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INTRODUCTION

Straightly membrane separation methods have 
shown widespread interest (Du et al., 2021). Us-
ing sieving techniques with diverse particle sizes 
and the coalescence process plays a pivotal role in 
addressing the interface challenge encountered in 
membrane separation, as highlighted by Bai et al. 
(Bai et al., 2020), Membranes exhibiting distinct 
wettability characteristics, such as hydrophilic-oleo-
phobic or hydrophobic-oleophilic properties, can 
facilitate the passage of water or oil, respectively, 

while impeding the transport of the other compo-
nent selectively. This attribute enables the effective 
accomplishment of oil-water separation objectives 
(Tian and Ma, 2020; Ying et al., 2020). 

Over the years, researchers have developed 
a keen interest in fibrous structures. Regarding 
oil/water emulsion separation, the electrospun 
nanofibrous membrane stands out because of its 
specific surface area, high porosity, stability, and 
customizable function (Zhang et al., 2020). The 
diameter of a nanofiber is smaller than one milli-
metre (Nasir et al., 2015). Electrospun nanofibers 
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are developing into a versatile material with 
many uses thanks to their many desirable proper-
ties, include their small fibre diameter, adjustable 
porosity, affordability, high surface-to-volume 
ratio, capacity for structural manipulation, light-
weight nature, and minimal energy requirements 
(Sharma et al., 2021). Their adaptability is dem-
onstrated by different morphologies, such as hol-
low nanofiber tubes and nanoribbons, which can 
be generated from the same synthesis process by 
adjusting the relevant parameters. 

Electrospinning is a straightforward and ver-
satile methodology for producing nanofibers and 
other nanostructures with one-dimensional char-
acteristics (Bolong and Saad, 2021). The produc-
tion of fibres within an electrospinning configura-
tion is significantly influenced by many param-
eters that can be categorised into three distinct 
groups: the procedural aspects, the composition 
of the solution, and the limitations imposed by 
the surrounding environment. The voltage, the tip 
and the collector distance, and the feeding rate are 
process parameters. Temperature and humidity 
are environmental characteristics, while viscos-
ity, conductivity, volatility, molecule weight, and 
surface tension are examples of solution proper-
ties (Bhardwaj and Kundu, 2010). 

Polymers like polytetrafluoroethylene 
(PTFE), polyether sulfone (PES), polyvinylidene 
difluoride (PVDF), and polyester (PET) are com-
monly employed for membrane separation, and 
they are typically hydrophobic (Pagliero et al., 
2020). As a result of materials’ inherent hydro-
phobicity, membrane fouling and membrane den-
sification have become pressing issues (Tofighy 
et al., 2021). One potential approach to effective-
ly mitigate membrane pollution is to enhance the 
hydrophilic properties of separation membranes 
(Zhang et al., 2020). The construction of nano-
composite membranes involves the amalgama-
tion of nanoparticles and polymers, resulting in 
the formation of a rough and hydrophilic surface 
that improves the polymer membranes’ mechani-
cal characteristics, antibacterial and anti-fouling 
properties (Li et al., 2020). Researchers have ex-
perimented with adding additives and fillers to 
the polymeric solution blend to create more use-
ful fibres. The nanocomposite membranes were 
designed to enhance the mechanical, anti-fouling, 
and antibacterial properties of polymer mem-
branes by combining nanoparticles with polymers 
to create a durable and hydrophilic surface (Du et 
al., 2021; Zhang et al., 2020; Tofighy et al., 2021).

One filler material that has received much at-
tention for its potential application in photocataly-
sis is titanium dioxide (TiO2) (Abed and Waisi, 
2024). To improve performance, it is recommend-
ed to use thinner fibres, which increases their sur-
face area (Kaplan et al., 2016). By electrostatically 
spinning together two layers, Cheng et al. (2020) 
developed a composite nanofiber membrane that 
exhibits asymmetry. This membrane consists of 
a single layer of cross-linked active oligomers, 
forming a multi-hydrophilic functional network. 
The oil-water separation process exhibits a high 
efficiency of 99.2%, with a corresponding flux loss 
of approximately 2%. The membrane’s hydrophi-
licity can be vastly enhanced by including certain 
hydrophilic polymers and inorganic nanoparticles. 
Acknowledging that the limited adhesive strength 
between the functional layer and the substrate 
membrane poses challenges regarding the hier-
archical rough structure’s ability to withstand the 
erosive and flushing impacts exerted by external 
forces (Lv et al., 2020; Ma et al., 2016).

Electrospun polyethersulfone (PES) fibre 
mats were shown to be promising ion-exchange 
materials after being sulfonated (Kwak et al., 
2013). Electrospinning was used to create a com-
posite of SiO2-TiO2-PVDF (Nasir et al., 2015). 
SEM analysis confirmed that the average diam-
eter of SiO2-TiO2-PVDF nanofibers is 350 nm 
and that their surfaces are smooth with no beads 
on the nanofiber strings. The nanofiber membrane 
exhibits efficient oil-water separation capabilities 
owing to its notable characteristics, including a 
significantly large specific surface area, substan-
tial porosity, and uniform distribution of apertures 
(Zhang et al., 2020). PVDF is particularly notable 
within the realm of polymers for its efficacy in 
membrane separation and membrane distillation 
due to its advantageous characteristics, including 
its affordability, exceptional chemical resistance, 
and remarkable thermal stability (Xiang et al., 
2020). Electrostatic spinning produces a mem-
brane that looks and feels like non-woven felt, 
with fibres loosely packed. This results in little 
mechanical strength and little practical use. Yuan 
et al. (2020) demonstrated that low surface ener-
gy makes it susceptible to oil contamination.

Polyvinylpyrrolidone (PVP) is a synthetic 
polymer characterised by its notable hydrophilic 
properties, rendering it highly soluble in aqueous 
PVP  is commonly dissolved and subsequently 
eliminated using either non-solvent-induced phase 
separation (NIPS) or thermally induced phase 
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separation (TIPS) techniques, thereby fulfilling the 
role of a pore-forming agent (Du et al., 2021; Ilyas 
et al., 2020). The modified membrane maintains 
respectable hydrophilic and antifouling perfor-
mance even when exposed to prolonged external 
stress, as shown by Du et al. (2021). This occurs 
as a result of the PVP dissolving and roughening 
the fiber’s surface, which causes the TiO2 NPs to 
disperse randomly throughout the fiber. The mem-
brane’s mechanical qualities and endurance were 
enhanced by incorporating PVP and TiO2, which 
also gave it stable hydrophilic and antifouling 
properties. The surface morphological changes, 
filtration performance and antifouling properties 
of electrospinning nanofiber membranes were ob-
served and assessed by changing the quantity of 
the additives in the spinning fluid (Du et al., 2021).

Earlier researchers included PVP in the spin-
ning solution to counteract the fibre breaking 
brought on by PVDF’s high crystallinity (Jab-
barnia et al., 2016). Electrostatic spinning fibre 
holes can also be made by immersing PVP. PVP 
was added to the polymeric solution to make up 
for the conductivity loss due to PVDF’s high 
crystallinity, and it also improves the polymer’s 
electro-spinnability as presented in (Jabbarnia et 
al., 2016) study. The remaining PVP enhances the 
hydrophilicity of the membrane in the fibre due 
to its abundance of carbonyl functional groups 
(Tofighy et al., 2021). These holes also facilitate 
the loading of inorganic nanoparticles like TiO2 
(Du et al., 2021). Using nano TiO2 as a catalyst 
or catalyst carrier is highly promising owing to 
its exceptional attributes, such as elevated ther-
mal stability, resistance to chemical degradation, 
and efficient photocatalytic properties (Lee et al., 
2018). In contrast to other metal oxides at the na-
noscale, titanium dioxide nanoparticles  exhibit 
significant surface activity. They can serve as ad-
sorption carriers due to a polar titanium-oxygen 
(Ti-O) bond. In addition, after absorbing water, 
they will ionize and create several hydroxyl 
groups due to polarization. A study by Venkatesh 
et al., (2020) conducted a study which revealed 
that incorporating TiO2 nanoparticles (NPs) into 
a polymer membrane can improve its hydro-
philicity, self-cleaning properties, resistance to 
fouling, and ability to inhibit bacterial growth. 
The preparation of hydrophilic and anti-fouling 
PVDF nanofiber composite membranes and a 
simple and practical method were disclosed. 
In this research, nanofiber PVDF-TiO2-PVP 
membranes were created by electrospinning. 

Excellent mechanical characteristics and chemi-
cal resistance are two of PVDF’s many no-
table features (Yang et al., 2020). Hydrophilic 
nanoparticles like titanium dioxide (TiO2) have 
increased membrane wettability and anti-fouling 
effectiveness. In addition to its low cost, low tox-
icity, high hydrophilicity, and antibacterial prop-
erties, TiO2 nanoparticles have been employed 
in membrane modification (Kaplan et al., 2016). 
PVP, a water-soluble polymer, can mechanically 
reinforce the membrane and simplify polymer 
solution processing. The membrane’s mechani-
cal qualities and endurance were enhanced by 
incorporating PVP and TiO2, giving it stable hy-
drophilic and anti-fouling properties. Electros-
pun nanofiber membranes had their surface mor-
phology, filtration efficiency, and anti-fouling 
property studied by varying the concentration of 
additives in the spinning solution. This research 
aimed to investigate the structure and morphol-
ogy of PVDF-TiO2-PVP nanofiber composites 
synthesized using electrospinning. As-prepared 
composite membranes’ flux and separation ef-
ficiency were studied in depth. This study also 
aimed to evaluate the potential of the fabricated 
nanofiber membranes for effective wastewater 
treatment applications through performance as-
sessment in filtration and antifouling tests.

MATERIALS AND METHODS

Polymer-based membranes made from poly-
vinylidene fluoride (PVDF) Kynar®740 pellets 
were purchased from Arkema Inc. USA. Mer-
ck provided N, N-dimethylacetamide (DMAc, 
>99%). Nanoparticles of titanium dioxide (De-
gussa P25) were shipped from Germany’s Evonik 
GmbH. Bovine serum albumin (MW = 66,000 
g/mol) and polyvinylpyrrolidone (PVP) (MW = 
40,000) were procured by Sigma Aldrich.

Electrospun membrane fabrication 

The electrospinning was used to create the 
nanofiber membranes. The PVDF pure and 
PVDF-TiO2-PVP membrane dope solutions were 
created for this experiment. The dope solution 
was made by dissolving the PVP additive in the 
DMAc solvent and then adding the necessary 
amount of TiO2 to the solution, after which the 
PVDF pellets were pre-dried (24 hours). After 
dissolving the PVDF (16 g), the solution was 
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heated to 60 °C and agitated for 24 hours (Gay-
atri, et al., 2023b). To eliminate any last traces of 
air bubbles, the dope was ultrasonically agitated 
for half an hour after it had completely dissolved. 
Electrospinning machinery received the dope so-
lution. Fibrous membranes were electrospun in 
this experiment at a voltage of 16 kV and a feed-
ing rate of 1 ml/h, with the distance between the 
syringe needle tip and the filter membrane fixed at 
10 cm. The membrane’s BSA rejection, permeate 
flow, and pure water flux were measured in order 
to assess its efficiency.

Measurement of nanofiber membrane 
efficiency

Permeability tests were performed on the 
membranes in a flat sheet membrane testing de-
vice to determine their filtration performance. At 
a concentration of 1000 g/L, Bovine Serum Albu-
min was fed to the feed tank. The membrane was 
then placed in a membrane cell. After 5 minutes, 
the permeation volume was measured for 25 min-
utes at 1 bar (Du et al., 2021). The pure water 
flows in the experimental setup were determined 
using Equation 1 (Gayatri,, et al., 2023a):

	 J = 𝑄𝑄
𝐴𝐴 × 𝑡𝑡      (1) 

 
 
R = 1 − 𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶 × 100      (2) 
 

	 (1)

where:	J is the flux  (L/m2h), V is the permeate 
volume (L), t is the collection period 
(hour), and A is the membrane surface 
area (m2).

	

J = 𝑄𝑄
𝐴𝐴 × 𝑡𝑡      (1) 

 
 
R = 1 − 𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶 × 100      (2) 
 

	 (2)

Permeate  concentration (Cp) and feed  con-
centration (CF) in parts per million, and rejection 
rate (R) in percent. The content of BSA in the 
permeate and feed was measured using a UV-Vis 
spectrophotometer with a maximum wavelength 
of 278 nm.

Nanofiber membrane characterizations

Characterization was carried out on the re-
covered nanofibrous membranes. The membrane 
morphology was investigated using scanning 
electron microscopy (SEM). Polymer structural 
and functional group evolution can be visualized 
using FTIR. The surface morphology and topo-
graphical characteristics of membrane materials 
can be effectively characterized at the nanoscale 
using atomic force microscopy (AFM). The 

hydrophilicity of membranes was also evaluated 
using contact angle analysis. The Drop Metre 
A-100 contact angle system was used to measure 
the membrane’s static contact angle in order to 
describe its wetting behavior.

RESULTS AND DISCUSSION

Nanofiber membrane characterization

Morphology of nanofiber membranes

In Figure 1, 800x and 1000x magnifications 
of the SEM result of the two produced nanofiber 
membranes were shown. Figure 1 demonstrates a 
pure PVDF nanofiber’s rough surface and curled 
diameter. Hydrophobic polymers, like PVDF, 
have a negative reaction to water. For this rea-
son, the PVDF membrane does not readily let 
the passage of water molecules (Tofighy et al., 
2021). Nanofibers made of PVDF-TiO2-PVP are 
straight, uniform, and beadless with a smooth sur-
face. TiO2 nanoparticles and PVP molecules are 
hydrophilic (water-loving), which explains why 
this is the case. These particles and molecules 
draw in water molecules, forming a hydrated lay-
er on the membrane’s surface. The membrane’s 
surface area is increased, and its hydrophilicity is 
enhanced by the hydrated layer, making it more 
permeable to water molecules. 

The optimal polymer concentration and spin-
ning parameter have been attained on nanofiber 
production, corroborated by the finding that the 
surface morphology of composite nanofiber of 
SiO2-TiO2-PVDF was smooth without a bead on 
nanofiber copolymer string (Nasir et al., 2015) 
Electrospun fibres’ low mechanical strength and 
susceptibility to fracture, when subjected to ex-
ternal forces, are caused by the stress concentra-
tion phenomenon caused by the fibre’s beaded 
structure. Furthermore, a wide aperture distribu-
tion of those holes will result from an unequal fi-
bre diameter distribution. As a result, electrospun 
fibres must have a uniform and orderly morphol-
ogy (Du et al., 2021).

The surface roughness of electrospun fibres 
is positively correlated with the PVP content, as 
PVP exhibits high water solubility. Consequently, 
the dissolution of PVP occurs during the soaking 
process in clean water, thereby contributing to 
the increased roughness, as studied by Du et al. 
(2021). The average diameter of PVDF-TiO2-PVP 
nanofibers was 65.9 nm, while that of pure PVDF 
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was 200 nm. Nanofibers with consistent diameter 
and ordered morphology can be produced by reg-
ulating factors like polymer content and flow rate 
(Sharma et al., 2021). The nanofibers’ diameter 
grows in step with the polymer concentration.

Figure 1. SEM Results a) PVDF-TiO2-PVP nanofiber composite membrane and b) Pristine PVDF membrane

FTIR of nanofiber membranes

Figure 2 presents the FTIR spectra of 
PVDF and PVDF-TiO2-PVP nanofiber mem-
branes, which reveal important details about the 

Figure 2. FTIR Spectra of (a) PVDF-TiO2-PVP nanofiber; (b) PVDF Pristine nanofiber
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membranes’ chemical composition and structure. 
Knowledge of these membranes’ qualities will 
aid in developing new membranes with special-
ized characteristics for various uses. The follow-
ing distinctive peaks can be seen in th PVDF and 
PVDF-TiO2-PVP nanofiber membranes FTIR 
spectra. Absorption bands were found at 1400, 
1170, and 870 cm-1 for the pure PVDF and PVDF-
TiO2-PVP hybrid membranes. These absorption 
bands are commonly cited as the PVDF crystal’s 
signature spectra (Ma et al., 2016). C-F bonds 
in the PVDF cause peaks at 1400 cm-1, 1274 
cm-1, and 1179 cm-1 (Gayatri, et al., 2023a; Tian 
and Ma, 2020). The C-H linkages in the PVDF 
polymer cause the peak at 877 cm-1 (Nasir et al., 
2015). The PVP polymer displays a peak at 840 
cm-1 due to the stretching vibration of the -CH2 
group. The -OH stretching vibration of the PVP 
polymer is responsible for the peak at 1065–1070 
cm-1. The CO stretching vibrational peak in the 
TiO2 nanoparticles causes the peak at 1650 cm-1. 
The presence of PVP inside the composite mem-
brane architecture is evidenced by the observation 
of three distinct peaks at wavenumbers 1674 cm-1, 
1399 cm-1, and 1241 cm-1, which correspond to 
the stretching vibrations of the carbonyl (C=O), 
carbon-hydrogen (C-H), and carbon-nitrogen (C-
N) functional groups, respectively. These spec-
tral features align with the expected vibrational 
modes of PVP (Ghobadi Moghadam and Hem-
mati, 2023). The peaks created in the spectrum of 
a PVDF-TiO2-PVP membrane are almost in the 
same place as those formed in a spectrum of pure 
PVDF. The minute quantities of PVP and TiO2 in 
the membrane matrix account for this occurrence.

These peaks verify that PVDF, PVP, and 
TiO2 are present in the nanofiber membranes. 
The amounts of each component in the mem-
branes can be estimated from the peaks’ relative 
strengths. Due to molecular chain tangles during 
the electronic blending spinning process, PVP 
and PVDF are distributed randomly throughout 
the fibre. According to prior research by Du et al. 
(Du et al., 2021), the lingering PVP serves as an 
internal binder, strengthening the nanofiber mem-
brane’s resistance to water.

FTIR spectra of PVDF-TiO₂-PVP composite 
nanofibers show the significant spectral modifi-
cations are typically observed – such as broad-
ening around 3400 cm⁻¹ (O–H stretching from 
TiO₂ or PVP), a new band near 1660 cm⁻¹ (C=O 
stretching of PVP), and potential shifts in the 
C–F bands—confirming successful incorporation 

and interaction of TiO₂ nanoparticles and PVP 
within the PVDF matrix. These shifts and inten-
sity changes reflect possible hydrogen bonding, 
coordination interactions, or physical entrapment 
of additives, which can modulate crystallinity, 
hydrophilicity, and functional performance of the 
nanofibrous membranes. Thus, FTIR serves as 
a critical tool for verifying composite formation 
and understanding molecular-level interactions 
among the membrane constituents.

AFM of nanofiber membranes

Atomic Force Microscopy (AFM) provides 
critical insights into the nanoscale surface mor-
phology of electrospun PVDF-TiO₂-PVP nano-
fiber membranes. Mean surface roughness (Ra) 
and surface AFM images of PVDF-TiO2-PVP and 
PVDF pristine nanofiber membrane are shown in 
Figure 3. The dark area in a 3D AFM image in-
dicates troughs, while the bright area shows the 
highest point on the membrane surface (Arif et 
al., 2019). The comparative AFM analysis of pris-
tine PVDF nanofiber membranes (Figure 3b) and 
PVDF-TiO₂-PVP composite membranes (Figure 
3a) reveals a significant transformation in sur-
face topography upon the incorporation of TiO₂ 
nanoparticles and PVP. The pristine PVDF mem-
brane exhibits a relatively smoother and less com-
plex surface profile, with height variations ranging 
from –94 nm to +54 nm, indicating moderate na-
noscale roughness and a more uniform fiber dis-
tribution. In contrast, the PVDF-TiO₂-PVP mem-
brane (Figure 3a) shows a markedly more rugged 
surface, with height fluctuations extending from 
–119 nm to +79 nm, and a noticeably denser and 
more heterogeneous topographical pattern.

The surface roughness, quantified as the root 
mean square roughness (Sq) of PVDF-TiO2-PVP 
nanofiber membranes, was measured to be 558.48 
nm, while the pure PVDF membrane root mean 
square roughness (Sq) was only 489.05nm. This 
relatively high Sq value reflects the presence of 
micro- and nanoscale features, likely arising from 
heterogeneous fiber diameters, bead formation, 
and TiO₂ nanoparticle agglomeration on or within 
the PVDF-PVP matrix. Roughness at this scale 
can enhance membrane functionalities such as 
surface wettability and active surface area, all of 
which are critical for applications in filtration and 
catalysis (Arif et al., 2019).

This increase in surface roughness is at-
tributable to the successful integration of TiO₂ 
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nanoparticles and the phase interaction with 
PVP, which likely disrupted the uniformity of 
the electrospun fibers and introduced additional 
surface features. Applications requiring more 
surface area, like membrane filtration, photoca-
talysis, and biomolecule adsorption, benefit from 
this morphological improvement. The enhanced 
roughness of the composite membrane may also 
contribute to improved hydrophilicity and fouling 
resistance, as supported by previous studies that 
correlate topographical complexity with func-
tional performance. These findings underscore 
the synergistic effects of TiO₂ and PVP in tuning 
the nanoscale architecture of PVDF membranes 
for advanced application potential.

In comparison to previous studies, our mea-
sured roughness is notably higher. For instance, 
(Arif et al., 2019) reported an Sq value of ~250 nm 
for electrospun PVDF membranes without TiO₂, 
suggesting that the incorporation of TiO₂ nanopar-
ticles significantly contributes to topographical 
complexity. The findings show that surface rough-
ness decreases as TiO2 concentration rises, while 
the PVDF membrane with the highest loading 
has the maximum roughness, which is probably 
caused by aggregated particles (Zhao et al., 2013).

As can be observed from Tofighy et al., (2021) 
study, The pristine PVDF membrane has a Ra of 
roughly 64.3 nm and high hydrophobic proper-
ties. The PVDF matrix’s surface roughness is 
successfully increased by the addition of GONRs 
and PVP. With a Ra of roughly 196.3 nm, the 
PVDF/(0.5GONRs)/PVP (M7) nanocomposite 
membrane had the maximum surface roughness. 

The prepared nanocomposite membrane becomes 
rougher as a result of the synergistic effects of 
GONRs and PVP on hydrophilicity enhancement, 
which raise the non-solvent and solvent exchange 
rate during the phase inversion process (Zhao et 
al., 2017). Higher roughness can directly increase 
the flux of pure water by improving the filtration 
area’s efficiency (Tofighy et al., 2021).

The present work, employing a mixed matrix 
system (PVDF-TiO₂-PVP), appears to promote 
synergistic interactions among the components, 
contributing to enhanced phase separation and 
rougher surface morphology. Additionally, PVP 
being a hydrophilic polymer may induce phase 
segregation during electrospinning, further en-
hancing roughness via differential solidification 
dynamics. This elevated surface roughness can be 
advantageous for membrane-based applications. 
Specifically, in hydrophilic/hydrophobic balance 
tuning, a rougher surface can facilitate improved 
water flux and fouling resistance, as described by 
Ahmad et al., (2022), who linked nanomembrane 
roughness to antifouling performance. Further-
more, the heterogeneous topography may serve 
as a platform for enhanced photocatalytic activ-
ity, where surface roughness increases the light-
scattering capability and active site availabil-
ity of TiO₂. According to surface morphology, a 
rougher surface has a higher tendency for fouling, 
whereas a smoother surface is less likely to clog 
with the foulant (Zhao et al., 2016).

In hydrophilic membranes, high surface rough-
ness creates voids and increases the membrane sur-
face area, which improves the antifouling and pure 

Figure 3. AFM analysis of (a) PVDF-TiO2-PVP nanofiber; (b) PVDF Pristine nanofiber
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water flux. Conversely, high surface roughness 
results in poor antifouling qualities. The ultrafil-
tration membrane’s permeability and anti-fouling 
qualities are enhanced by its hydrophilicity (Ah-
mad et al., 2022). In conclusion, the AFM analysis 
of the PVDF-TiO₂-PVP membrane indicates a sig-
nificantly roughened surface compared to PVDF-
only or binary composites. The synergistic impact 
of TiO₂ and PVP enhances not only the morpho-
logical complexity but potentially the membrane’s 
performance in real-world applications. 

Contact angle measurement of nanofiber 
membranes

Due to its simplicity and ease of use, water 
contact angle measurement is far more common-
ly utilized in practical applications to assess the 
hydrophilicity of membrane surfaces (Ahmad et 
al., 2022). The contact angle measurements (Fig-
ure 4) demonstrate a marked improvement in the 
hydrophilicity of the PVDF-TiO₂-PVP nanofiber 
membrane compared to the pristine PVDF mem-
brane. The experimental findings indicate that the 
contact angle of the PVDF-TiO2-PVP membrane 
measured 118 degrees, whereas the contact angle 
of the pure PVDF membrane was determined to be 
134 degrees. Pure electrospun PVDF membranes 
are highly hydrophobic since their chemical struc-
ture comprises C-F linkages and no hydrophilic 
groups (Du et al., 2021). Hydrophobic PVDF, a 
polymer with a low affinity for water, is to blame 
for this. This suggests that the membrane’s surface 
can become more hydrophilic by incorporating 
TiO2 nanoparticles into the PVDF material (Gay-
atri, et al., 2023b). Since TiO2 nanoparticles have 

a high surface energy and may interact with water 
molecules, they are responsible for the enhanced 
hydrophilicity of PVDF-TiO2-PVP nanofiber 
membranes. Hydrophilicity can also be bestowed 
upon the fiber membrane by adding PVP. 

The PVDF-TiO2-PVP nanofiber membranes 
have enhanced hydrophilicity, making them 
more applicable in fields requiring a high-water 
flux, such as water purification. A membrane’s 
wettability can be evaluated by measuring its 
contact angle, which is why it is an essential 
feature. A membrane that exhibits hydrophobic 
properties is characterised by a significantly el-
evated contact angle, resulting in the repulsion of 
water molecules. Conversely, a hydrophilic mem-
brane displays a notably reduced contact angle, 
attracting water molecules towards its surface. 
As a result of their elevated contact angle, mem-
branes made from electrospun PVDF and PVDF-
TiO2-PVP fibres are perfect for uses that call for 
water repellency. Better antifouling qualities can 
be achieved using a membrane surface that is 
more hydrophilic (Ma et al., 2016).

The pure PVDF membrane exhibits a high 
contact angle of approximately 134°, indicating 
a strongly hydrophobic surface, which is charac-
teristic of PVDF due to its non-polar fluorinated 
structure. Upon incorporation of hydrophilic PVP 
and TiO₂ nanoparticles, the composite membrane 
contact angle significantly decreases to 118° re-
flecting enhanced surface wettability. This im-
provement can be attributed to the existance of 
polar functional groups from PVP and the intrinsic 
hydrophilic properties of TiO₂, which introduce 
hydrogen bonding sites and surface oxygen spe-
cies capable of interacting with water molecules. 

Figure 4. Nanofiber membranes contact angle
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Enhanced hydrophilicity is crucial in membrane 
applications, as it promotes water permeation, re-
duces the likelihood of pore blockage, and mini-
mizes fouling caused by organic and biological 
contaminants. These results are consistent with 
the observed increases in BSA flux and reduced 
flux decline, confirming that surface modification 
through TiO₂ and PVP incorporation effectively 
tailors the membrane interface for superior filtra-
tion performance. Such hydrophilic enhancement 
is highly desirable in next-generation membranes 
targeting efficient and sustainable water purifica-
tion technologies.

Evaluation of nanofiber membrane function 

The flux performance comparison between 
pristine PVDF and PVDF-TiO₂-PVP nanofiber 
membranes reveals a significant enhancement 
in both pure water flux and bovine serum albu-
min (BSA) solution flux for the modified mem-
brane. Figure 5 portrays the water flux and BSA 
flux measurements used to illustrate the perme-
ability performance results provided. Water flux 
and BSA flux were positively correlated, with the 
PVDF-TiO2-PVP membrane outperforming the 
PVDF Pristine membrane in both cases. 

PVDF-TiO₂-PVP membrane maintains a 
high-water flux of 1806 L/m2h and demonstrates 
a notably improved BSA flux of 1694 L/m2h, 
reflecting its superior antifouling properties. In 
contrast, the pristine PVDF membranes have a 
water flux of about 1715 L/m2h, which decreases 
to around (1245 L/m2h) when filtering BSA, indi-
cating a considerable flux decline due to fouling 
and protein adsorption. 

The synergistic effect is responsible for this 
performance enhancement of TiO₂ nanoparticles 
and hydrophilic PVP, which enhance surface hy-
drophilicity and reduce protein adhesion. Addi-
tionally, the increased surface roughness and po-
rosity observed in AFM analysis likely contribute 
to better permeation characteristics and reduced 
pore blocking. The reduced flux decline upon BSA 
filtration in the PVDF-TiO₂-PVP membrane high-
lights its potential in high-performance separation 
processes, especially in protein-rich wastewater or 
biomedical filtration applications. These findings 
demonstrate the effectiveness of nanocomposite 
engineering in tailoring membrane surface prop-
erties for enhanced filtration efficiency and foul-
ing resistance, aligning with the design criteria for 
next-generation ultrafiltration membranes.

Increased surface hydrophobicity leads to a 
drastic decrease in water permeability, which fol-
lows the same pattern as the contact angle result 
(Bolong and Saad, 2021). TiO2 was observed to 
boost the membrane’s hydrophilicity, which in 
turn raised the membrane’s water flux and BSA 
flux, as previously mentioned in the study.

The membrane composed of PVDF-TiO2-PVP 
exhibits a reduced rejection rate (4.42%) for BSA 
compared to the pure PVDF membrane (8.55%), 
as illustrated in Figure 6. This facilitated the ob-
struction of the pores of the PVDF membrane 
by BSA. The thick surface can increase filtration 
resistance and retain more BSA simultaneously 
(Gayatri, et al., 2023a; Gebru and Das, 2017).

The high pure water flux of PVDF-TiO2-
PVP membranes is influenced by a number of 
factors. First, water molecules can interact with 

Figure 5. Water flux and BSA flux of nanofiber membranes
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Figure 6. BSA rejection of nanofiber membranes

the membrane thanks to the hydrophilic surface 
that the TiO2 nanoparticles give. Furthermore, the 
membrane’s PVP polymer opens up the pores, 
which makes it easier for water molecules to 
move through them. This study demonstrates the 
feasibility of using nanofiber electrospun PVDF-
TiO2-PVP membranes in applications demanding 
high water flux and BSA rejection.

CONCLUSIONS

This present study demonstrates that electro-
spinning is an effective method for fabricating 
PVDF–TiO₂–PVP nanofibrous membranes with 
enhanced wettability, antifouling properties, and 
separation performance. Optimized membranes 
containing 2 wt% PVP and 1 wt% TiO₂ exhibited 
uniform morphology and improved hydrophilic-
ity, making them appropriate for a variety of uses, 
such as wastewater purification, water treatment, 
and biomedical diagnostics. These findings high-
light the potential of TiO₂- and PVP-modified 
PVDF membranes as multifunctional platforms 
for advanced filtration technologies. SEM con-
firmed the formation of uniform, bead-free, and 
continuous nanofibers in the PVDF–TiO₂–PVP 
composite membranes. FTIR validated the suc-
cessful incorporation of PVDF, PVP, and TiO₂ 
through the identification of characteristic func-
tional group vibrations. The inclusion of TiO₂ 
nanoparticles and PVP significantly enhanced 
PVDF nanofibers surface hydrophilicity, indicat-
ing their potential for advanced membrane-based 
separation and filtration applications. AFM analy-
sis of the PVDF-TiO₂-PVP membrane indicates 
a significantly roughened surface compared to 
PVDF-pristine. The PVDF-TiO2-PVP membrane 

outperformed the PVDF Pristine membrane in 
terms of flux (water flux of 1806 L/m2h and a 
BSA flux of 1694 L/m2h). This opens up a wide 
range of potential uses for the resulting fibers, in-
cluding water purification and separating biomol-
ecules like protein.
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