

8.7 Permeability Analysis of the PVDF Membranes

Figure 8 shows the results of the permeability test, indicating
that the application of an electric field in the PVDF membrane
fabrication process contributes significantly to improved filtra-
tion performance. As shown in Figure 8a, the permeability
of all samples increased consistently with increasing applied
pressure, confirming a typical pressure-driven filtration behav-
ior. At 1 bar, SMP1, SMP2, and SMP3 exhibited flux values
of 25.059, 21.874, and 14.004 L/m?-h-bar, respectively, and
these values increased progressively up to 55.321, 50.842, and
45.618 L/m?-h-bar at 6 bar. Among the samples, SMP1 con-
sistently showed the highest flux across all pressure variations,
which was strongly correlated with its morphological character-
istics, namely, the presence of larger and more open pore struc-
tures, as observed in the SEM analysis. These structural fea-
tures facilitate easier water transport and reduce flow resistance,
thereby allowing for higher permeability. This result confirms
that the electric field plays a role in promoting better pore inter-
connectivity and enhancing fluid transport pathways (Tiwary
et al., 2024; Wang et al., 2024). SMP2 demonstrates inter-
mediate performance, with flux values ranging from 21.874
to 50.842 L/m?-h-bar. This indicates that SMP2 achieves
a balance between permeability and structural compactness,
where the pore size and distribution are sufficiently optimized
to maintain good water transport while improving membrane
integrity. Meanwhile, SMP3 consistently exhibits the lowest
flux, increasing from 14.004 to 45.613 L/m?-h-bar as pressure

© 2026 The Authors.

rises. This behavior is in agreement with SEM observations
showing smaller and more densely packed pores, which restrict
water flow but enhance mechanical strength and structural sta-
bility (Firdaus et al., 2025b; Hami et al., 2023).

The observed variation in permeability can be mechanisti-
cally explained by the coupled influence of electrostatic forces,
pore structure evolution, and polymer concentration. Com-
pared to SMPO (without electric field), which exhibits signif-
icantly lower permeability (28.891 L/m?-h-bar at 6 bar), the
application of an electric field induces electrostatic forces, pri-
marily Coulomb forces and Maxwell stress, that act as driving
forces to reorganize polymer chains and promote the forma-
tion of interconnected pore channels. This results in the tran-
sition from a dense structure (SMPO) to a porous network
(SMP1-SMP3), significantly reducing hydraulic resistance and
enhancing water transport. Similar enhancements in flux due
to electric field-induced structural modification have been re-
ported in study by He et al. (2022), where electric poling or
field-assisted fabrication increased permeability by improving
pore connectivity and internal alignment. Furthermore, the
dependence of permeability on pore size is evident, as larger
pores in SMP1 (11.54 um) yield the highest flux, consistent
with study by Khui et al. (2025), showing that permeability
increases with pore size and porosity due to reduced flow resis-
tance.

Increasing the PVDF concentration from 25% to 85% led to
a reduction in pore size (11.54 um to 5.27 um), which conse-
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Table 4. Comparison of PVDF Membrane Permeability with Previous Studies

Membrane Material  Fabrication Methods  Water Flux (L/m2-h-bar)  References

PVDF/Clay-APS Phase Inversion ~10 ~ ~24 (Pramono et al., 2023)

PVDF Electrospinning ~9-13 (Hu et al., 2022)

PVDF Phase Inversion ~45 (Ghobadi Moghadam and Hemmati, 2023)
PVDF Electrospinning ~29 ~ ~35 (Navarro-Tovar et al., 2025)

PVDEF/LiCl Phase Inversion ~17 (Cheng et al., 2022)

PVDF Electric Field 45613 - 55.321 This Study

Table 5. Comparison of PVDF Membrane Filtration Performance with Previous Studies

Membrane Material Fabrication Methods

Rejection Efficiency (%)  References

PVDEF/GO Dip Coating Technique 33.4-37.2 (Dawam et al., 2025)
Combining nonsolvent-induced phase
PVDE/p-ATP separation (NIPS) and thermally-induced phase ~58 — ~91 (Mao et al., 2023)
separation (TTPS)
PVDF Phase Inversion ~95 (Reza et al., 2023)
PVDF/LiCl Phase Inversion ~80 (Cheng et al., 2022)
PVDF/CFTE Electrospinning ~93 (Ren et al., 2023)
PVDF Electric Field ~96.72 This Study.
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Figure 9. Filtration Performance of the SMPO, SMP1, SMP2, and SMP3 (a) Turbidity (b) Turbidity Rejection Efficiency

quently decreased permeability (55.821 L/m?-h-bar to 45.613
L/m?-h-bar). This trend reflects the increasing dominance of
viscous and chain entanglement forces at higher polymer con-
centrations, which act as resisting forces that limit pore growth
and reduce effective transport pathways. Similar behavior has
been reported in PVDF membranes fabricated via phase inver-
sion study by He et al. (2023), where increased polymer concen-
tration leads to denser structures, smaller pores, and reduced
flux. In addition, recent study by Ma et al. (2024), highlight
that uniform pore structure and controlled phase separation
significantly enhance flux performance, while excessive densifi-
cation reduces permeability. From a transport perspective, flux
is strongly governed by pore geometry and connectivity, where
increased pore size and porosity enhance permeability, while
increased tortuosity and structural compactness reduce it (Nur-
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siah et al., 2025). Therefore, the results demonstrate a clear
mechanistic competition between electrostatic driving forces
(electric field) that enhance pore formation and connectivity
and viscoelastic resisting forces (polymer concentration) that
restrict pore expansion, ultimately determining the final perme-
ability performance. Figure 8b further confirms these findings,
showing that at a fixed operating condition (6 bar, 60 min),
SMP1 achieved the highest permeability (55.821 L/m?-h-bar),
followed by SMP2 (50.842 L/m?-h-bar) and SMP3 (45.613
L/m’-h-bar). The relatively small deviation in the error bars
indicates good reproducibility of the membrane performance.

The error bars in the permeability measurements represent
the standard deviation of repeated experiments and provide
insight into the reproducibility and stability of membrane per-
formance. Overall, all samples exhibited relatively small de-

Page 820 of 826



Firdaus et al

viations, indicating that the permeability measurements were
highly consistent and reliable. SMP1, which showed the high-
est permeability, also maintained small error bars, suggesting
stable flow behavior owing to its open-pore structure and low
hydraulic resistance. In contrast, SMP2 and SMP3 exhibited
slightly larger deviations, which can be attributed to their more
complex and denser pore structures, leading to minor variations
in local flow pathways. SMPO showed low permeability with
minimal deviation, indicating a uniformly high resistance struc-
ture. These results confirmed that the observed differences in
permeability were primarily governed by membrane morphol-
ogy rather than experimental variability, demonstrating good
reproducibility of the filtration performance. Overall, these
results highlighted that the electric field influenced not only
the membrane surface morphology but also significantly af-
fected pore connectivity and transport efficiency. The ability to
achieve high permeability, particularly in SMP1, demonstrated
the effectiveness of this method in producing membranes suit-
able for high-flux filtration applications. However, a trade-off
remains evident, where membranes with higher flux tend to
have lower mechanical strength, while denser membranes such
as SMP3 offer better durability under high-pressure condi-
tions (Dani et al., 2024). Thus, the application of an electric
field provided a controllable approach to tailoring membrane
performance according to specific filtration requirements. A
comparison of the PVDF membrane permeability with previ-
ous studies is provided in Table 4.

3.8 Analysis of Turbidity Testing and Membrane Efficiency
As shown in Figure 9ab, the decrease in turbidity from 8.24
NTU (wastewater) to 2.17 NTU (SMPO0), 0.72 NTU (SMP1),
0.48 NTU (SMP2), and 0.27 NTU (SMP3) is accompanied
by an increase in rejection efficiency from 73.66% to 96.72%,
indicating a strong correlation between membrane structure
and filtration performance. The SMPO sample (25% PVDF
without an electric field) exhibited the lowest efficiency be-
cause of the absence of effective pores, resulting in filtration
mechanisms dominated by the solid surface with limited flow
pathways. When a 15 kV electric field was applied (SMP1),
larger pores (11.54 pm) formed, which significantly increased
permeability while enabling size-exclusion filtration and the
trapping of suspended particles, resulting in a drastic decrease
in turbidity and an efficiency increase to 91.26%. This phe-
nomenon aligns with research conducted by Liu et al. (2025),
which found that the formation of controlled porous structures
enhances water transport while improving particle retention
capacity.

Increasing the PVDF concentration from 25% to 30% and
35% (SMP2 and SMP3) further improved the rejection effi-
ciency to 94.17% and 96.72%, although generally, increasing
polymer concentration tends to increase solution viscosity and
result in a denser structure. In this context, the combination of
an electric field and increased PVDF concentration results in a
more homogeneous pore distribution and a more controlled
pore network, thereby enhancing the sieving mechanism and

© 2026 The Authors.
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reducing particle bypass flow. Recent study by Baroud (2023)
indicate that increasing polymer concentration can improve
structural density and selectivity without significantly compro-
mising flux, provided that pore morphology remains controlled.
In addition, electric fields are known to influence the orien-
tation of polymer chains and the kinetics of phase inversion,
resulting in a more ordered pore structure and improving fil-
tration and antifouling performance (Zhang et al., 2025c¢).

The relationship between pore size and turbidity rejection
efficiency is also evident, as pores that are too large can poten-
tially reduce rejection; however, in this system, an increase in
PVDF concentration compensates for this effect by forming
a denser and more selective structure. This is consistent with
study report by Liu et al. (2025), that an increase in pore size
and a uniform pore distribution can enhance flux, yet selectivity
remains determined by the combination of pore size and total
porosity. In general, PVDF membranes are known to achieve
turbidity removal efficiencies of over 90% when their pore struc-
ture and surface properties are optimized (Al-Tamimi et al.,
2025).

Thus, it can be concluded that the electric field plays a key
role in pore formation and increased permeability, whereas the
PVDF concentration controls the density and selectivity of the
membrane structure. The synergy between these two factors
results in a membrane with an optimal combination of perme-
ability and rejection capacity, as evidenced by the significant
reduction in turbidity and increase in efficiency from SMPO to
SMP3. A comparison of the PVDF membrane filtration per-
formance with those in previous studies is presented in Table

J.

4. CONCLUSIONS

SEM analysis shows that SMPO (25% PVDEF, without an elec-
tric field) exhibits a dense, non-porous structure, whereas the
application of a 15 kV electric field (SMP1-SMP3) produces
well-developed porous morphologies. At 256% PVDF (SMP1),
the pores are larger and less uniform (11.54 um), whereas in-
creasing the concentration to 35% (SMP3) results in smaller
and more homogeneous pores (5.27 um), indicating improved
structural control. AFM analysis confirms relatively smooth
surfaces, although SMP1 shows larger surface features (>2 pum)
compared to SMP3 (<1 um), suggesting that a higher PVDF
concentration refines the surface morphology without reducing
the smoothness. This densification is correlated with improved
mechanical properties. The tensile strength increases from
12.28 MPa (SMPO) to 43.21 MPa (SMP3), while Young’s
modulus reaches 780 MPa, indicating enhanced membrane
strength and rigidity. FTIR analysis reveals that the electric
field promotes B-phase formation, especially in SMP2, en-
hancing chain alignment and polarization. XRD results further
confirm increased crystallinity in the treated membranes. Wa-
ter contact angle measurements indicate a slightly reduced
hydrophilicity with increasing PVDF concentration owing to
a more compact structure. In terms of filtration performance,
permeability improves significantly with the application of an
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electric field, with SMP1 achieving the highest value (55.32
L/m?-h-bar), while SMP3 offers a better balance between per-
meability and selectivity. Turbidity rejection exceeds 907%
(91.26-96.72%) for SMP1-SMP3, compared to 73.66% for
SMPO. Overall, this method enables precise morphology con-
trol, enhances B-phase formation, improves performance, and
these membranes show strong potential as composite base ma-
terials; however, stability and fouling studies remain necessary.
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