J. Applied Membrane Science & Technology, Vol. 30, April 2026, 62—-73
©Universiti Teknologi Malaysia

Fabrication and Characterization of PVDF/PVP/TiO; Membrane for
Ultrafiltration Process

S.S. Alsya!, E. Yuliwati"">", A. Rizki2, S. Martini?

!Chemical Engineering Department, Universitas Muhammadiyah Palembang
Jalan Jenderal Ahmad Yani 13 Ulu, Palembang, 30263, Indonesia
2Study Program of Chemical Engineering, Postgraduate Universitas Muhammadiyah Palembang
Jalan Jenderal Ahmad Yani 13 Ulu, Palembang, 30263, Indonesia

Submitted: 23/07/2025. Revised edition: 27/01/2026. Accepted: 09/02/2026. Available online: 21//04/2026

ABSTRACT

The growing demand for high-quality water has intensified efforts to advance
membrane-based purification technologies, with polyvinylidene fluoride (PVDF)
remaining a dominant material despite its intrinsic hydrophobicity and propensity for
fouling. This study seeks to improve the functional performance of PVDF membranes
through the incorporation of titanium dioxide (TiO:) nanoparticles, introducing
hydrophilic  characteristics and promoting hydroxyl radical formation.
PVDF/polyvinylpyrrolidone (PVP) membranes were fabricated via the phase
inversion method with TiO: loadings of 0%, 1%, and 2%, followed by comprehensive
characterization using SEM, FTIR, contact angle measurements, and pure-water flux
analysis. The incorporation of TiO: resulted in a notable enlargement of pore size from
370 nm (0% TiO2) to 530 nm (1%) and 580 nm (2%). FTIR spectra further verified
structural interactions between the PVDF matrix and TiO: nanoparticles. Membrane
hydrophilicity improved substantially, as reflected in the reduction of contact angle
from 78.6° to 67.1° and 43.8°, accompanied by a pronounced increase in water flux
from 49 to 148 and 150 L/m?-h. These findings demonstrate that TiO: incorporation
effectively optimizes the membrane’s pore architecture, surface wettability, and
permeability, thereby reinforcing its suitability for enhancing PVDF-based
ultrafiltration systems in water treatment applications.
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1.0 INTRODUCTION

Clean water is one of the most valuable natural assets because of its essential function.
Population and industrial growth have increased the demand for clean water. In the last
decades, membrane technology application and research have attracted the interest of both
academic and industrial cohorts, especially, due to its relatively simple operation, lower
energy requirements and maintenance costs compared to conventional systems [1].

Membrane technology has been widely employed, specifically for the separation
process as it is faster, more energy efficient and time effective along with no phase change
in the solution [2]. Among other membrane types, ultrafiltration membrane process has
been used in the separation process of particles in solutions.
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Polyvinylidene fluoride (PVDF), one of the polymeric membrane materials, has been
known for its excellent performance and thermal, acid and alkali resistance. It is also
resilient to numerous kinds of inorganic and organic acids and can be employed at a variety
of pH levels [3]. However, PVDF is hydrophobic material which is prone to fouling
phenomena [4].

There are many options for improving membrane performance, including adding
additional materials or fillers during the membrane manufacturing process. The use of
inorganic elements such as nanotubes, Fe,O3, TiO2, ZnO, Al,Os, and SiO> as membrane
additives has also been reported efficient [5].

Furthermore, titanium dioxide (TiO2) which has reliable hydrophilicity and UV light
absorption has been acknowledged for lowering membrane fouling percentage, primarily
due to its high hydrophilicity, good antifouling properties, chemical stability, and
noteworthy photochemical reactivity [6-7]. In general, pure TiO> is commonly used in
water treatment as hydroxyl radicals to improve water quality from hazardous and
poisonous pollutants [8].

Previous studies acknowledged the positive effect of TiO> incorporation in membrane
fabrication. However, few studies have quantified the combined effect of TiO2 dosage and
comprehensive characterization analysis using multiple analytical techniques. Therefore,
the novelty of this work lies in combining optimized in-house synthesized PVDF
membrane/PVP and TiO2 with various percentages and deeper multi-technique
microstructural characterization including SEM, AFM, contact angel, flux and FTIR
analysis to provide a holistic view of how TiO2 incorporation interacts with PVDF
membrane to enhance membrane performance and address fouling reduction.

2.0 EXPERIMENTAL
2.1 Materials

The materials used in this study were polyvinylidene fluoride (PVDF), n-n-
dimethylacetamide (DMACc), polyvinylpyrrolidone (PVP) and titanium dioxide (T107). All
of the chemicals used are of analytical grade.

2.2 Preparation

Firstly, PVDF pellets were dried for a day at 50 °C. Furthermore, dope solution with
concentration of 16% was prepared by using 83 mL of DMACc as the solvent, followed by
weighing 1.5 grams of PVP. TiO, was then added with variations of 1%, 2%, and 0%
(without TiO,). The solution was heated to 50-60 °C and stirred for 24 hours until
homogeneous. After that, each mixture underwent ultrasonication for two hours to
eliminate any leftover air bubbles. The casting process was carried out. Initially, membrane
film was immersed in regular water for 30 seconds to maintain film structure. Secondly,
the membrane was soaked in a coagulation bath containing pure water for two days.
Finally, the flat sheet membrane was left to dry at ambient humidity for three days.
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2.3 Characterizations

Scanning electron microscope (SEM) was used to determine membrane morphology.
To begin with, membrane samples were soaked for a few seconds in liquid and clamped
on both sides with tweezers until it was frozen, before being cut into 2.5 cm sections. The
membrane pieces were then placed to an aluminium plate measuring 30 mm. The samples
were subsequently analyzed based on their cross-sectional morphology and followed by
identifying the structure on the membrane.

Atomic force microscopy (AFM) could produce high-resolution 3D images of surface
structures. A small piece of fiber was cut and adhered on a 1 cm? square paper card using
double-sided adhesive tape. The membrane surface was scanned in the size of 5 um x 5
um. Surface roughness relates to one the important surface characteristics and gives
significant properties to hydrophilic properties and soiling properties on the membrane [9].

Fourier transform Infra-red (FTIR) was used to identify the functional groups present
in the control (i.e., without TiO2, 1% TiO», and 2% TiO.). Similar to the SEM procedure,
membrane samples cut to a size of 30 mm were placed on a transparent glass plate of the
FTIR device and exposed to infrared light. The analysis was performed at the wavenumber
range of 4000-500 cm™! [10].

Contact angle measurement was conducted by using 50 pl of water droplets sprayed on
the surface of the insulating substance. The water droplet profile was captured two minutes
after its dropping onto the insulator material surface. The screen displayed the water drop
profile and contact angle (180° - y). Then classified contact angles in three groups, <30°
as hydrophilic type, between 30° and 89° as partially wetted type, and > 90° as hydrophobic
type [11].

Membrane performance and fouling analysis can be observed via membrane flux.
Before testing, membranes were cut into a circular shape to fit into the dead end system
tube, and then the four caps were tightly sealed to prevent any water leakage. The flux was
performed under 4 bar pressure, and the pure water permeate flux. The constant flux, J
(L/m2.h) was determined using the following equation [12].
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3.0 RESULTS AND DISCUSSION
3.1 Effect of TiO2 on Membrane Structure

It can be seen in Figure 1(a) that PVDF membrane cast without TiO> appears less
homogeneous, showing waviness and uneven thickness. As a result, the membrane surface
is not uniform, slightly cloudy in certain areas, and more prone to physical defects [13].

When TiO; is added at a concentration of 1% as shown in Figure 1(b), membrane
becomes somewhat more uniform, smoother, and less opaque. Meanwhile, membrane with
2% TiOz in Figure 1(c) shows the most optimal outcome, with the most uniform dispersion,
stable pore formation, and no signs of agglomeration. This demonstrates that TiO>
improves the hydrophilicity and overall structural quality of the membrane without
introducing visual defects [14].
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The addition of TiO in the dope solution influences the viscosity of the solution, the
immersion rate, and the formation of characteristic pore structure within the membrane [15].
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Figure 1. Photographs of flat sheet PVDF membrane with (a) 2% TiO> and (b-c) 1% TiO»
3.2 SEM Analysis

In Figure 2(a), the membrane without TiO2 shows small black pores on even distribution
with relatively uniform sizes with 370 nm. The surface still appears fairly smooth, with no
white protrusions [16]. Based on the cross-sectional analysis, Figure 2(b) shows dense and
thin top layer [11], with finger-like macrovoids underneath that are quite long and open.
Then the bottom part begins to change into a finer porous sponge zone [16].

Furthermore, the pores of PVDF membrane with 1% TiO; in Figure 2(c) appear to be
slightly higher with a wider range of sizes with 530 nm. There are more white spots that
are somewhat clumped together because of an indication TiO2 agglomeration [17]. When
TiO2 is increased to 1% in Figure 2(d), there are more finger-like macrovoids, extending
deeper downward [15]. TiO2 is hydrophilic, thereby increasing the solvent stimulated the
macrovoids to grow larger and longer with more porous sub-layer [18]. While the bottom
parts seem more porous or open than the previous one [19].

In Figure 2(e), the PVDF membrane with 2% TiO2 appears to have more connected
porous area and dense with sizes of 580 nm. The white spots are becoming more distinct
and larger which significant TiO2 agglomerates on the surface. Then the overall surface
appears to be the roughest and most uneven among the three images [16].

Figure 2(f) is a cross section of the PVDF membrane with 2% TiOz. In this figure,
finger-like macrovoids are much partially disappeared [20], replaced by areas that appear
more compact. As well as the sponge zone at the bottom which is quite thick. Then white
spots are more visible which indication of TiO> agglomeration at high concentrations [11].
In this study, the presence of TiO nanoparticles as a hydrophilic additive with PVDF/PVP
membranes gradually changes from smooth and uniformly porous to rougher and highly
one. This effect is beneficial for improving hydrophilicity.
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Figure 2. SEM images of PVDF membrane without TiO», (a) Surface and (b) Cross
Section. PVDF membrane with 1% TiOz, (¢) Surface and (d) Cross Section. PVDF
membrane with 2% TiO», (e) Surface and (f) Cross Section

3.3 AFM Analysis

The membrane surface topography of the 3-D images was observed using AFM. The
high peaks seen as bright regions in the AFM images characterize the nodules, while the
pores are seen as dark depressions. As shown in Figure 3(a), the AFM image of PVDF
membrane without TiO2 shows a comparatively flat and smooth surface with uniform
texture. The height variations across scan area are minimal, and this figure indicated by a
lower mean roughness average value. This is because more granules are observed on the
membrane surface. The interfacial pressure acting between macromolecules and TiO>
nanoparticles tends to increase the orientation of macromolecules, resulting in denser
packing of macromolecules and a smoother surface [21].
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Figure 3 (b) shows that the TiO> nanoparticles appeared on the surface of membrane
results in a higher roughness value compared to the PVDF membrane without TiO>. AFM
image of the PVDF membrane with 2% TiO; has a nodule-like structure and aggregates of
nodules that were formed on outer surface. These surface changes subsequently impact
membrane properties such as hydrophilicity and fouling resistance [22].
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Figure 3. 3D AFM images of PVDF membrane (a) without TiO., (b) with 1% TiO> and
(c) with 2% TiO»

3.4 Hydrophilicity Analysis

Regarding the hydrophilicity of surface membrane, it has been shown in Figure 4(a)
which represents PVDF membrane without TiO2 has the highest contact angle, with an
average value of 78.6°. The contact angle formed on the membrane with 1% TiO»
decreases to 67.1° which means more hydrophilic level than Figure 4(b). Figure 4(c) shows
the water contact angle formed that decreases after the membrane was modified by adding
2% TiO> additives to the PVDF membrane dope solution.

It was found that increasing the concentration of PVDF polymer in the casting solution
led to the decrease in water contact angle. The results from Figure 4(c) show that minimal
contact angle with 2% TiO; is 43.8°, which means that the PVDF membrane with 2% TiO»
is hydrophilic, so the membrane is more reliable to absorb water droplets on the membrane
surface.
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Figure 4. Contact angle of PVDF membrane, (a) without TiO», (b) with 1% TiO; and (c)
2% TiO2

3.5 FTIR Analysis

FTIR analysis was conducted to identify the functional groups present in the
nanoparticles, and the corresponding spectra can be seen in Figure 5. As shown in the
figure, the characteristic absorption bands of pristine PVDF without TiO: are clearly
evident. The peaks at 3024 cm™ and 2950 cm™ correspond to the asymmetric and
symmetric stretching vibrations of CH- groups, while the band at 1402 cm™ is associated
with CH: deformation. The absorption near 1181 cm™ arises from the stretching vibration
of CF: groups, and additional PVDF-specific bands are observed at 521, 612, and 873 cm™*
[23].

Furthermore, the FTIR spectra of PVDF incorporating 1% and 2% TiO-, shown in both
Figure 5(b) and 5(c), reveal the emergence of new functional features and structural
modifications following the addition of TiO.. For the membrane containing 1% TiO-, the
characteristic C—F stretching is identified at 1181 cm™, while the CH2 deformation band is
observed at 1403 cm™. A peak at 612 cm™ corresponds to the vibrational mode involving
rocking and bending motions of CF: groups [24].

Similarly, the spectrum of the membrane with 2% TiO: exhibits a deformation vibration
of -CH: at 1403 cm™*, along with a band at 525 cm™ attributed to TiO: stretching vibrations
within the composite matrix. A series of bands between 612 cm™ and 874 cm™ further
reflects lattice vibrations of TiO.. The interaction between PVDF and the higher TiO:
loading (2%) results in a noticeable reduction in the intensity of PVDF and PVP peaks,
particularly around 525 cm™, indicating stronger polymer—nanoparticle interactions as
TiO:2 content increases [11].
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Figure S. FTIR spectra of PVDF membrane without and with TiO:

3.6 Flux

69

The data tabulated in Table 1 confirm that the incorporation of TiO: has a pronounced
influence on membrane flux performance. The unmodified PVDF membrane exhibits the
lowest flux of 49 L/m?-h, whereas the addition of TiO: significantly increases permeability,

yielding fluxes of 148 and 150 L/m*-h for membranes containing 1% and 2% TiO.,
respectively. This enhancement is attributed to the improved hydrophilicity imparted by

TiO2, which promotes larger and more accessible pore structures, thereby facilitating easier

permeate transport through the membrane. The observed flux alsoconfirms that the
fabricated membranes fall within the ultrafiltration range and that TiO: serves as an

effective additive for enhancing membrane permeability.

Table 1. Flux of PVDF membrane with varying TiO> concentration

Membrane Permeate Membrane Time Flux
Volume Surface Area (min) (L/m?.h)
L) (m?)
PVDF 0.05 1.3847 x 1073 10 49
PVDF-TiO2 1% 0.05 1.3847x 107 10 148
PVDEF-TiO; 2% 0.05 1.3847 x 1073 10 160
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4.0 CONCLUSION

This work demonstrates that incorporating low concentrations of TiO: (1-2%) into
PVDF/PVP membranes significantly enhances their structural, chemical, and filtration
performance. The addition of TiO: improved pore formation, increased surface
hydrophilicity, and strengthened polymer—nanoparticle interactions, as evidenced by SEM,
AFM, FTIR, and contact-angle analyses. These modifications resulted in a substantial rise
in pure-water flux, increasing from 49 L/m?-h for the unmodified membrane to 148—160
L/m?-h for TiO:-modified membranes. Overall, TiO: serves as an effective hydrophilic
additive that improves the permeability and functional quality of PVDF membranes,
making them more suitable for ultrafiltration-based water treatment. Further optimization
of TiO: loading and long-term stability assessment is recommended to fully maximize
membrane performance in practical applications. However, the concentration range
explored in this work is still limited, and higher or optimized TiO; loadings may further
influence membrane performance. Therefore, future studies should analyse a broader
concentration range and membrane regeneration to evaluate long-term stability to fully
realize the potential of PVDF- TiO, membranes.
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