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A B S T R A C T   

In the present study, the polyvinylidene fluoride (PVDF) was incorporated with polyvinylpyrrolidone (PVP) and 
titanium dioxide (TiO2) nanoparticles to prepare PVDF-TiO2-PVP composite membrane for Bovine Serum Al-
bumin (BSA) rejection from protein contaminated wastewater. The preparation of PVDF-TiO2-PVP composite 
membrane was conducted by a non-solvent phase inversion (NIPS) process with varying PVDF weight per-
centages ranging from 16 to 19 wt%. The polymer concentration plays a critical role in the formation of com-
posite membranes that is commonly overlooked. The primary goal of this study is to examine how the 
concentration of polymers affects the process of membrane creation, the ensuing structure, and the properties of 
these membranes. Presently, there is a restricted comprehension concerning the impact of PVDF polymer con-
centration in the fabrication of membranes using the NIPS approach, particularly for PVDF-TiO2-PVP composite 
membranes. FE-SEM analysis revealed the lowest skin layer thickness and the number of macro-void formations 
in a PVDF composite membrane were at 16 wt% PVDF, compared to composite membranes over higher PVDF 
concentrations from 17 to 19 wt%. There were only slight variations in the percentages of individual elements 
across all PVDF-TiO2-PVP membranes, yet the values were identical for C, O, F, and Ti. The viscosity was lowest 
at 16 wt percent PVDF (576.5 MPa s) and greatest at 19 wt percent PVDF (2054.3 MPa s). It showed that 19%wt 
PVDF viscosity increased fourfold higher than 16%wt. As the concentration of PVDF was increased, a related 
decrease in the surface porosity of the membrane was observed. The highest hydrophobicity with the contact 
angle of 79.62◦ of the composite membranes were detected at 19 wt% of PVDF loading. The maximum water flux 
(265.43 L/m2h) and BSA flux (250.31 L/m2h) were obtained at 19 wt% of PVDF loading. The lowest PVDF 
concentration of 16 wt% rejected BSA with 91.01 % efficiency. At 19 wt% PVDF, the rejection rate dropped 
nearly sixfold to 16.34 %.   
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1. Introduction 

The World Health Organization reported that over 2 billion people 
lived in water-stressed countries in 2021. Water contamination from 
various sources has emerged as a significant problem worldwide due to 
these numbers [1,2]. The potential of water resources has thus been 
increased by developing competent water treatment technologies that 
reduce the difficulties and worries related to water pollution [1,3,4]. 
The fast expansion of international industry has made water contami-
nation one of the most significant environmental concerns we face today 
[5,6]. Water and wastewater treatment [7,8], gas separation [9], pro-
cessing of food and beverages [10], and enzyme and protein concen-
tration [11] are just some applications of membrane mechanisms. 
Compared to traditional separation methods, membrane technology 
allows for more precise regulation of treatment rates and product quality 
[12,13]. Membrane technologies are widely used because they are easy 
to implement and manage, extremely scalable, need little in the way of 
energy, high separation efficiency, and have a well-understood perfor-
mance mechanism [14–16]. 

Polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), polyether 
sulfone (PES), cellulose acetate (CA), and polysulfone (PSf) are some of 
the polymers often employed as membrane materials today [17,18]. The 
high chemical resistance, robust temperature resistance, and ease of 
manufacture of PVDF make it one of the top membrane materials [19, 
20]. Water purification with current membranes is complex due to the 
weak exchange relationship between permeability, selectivity, and 
fouling. New generations have been made possible by recent advances in 
nanotechnology. Composites possess a range of outstanding character-
istics, including extended durability, enhanced rigidity, superior tensile 
strength, effective gas-barrier characteristics, resistance to corrosion, 
reduced weight, and elevated thermal resistance. These attributes pro-
vide composites with a distinct advantage over alternative compounds. 
Composites are materials made up of a matrix (a continuous phase) and 
reinforced materials (a dispersed phase) [21]. 

Utilizing nanocomposites is crucial in water purification, including 
various applications such as portable water treatment, wastewater 
desalination, and treatment. These nanocomposites are essential for 
achieving cost-effective and energy-efficient water-cleaning methods 
while reducing ecological consequences [21,22]. According to Abu-dief 
and Hamdan [23], the structural components of nanomaterials range in 
size from 1 to 100 nm. Nanomaterials exhibit distinct mechanical, 
electrical, optical, and magnetic characteristics compared to conven-
tional materials, owing to their reduced dimensions and increased spe-
cific surface area [24–26]. Fouling reduction, improved membrane 
performance, and extended service life are all possible results of incor-
porating nanomaterials into the polymer matrix [27]. These nanofillers 
have improved the membranes in several ways, including increasing 
their hydrophilicity, reducing pollutant and foulant accumulation, 
enhancing rejection efficiency, and improving mechanical and thermal 
characteristics [28–30]. 

The utilization of titanium dioxide (TiO2) nanoparticles has been 
extensively employed in enhancing the efficacy of various membrane 
processes such as Reverse Osmosis (RO), nanofiltration (NF), ultrafil-
tration (UF), membrane distillation (MD), pervaporation, and Forward 
Osmosis (FO). This is primarily attributed to these nanoparticles’ 
exceptional hydrophilicity, favorable antifouling characteristics, 
remarkable chemical stability, and commendable photochemical reac-
tivity [15,31,32]. As one of the most powerful oxidants, the hydroxyl 
radical degrades hazardous and poisonous contaminants, pure TiO2 has 
found widespread application in water treatment [33]. TiO2 nano-
particles, polymers, solvents, and other additives form a dope solution 
for membrane casting and immersion precipitation in the 
non-solvent-induced phase separation (NIPS) wet process [29]. Organic 
and inorganic additives improved nanocomposite membranes for stable 
oil-water emulsion separation. Polyvinylpyrrolidone (PVP) is preferred 
above other organic additions, according to a literature review, because 

of its high pore formation efficiency and broad molecular weight (Mw) 
distribution. Several prior studies have examined the efficacy of PVP as 
an additive to improve the water permeability of pure membranes 
fabricated from a variety of polymeric materials [34–36]. 

Inorganic-organic hybrid membranes have superior performance to 
their conventional counterparts in various aspects, including hydro-
philicity, permeability, separation efficiency, proton conductivity, 
chemical stability, and mechanical strength [37]. A hydrophilic sub-
stance would increase the membrane’s hydrophilicity [38]. These en-
hancements often originate from the nanoparticles themselves. 
Nanomaterials have been added to polymeric membranes in several 
studies to boost membrane performance as a whole [39]. The incorpo-
ration of TiO2 into the membrane substrate, similar to the inclusion of 
multi-walled carbon nanotubes (MWCNTs) and graphene oxide (GO), 
led to the development of elongated finger-shaped pores. This modifi-
cation resulted in improved hydrophilicity and porosity [40]. Since TiO2 
nanoparticles agglomerated inside pores and lowered pure water flux, 
researchers discovered that 20–25 wt% produced the best membrane 
permeability and hydrophilicity [41]. Antimicrobial nanocomposite 
membranes incorporating silver nanoparticles have been widely used in 
recent years [42]. Researchers also discovered that water permeability 
might be improved by including porous nanoparticles like zeolites in 
nanocomposite membranes [43]. 

One of the most significant parameters found to alter those mem-
brane properties is the concentration of polymer in the dope solution 
[44]. The rationale behind this phenomenon is to form a denser skin 
layer with increased selectivity when the concentration of polymers in 
the dope solution is elevated [45]. High permeability properties are 
desired for an asymmetric membrane with a hyper-thin skin layer [46]. 
In this study, four different polymer concentrations ranging from 16 to 
19 wt% were tested to see how they affected the morphological and 
mechanical properties of the membrane. PVDF-TiO2-PVP composite 
membranes are made by mixing polymeric additions of PVP and nano-
particle TiO2 in a PVDF polymer solution to boost the membrane’s hy-
drophilicity. A further drawback of blending with high polymeric 
additive concentrations is that membrane top and bottom structures 
grow denser. This research investigated the effects of varying the poly-
mer concentration used to create the membrane to increase the PVDF 
membrane’s hydrophilicity. 

The polymer concentration is crucial in creating composite mem-
branes using non-solvent phase inversion (NIPS), which is often over-
looked. Variations in polymer concentration during membrane 
preparation can impact the final membrane’s structure and perfor-
mance. Determining the optimal concentration of the polymer to 
enhance membranes’ performances in the separation business is crucial 
because it will affect the membranes’ selectivity and permeability. This 
work aims to investigate the impact of polymer concentration on the 
process of membrane formation, the resulting structure, and the prop-
erties of these membranes. Currently, there is limited understanding 
regarding the influence of PVDF polymer concentration in the prepa-
ration of membranes using the NIPS method, specifically for PVDF-TiO2- 
PVP composite membranes. This study has been conducted to create a 
PVDF-TiO2-PVP composite membrane for Bovine Serum Album (BSA) 
rejection and to investigate the impact of PVDF concentration on 
membrane characteristics. The PVDF-TiO2-PVP membrane not only has 
high hydrophilicity but also good mechanical strength. This broad range 
of potential uses makes it a highly adaptable material. 

2. Experimental method 

2.1. Materials 

Arkema Inc., in Philadelphia, USA was the source for the PVDF 
(Kynar®760) (MW: 263000 and polydispersity index (PDI): 2.5). Merck 
provided n-N-dimethylacetamide (DMAc, >99 %). Degussa P25 titanium 
dioxide (TiO2) from Evonik GmbH had an average particle size of 21 nm 
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(anatase). Polyvinylpyrrolidone (PVP) as a pore-forming agent (PVP40, 
MW = 40000 g/mol and PDI: 0.51) and Bovine Serum Albumin (BSA) 
(MW = 66000 g/mol) were procured from by Sigma-Aldrich. 

2.2. Flat sheet membrane preparation 

The non-solvent phase inversion (NIPS) technique was utilized to 
produce flat sheet membranes. The PVDF pellets were pre-dried (for 24 
hours at 50◦ Celsius), and the dope solution was prepared by dissolving 
2 wt% of PVP as an addition to the DMAc solvent and then dispersing 1 
% wt.% TiO2. The solution was heated to 50–60◦ Celsius and mechani-
cally agitated at 500 rpm to include the PVDF polymer with varying 
concentrations. After the dope had dissolved entirely, it was placed on 
an ultrasonicate for 30 minutes to remove any remaining air bubbles. 
The membrane was immersed in water for 24 hours following the 
casting process. The membrane air dried at room temperature for about 
two to three days. Membrane performance was evaluated by monitoring 
the flux of pure water, the flux of permeate, and the rejection of BSA. 

A preliminary investigation also employed a 15 wt% PVDF solution 
to prepare a dope solution. Nevertheless, the casting process encounters 
several challenges due to the very liquid nature of the dope solution, 
resulting in the formation of an inhomogeneous solution. Following the 
casting process, it has been observed that the flat sheet membrane 
derived from a 15 % weight PVDF solution is excessively thin. According 
to Alvi et al. [47], prior research has indicated that membranes con-
taining a lower polymer concentration are hypothesised to possess a 
more porous structure. Lai et al. [48] also using 15 % PVDF that resulted 
in the lowest stress values. Hence, the lowest concentration of PVDF that 
was deemed suitable for investigation in this research was established at 
16 wt percent (wt%). The various concentrations of PVDF polymer used 
in the dope solution are listed in Table 1. 

2.3. Membrane characterizations 

The viscosity of the membrane dope solution was evaluated using a 
Modular Compact Rheometer (MCR 302). Energy Dispersive X-Ray 
(EDX) was used to identify the surface components of the membranes, 
while a Field Electron Scanning Electron Microscope (FESEM) was used 
to study the membrane morphology (cross section) at different magni-
fications. Fourier Transform Infrared Spectroscopy (FTIR) results can 
show how the functional groups and elements in polymers have 
changed. The membrane’s wettability was measured using a contact 
angle meter (Drop Meter A-100 contact angle). 

The tensile test was performed with LLOYD-LR30K Plus equipment. 
In the NEXYGEN Plus software, the tensile stress (in Kpa), elongation at 
break (in percent), and elastic modulus (in MPa) were determined to 
assess the material’s tensile properties. Each membrane was subjected to 
an average of five measurements. The stroke velocity was recorded at a 
rate of 50 mm per minute, while the width of the specimen measured 20 
mm. The length of the specimen within the gauge section was deter-
mined to be 100 mm. Asymmetric porous membranes’ porosity and 
average pore radius were calculated. The membrane’s dry-to-wet weight 
ratio was used to calculate its permeability. The equation (1) provided 
was utilized to ascertain the porosity of the membrane [49]: 

∈=

(w1− w2)
ρw

(w1− w2)
ρw +

(w2)
ρp

x 100 (1) 

Following a 24-h immersion in water, five 1 cm2 flat sheet mem-
branes were chosen to prepare wet and dry membranes. In this context, 
the symbol ∈ represents the porosity of the membrane expressed as a 
percentage, w1 denotes the weight of the wet membrane in grams (g), w2 
signifies the importance of the dry membrane in grams (g), ρp corre-
sponds to the density of the polymer in grams per cubic centimeter (g/ 
cm3), and ρw represents the density of water in grams per cubic centi-
meter (g/cm3). Any leftover water on the membranes inside surfaces 
was removed before weighing. The membranes were weighed after 12 
hours of vacuum oven drying at 50 ◦C. 

2.4. Filtration experiment (permeation flux and rejection measurement) 

The membrane equipment scheme for flat sheet membrane separa-
tion is provided in prior work by Gayatri et al. [19] as a schematic di-
agram. The water flux was determined by quantifying the volume of 
water that permeated through the membrane during each specified time 
interval. The assessment of the membrane’s performance was conducted 
by measuring the flux of pure water. The fraction of BSA rejected by the 
membrane was used to calculate BSA rejection. The membranes filter a 
protein solution containing bovine serum albumin (1 g BSA protein/1 L 
RO water). Experiments with filtration were conducted at 1 bar for 1 
hour. The rejection percentage was determined by measuring the con-
centration in a vial using a spectrophotometer once every 15 minutes for 
an hour. The calculation of the membrane water flux (J) was performed 
using Equation (2): 

J=
Q

A x t
(2)  

Where J denotes the flux (L/m2h), Q is the permeate volume (L), t is the 
required time (h), and A is the effective membrane area (m2) [47]. To 
calculate membrane rejection, the following equation (2) was used: 

R = 1 −
Cp
Cf

× 100 (3) 

The variables Cp and Cf represent the concentrations of BSA in the 
permeate and feed, respectively, measured in parts per million (ppm). 
The variable R denotes the rejection percentage. The concentration of 
BSA in both the permeate and feed was determined by a UV-Vis spec-
trophotometer, with the maximum absorption wavelength set at 279 
nm. 

3. Result and discussion 

3.1. Membrane characterizations 

3.1.1. Viscosity of Membrane’s dope solution 
The concentration of PVDF in membrane dope solution has a sub-

stantial impact on the solution’s viscosity. Viscosities of dope solutions 
of varying PVDF concentrations, as determined by this work, are shown 
in Table 2. At 16 wt percent PVDF, the viscosity is the least one (only 
about 576.5 MPa s), while the 19-wt percent PVDF gave the highest 
viscosity (2054.3 MPa s). It demonstrates that viscosity of 19%wt PVDF 
increased by fourfold more than that of PVDF concentrations of 16%wt. 
The solution becomes more viscous when PVDF concentration rises from 
16 to 19 wt%. This is because PVDF is a polymer with a high molecular 

Table 1 
Dope solutions for flat-sheet membranes.  

PVDF (%.wt) TiO2 (%.wt) PVP (%.wt) DMAc(%.wt) 

16 1 2 81 
17 1 2 80 
18 1 2 79 
19 1 2 78  

Table 2 
The viscosity of membrane dope as a function of PVDF polymer 
concentration.  

PVDF Concentration (%.wt) Viscosity (MPa.s) 

16 576.5 
17 622.71 
18 1295.1 
19 2054.3  
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weight, and as the concentration of polymer molecules increases, the 
solution gets more viscous. The bulk polymer nanocomposite dope so-
lutions had no apparent particles and were mechanically mixed and 
dispersed homogeneously. Suppressing macro voids requires a material 
with a high viscosity. Macro voids are reduced when viscosity increases 
[27]. The solution’s viscosity must be high enough to prevent big pores 
from forming but low enough to allow the solution to be spun into a thin 
film. The greater viscosity of the solutions may have resulted from the 
entanglement of the PVDF and pore-forming agent chains [50]. Ac-
cording to previous research, adding TiO2 increased the viscosity of a 16 
wt% PVDF membrane to 1789 MPa s, and adding PVP enhanced it to 
1992 MPa s [19]. 

In a study carried out by Nabian et al. [51], it was observed that the 
PSf-18 membrane exhibited a sponge-like structure as a consequence of 
the elevated polymer concentration. This rise in polymer concentration 
led to an augmented viscosity of the polymer, hence causing a delay in 
phase separation and the subsequent formation of smaller pore sizes. It 
was also found by Ismail et al. [46] that PSf/NMP solution viscosity rose 
with PSf content. The entanglement of polymer chains is likely to blame 
for this unexpected increase in viscosity. Membranes with a sponge-like 
structure were reportedly created when the viscosity of the polymer 
dopes was increased [52]. 

Dope solution viscosity increases due to increased interaction be-
tween polymer dope components (thermal effect). It is well established 
that the sum of these influences significantly impacted the development 
of the membrane structure [53]. Non-solvent additions in dope solution 
decrease system miscibility and increase phase inversion rate. Dope 
solution viscosity impacts phase separation rate [54]. This crucial 
parameter impacts solvent-non-solvent diffusion and phase inversion 
kinetics [55]. The viscosity of the polymeric solution is crucial in 
determining the final shape of the membranes when creating mem-
branes [56]. The viscosity of the solution increases as the polymer 
concentration increases because the polymer molecules become more 
entangled with one another, making the solution flow more difficult. 
The longer the polymer must establish up its network structure before 
the solvent evaporates, the more viscous the solution [46]. As a result, 
membranes with more uniform pore size are possible. Casting a solution 
onto a support membrane might be difficult if the solution is viscous. 
This could lead to the formation of faulty membranes. 

Both academia and industry are interested in miscible polymer 
mixes. Without particular interactions, polymers are immiscible. 
Copolymer–copolymer or copolymer–homopolymer blends often form 
miscible systems without specific interactions. This copolymer effect in 
polymer blends is explained by mean-field theory. Even without specific 
interactions between polymer segments, such blends mix exothermically 
[57]. 

The thermodynamic compatibility between PVDF (Polyvinylidene 
fluoride), PVP (Polyvinylpyrrolidone), and TiO2 nanoparticles in mixed 
matrix membranes is a critical aspect that influences their structural 
stability, dispersion, and overall performance. PVDF and PVP are 
chemically distinct polymers. The compatibility between them depends 
on the nature of their interactions. While PVDF is a semi-crystalline 
polymer with a high degree of electronegativity, PVP is amorphous 
and possesses polar groups, enhancing its hydrophilicity. Thermody-
namically, the introduction of TiO2 NPs into the PVDF matrix alters the 
system’s free energy, impacting the overall stability and properties of 
the composite. Compatibility is influenced by the intermolecular forces, 
leading to changes in the composite’s mechanical, thermal, and trans-
port properties. 

Due to a negligible combinatorial entropy increase in high polymer 
mixes, the heat of mixing governs polymer-polymer miscibility. An 
exothermic mixing exceeds the negative equation-of-state effect on 
mixing thermodynamics. Thus, miscible polymer blends occur when 
components interact. Polymer blend miscibility is somewhat associated 
with small molecular weight compound mixing heat [58]. 

Polymer mixtures have a low entropy of mixing per unit volume 

compared to small molecule mixtures because they involve fewer mol-
ecules. For systems with exothermic mixing heat, homogeneous polymer 
blends result [59]. The strong repulsive interaction between monomer 
residues in the copolymer and the homopolymer is diluted by the latter, 
making the former less repellent [60]. 

3.1.2. FESEM-EDX of membranes 
The cross-sectional morphology of the PVDF-TiO2-PVP membranes 

with various PVDF polymer concentrations at a magnification of 600 is 
illustrated in Fig. 1. FESEM pictures showed that the finger-like struc-
ture in PVDF widened over time across the membrane’s cross-section. 
The finger-like structure in the FESEM pictures indicates that all mem-
branes are asymmetric. PVDF pristine demonstrated that TiO2 added to 
the membrane structure made it more porous. As shown in Fig. 1b, the 
membrane structure becomes slightly more porous when TiO2 is added 
to the PVDF in its pure form (Fig. 1a). Larger pores on the membrane 
matrix result from adding TiO2 nanofillers to a membrane dope [3]. It 
was discovered that while TiO2 nanoparticles were widely distributed 
over membrane surfaces, they tended to clump together into larger ag-
gregates. Although there appeared to be more pores in the membrane at 
higher TiO2 concentrations, the agglomerated nanoparticles of TiO2 
would have blocked the pores, reducing water flux [61]. Incorporating 
TiO2 loading enlarges the finger-like pores of the enhanced membranes 
[62]. 

The macro voids in the membrane modified with PVP are more 
significant than those in the pure PVDF-TiO2 membrane, as was 
observed membrane [63]. One way polymer concentration affects the 
morphological aspects of an asymmetric membrane is by creating a 
thicker skin layer and the growth of macro-void structures in the porous 
substructure [46]. High concentration PVDF membranes have smaller 
pores and a more consistent pore size distribution. At increasing con-
centrations, PVDF chains form a denser network, which prevents bigger 
pores. At lower concentrations, PVDF chains are less densely packed, 
allowing bigger pores. FE-SEM images (Fig. 1 c-f) demonstrate that 
varying concentrations of PVDF produce distinct outcomes; a membrane 
made from 16 wt% of PVDF displays a thinner skin layer and a more 
significant presence of macro-voids than one earned from PVDF with a 
higher concentration (17–19 wt%). The results are consistent with those 
of another study that found the higher the polymer concentration in the 
dope solution, the denser the skin layer and the smaller the resulting 
macro-void structure. Finger-like or sponge-like structures made of PVP 
are commonly used to increase water flux through membranes [61]. 

As presented in FESEM analysis (Fig. 1), the thickness of pure PVDF 
is lower (60.48–62.50 μm) than the composite membrane, while that of 
PVDF-TiO2 is 65.11–66.22 μm. Table 3 results further confirm that the 
concentration of PVDF used affects the thickness of composite mem-
branes. The PVDF-TiO2-PVP membrane has the smallest thickness in the 
range of 117.7–123.4 μm when 16 wt% of PVDF is present, increases to 
234.4–241.8 μm at 17 wt%, and reaches the range of 244.3–246.4 μm at 
18 wt%. The uniformity of the dope solution and the hand-casting 
procedure in flat sheet membrane manufacturing contributed to the 
modest decrease in thickness value (213.6–214.6 μm) when 19 wt % of 
PVDF was used. The rapid separation of solvent and non-solvent during 
phase inversion forms a thin layer on the surface [64]. 

Extensive finger-like macro-voids form in the porous sublayer due to 
the higher diffusion rate of non-solvent into the polymer-poor phase 
compared to the outward diffusion rate of the solvent [65]. Similar 
research by Abdullah et al. [66] showed that membranes with 20 wt% 
PES polymer exhibited thicker separation layers, smoother surfaces, and 
homogenous pores. Compared to PSf-20 and PSf-25, the PSf-30 mem-
brane had the densest skin layer, indicating that increasing polymer 
concentration in the dope solution decreases macro-void structure [46]. 

The number of macro-voids decreases as PSf polymer concentration 
in the dope solution increases, yet their teardrop geometry differs from 
other membranes. The creation of the PSf-30 membrane’s sponge-like 
shape is also mainly attributable to the dope solution’s increased 
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viscosity. According to diffusion exchange kinetics, when the dope so-
lution viscosity increases, the membrane shape becomes sponge-like 
[44]. 

Changes in skin layer, bottom layer thickness, and macro void 
structure show how polymer concentration affects membrane 
morphology. Polymer concentration raised skin and bottom layer 
thickness and changed macro-void form from finger-like to teardrop 
[44]. The EDX data and FESEM images support the successful integra-
tion of TiO2 nanoparticles and PVP into the PVDF membrane. The EDX 

Fig. 1. FE-SEM images (cross-section) of (a) PVDF pristine; b) PVDF-TiO2; (c) 16 wt% PVDF in PVDF-TiO2-PVP; (d) 17 wt% PVDF in PVDF-TiO2-PVP; (e) 18 wt% 
PVDF in PVDF-TiO2-PVP; (f) 19 wt% PVDF in PVDF-TiO2-PVP. 

Table 3 
The thickness of PVDF composite flat sheet membranes.  

PVDF Concentration (wt.%) Thickness (μm) 

16 117.7–123.4 
17 234.4–241.8 
18 244.3–246.4 
19 213.6–214.6  
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results indicate morphological changes, while the FESEM images 
demonstrate the reduction of finger-like macro voids on the membrane’s 
surface. 

Fig. 2 displays the structural arrangement and constituent elements 
of the produced membranes. The PVDF pristine membrane showed its 
elemental composition consisting solely of fluorine (F), oxygen (O), and 
carbon (C). In contrast, the membranes treated with a 1 wt% dose of 
TiO2, as depicted in (Figure b), displayed an elemental composition that 
included carbon (C), oxygen (O), fluorine (F), and titanium (Ti). The Ti 
element represents the TiO2 presence in membranes. It proves the suc-
cessful incorporation of TiO2 in PVDF membrane. Membranes with 
different polymer concentration 16 to 19 wt% PVDF dosages (Figure c, 
d, e, and f), on the other hand shows similar elemental result with all 
PVDF-TiO2-PVP membranes (C, O, F, and Ti) with slightly different in 
weight percentage of each element, as also presented in Table 4. Carbon 
and florin show the two largest percentages (approximately 50 wt%) in 
membrane composition due to the large PVDF weight percentage in 
membrane dope solution, while the titanium weight percentage in all 
PVDF concentrations is around 2–3%. PVP only acted as a pore former 
agent during the phase inversion process, so the elements in PVDF-TiO2- 
PVP membranes of all PVDF concentrations are identical to those in 
PVDF-TiO2 membranes. PVDF-TiO2 membranes display heterogeneous 
dispersion and particle fragmentation, increasing dope agglomeration 
and increasing viscosity [62]. 

3.1.3. FTIR spectra of membranes 
Fig. 3 presents the FTIR spectra of pristine PVDF and PVDF/TiO2/ 

PVP mixed-matrix membranes. The experimental findings indicate that 

the detection of PVDF was achieved through the observation of a C–F 
stretching vibration peak at a wavenumber of 1169.08 cm− 1 in the 
PVDF-TiO2 membrane. The vibrational band observed at a wavenumber 
of 1402.45 cm− 1 can be attributed to the deformation vibration of the 
CH2 group. Similarly, the presence of a band at 1071.62 cm− 1 can be 
attributed to the β crystalline phase of PVDF. The detected peaks at 
877.07 and 839.82 cm− 1 corresponded to the rocking modes shown by 
the vinylidene group inside the polymer. The observed spectral peaks at 
a wavenumber of 598.90 cm− 1 can be attributed to the vibrational 
modes involving the shaking and bending motion of CF2 [67]. It is in 
similar line with the FTIR result obtained from Gayatri et al. [19] 
showed the peaks observed at 1400 cm− 1 were associated with the 
deformation vibration of –CH2. The peaks at 1274 cm− 1 and 1179 cm− 1 

were also attributed to the symmetrical and asymmetrical stretching of 
–CF2, respectively. The peak observed at 877 cm− 1 was identified as one 
of the characteristic peaks of PVDF. The peak at 840 cm− 1 was 

Fig. 2. EDX images of Different Membranes and Different PVDF Concentrations (16–19 wt%). (a) PVDF Pristine Membrane, (b) PVDF-TiO2 Membrane, (c) 16 wt% in 
PVDF-TiO2-PVP Membrane, (d) 17 wt% in PVDF-TiO2-PVP Membrane, (e) 18 wt% in PVDF-TiO2-PVP Membrane, and (f) 19 wt% in PVDF-TiO2-PVP Membrane. 

Table 4 
EDX result of PVDF pristine and PVDF composite membranes.  

Membranes Element (Weight%) 

Carbon Oxygen Fluorin Titanium 

PVDF Pristine 52.65 1.03 46.32 0 
PVDF-TiO2 50.29 1.99 45.18 2.54 
PVDF-TiO2-PVP (16 wt% PVDF) 44.03 2.36 51.03 2.59 
PVDF-TiO2-PVP (17 wt% PVDF) 48.75 2.31 45.45 3.50 
PVDF-TiO2-PVP (18 wt% PVDF) 48.68 2.88 45.18 3.27 
PVDF-TiO2-PVP (19 wt% PVDF) 42.24 1.64 52.21 3.90  
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determined to be related to the stretching vibration of –CH [68]. 
Bands between 800 and 1400 cm− 1 were attributed to lattice vi-

brations of TiO2 in the composite, as reported by Rusli et al. [67]. The 
crystalline phase of PVDF at 762 cm− 1 peak intensity decreases with 
increasing concentrations of TiO2 due to interaction with PVDF. The 
FTIR measurements determined that the bonding of TiO2 on the PVDF 
surface was unaffected by the hot press [67]. The critical peak of TiO2 
remained present at 598.90 cm− 1. The –OH stretching vibration is 
shown by the peak between 1065 and 1070 cm− 1 [69]. This is due to the 
presence of hydroxyl groups (-OH) on the surface of the membrane, 
which can interact with water molecules. According to Abdennouri et al. 
[70], the band at 3405 cm− 1 is often attributed to the stretching and 
bending of the Ti–OH groups’ hydroxyl vibration. According to Fadaei 
et al. [71], an absorption band at 840 cm− 1 suggested the presence of 
crystal formations in PVDF membrane. Both PVDF-TiO2-PVP and PVDF 
membranes showed a stretching vibrational peak of CO at 1650 cm− 1 

indicating the existence of residues [55]. PVP with a high molecular 
weight (MW > 10000 g/mol) is more likely to be embedded in the 
membrane [72]. The stretching vibrations of C–N, C––O, and CH2 bonds 
produced three separate peaks in the PVP spectrum at 1290 cm− 1, 1660 
cm− 1, and 1463 cm− 1. The presence of these peaks confirms the pres-
ence of PVDF, TiO2, and PVP in the membrane. The peak at 1065–1070 
cm− 1 is particularly interesting, as it indicates that the membrane has a 
high degree of hydrophilicity. 

3.1.4. Contact angle measurement 
The effect of PVDF concentration on membrane contact angle has 

been studied by several researchers. In general, it has been found that 
increasing the PVDF concentration in the casting solution leads to an 
increase in the water contact angle of the resulting membrane. The re-
sults from Fig. 4 showed that the contact angle was minimal at 16 wt% 
PVDF (65.79◦). Flat sheet membranes made of PVDF-TiO2-PVP with the 
highest PVDF concentration (19 wt%) were found to have the biggest 
contact angles (79.62◦). The increasing contact angle value seen during 
measurement is attributed to the rising polymer concentration in the 
dope solution. This is because PVDF is a hydrophobic polymer, and as 
the concentration of PVDF increases, the surface of the membrane be-
comes more hydrophobic. Naim and Ismail [73] postulate that this trend 
can be explained by a rise in the proportion of aromatic imide in the 
polymer’s repeating unit, increasing hydrophilicity. A study by Pramono 
et al. [74] consistent with this discovery, found that increasing the PVDF 
content made the membranes more hydrophobic (a larger contact angle 
between the membrane and water). The PVDF membrane at 15 % 
concentration has the smallest contact angle (64◦), indicating the 
greatest hydrophilicity, whereas the PVDF membrane at 21 % concen-
tration has the largest contact angle (78◦). The decreased contact be-
tween the membrane and the water can be explained by the 

hydrophobic characteristic of PVDF which increases with concentration. 
Reverse osmosis and ultrafiltration can benefit from membranes with 
larger contact angles since they are less likely to be wetted by water and 
are less likely to become fouled. The contact angle also increases when 
the concentration of PVDF increases [75] due to the rougher surface of 
the membrane. Surface roughness correlates positively with hydropho-
bicity. Substrate roughness can be altered to make membranes more 
hydrophobic [76]. The results of these analyses demonstrate a regular 
pattern in the relationship between PVDF concentration and membrane 
contact angle. 

3.1.5. Membrane porosity 
The membrane mass transfer coefficient increases as membrane 

porosity increases because the solute should permeate through the 
membrane via the void space of the membrane. It has been observed that 
the porosity of membranes decreases as the PVDF content rises. This is 
because PVDF is a hydrophobic polymer, and its compact structure be-
comes less permeable to water as its concentration increases. 

Table 5 demonstrates that as the polymer concentration in the dope 
solution increased from 16 wt% to 19 wt%, the membrane’s porosity 
and mean pore size decreased. While the porosity of PVDF at 16 % wt 
was 85.21 %, it was lower at 17 % wt (84.95 %), and it dropped further 
to 82.44 % and 80.93 % at 18 % wt and 19 % wt, respectively. Consistent 
with this pattern, Ahmad et al. [54] found that increasing the polymer 
concentration (from 13 to 19 wt%) significantly reduced the membrane 
porosity from 70 to 61 %. As the solution viscosity increased, the ex-
change rate slowed considerably resulting in a more compact membrane 
structure and less open space as the polymer concentration increased. A 
study by Nabian et al. [52] found that boosting the PVDF polymer 
concentration in the dope solution from 16 wt% to 19 wt% reduced the 
membrane’s porosity and mean pore size. The results of these studies 
suggest that the porosity of PVDF-TiO2-PVP membranes can be 
controlled by adjusting the PVDF concentration. 

3.1.6. Tensile test 
Table 6 displays the results of tensile tests performed on membranes 

with varying concentrations of PVDF. Measurements of tensile strength 
and elongation at break are used to analyze the impact of polymer 

Fig. 3. FTIR Spectra of PVDF-TiO2-PVP Flatsheet Membranes with Different 
PVDF Concentrations. (a) 16 wt% PVDF; (b) 17 wt% PVDF; (c) 18 wt% PVDF; 
(d) 19 wt% PVDF. Fig. 4. Contact angle of PVDF-TiO2-PVP flatsheet membranes with different 

PVDF concentrations. 

Table 5 
Porosity of PVDF-TiO2-PVP membranes.  

PVDF Concentration (wt.%) Porosity (%) 

16 85.218 
17 84.949 
18 82.438 
19 80.936  
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concentration on the membrane’s mechanical properties. The mechan-
ical qualities of a membrane influence how well it can withstand the 
pressure exerted on it during its various uses [74]. The tensile strength of 
the membrane improved with increasing PVDF content. This is because a 
membrane with a higher PVDF content is denser and more compact, 
making it more resistant to damage. The membrane with 16 wt% PVDF 
has the lowest tensile strength (1.161 ± 0.127 KPa), whereas the 
membrane with 19 wt% PVDF has the strongest (2.738 ± 0.296 KPa). 
The elastic modulus followed the same patterns, with the most signifi-
cant value recorded at 15.827 MPa for 19 wt% of PVDF. The high value 
of strain demonstrates the elastic behavior of PVDF membranes [74]. 
The greater the PVDF concentration, the closer the polymer chains are 
packed together, making the membrane more rigid, less prone to 
deformation, and decreasing the elongation at break. Since higher 
concentrations of PVDF are more resistant to stress, the elastic modulus 
also rose with increasing concentrations of PVDF. 

Others have also reported this finding. The strain in 19 % PVDF is the 
greatest of any composition studied (148 %), whereas 15 % PVDF has 
the lowest stress values [77]. The ability to prevent membrane breakage 
during filtering operations indicates that a membrane’s elasticity will 
contribute to a long service life [74]. The mechanical properties un-
fortunately are lowered due to the presence of hydrophilic additives 
[12]. Research by Ismail et al. [46] demonstrate similar tendencies, 
higher polymer concentration results in excellent membrane tensile 
strength. Improvements in the membrane’s morphological structure are 
usually responsible for improved tensile strength. Improvements in 
membrane structure have been seen with increasing polymer concen-
tration [78]. This is because the creation of macro-void systems has 
decreased and become smaller. 

The variation in elongation at break concerning polymer content is 
also shown. The tensile strength data follows a slightly typical pattern 
over polymer concentrations. The elongation at break decreased to 
11.395 % from 15.031 % when the PVDF concentration is raised from 16 
to 17 wt%, then further decreased to 11.004 % at 18 wt% of PVDF 
concentration, but it raised to 15.827 % at PVDF concentrations of 19 wt 
%. Consistent with previous research, increasing the polymer concen-
tration from 20 % to 25 wt% initially increased the elongation at break. 
The elongation at break declines as the polymer concentration ap-
proaches 30 wt% in contrast to the tensile strength result. This phe-
nomenon occurred presumably because of the rigidified membrane 
structure with increasing polymer concentration since elongation at 
break represents how long the membrane can be stretched before it 
breaks [46]. 

The mechanical properties were assessed using the yield stress, 
elongation at break, and elongation at break as metrics [79]. With 
increasing density, the elongation at break has marginally increased 
while the tensile strength at break has slightly decreased [80]. The 
mechanical properties are significantly influenced by the comonomer 
concentration, molecular weight, polydispersity index (PDI), and the 
method of preparation, which governs the uniformity. The melt index 
(MI) of a polymer is determined by its molecular weight and distribu-
tion; generally, as molecular weight increases, MI values decrease [81]. 
By utilizing compatible polymer mixtures, it is possible to achieve 
favorable mechanical properties that are comparable to, and occasion-
ally even surpass (via synergistic effect), those achievable with the 
polymers used as individual components [82]. 

3.2. Performance evaluation of membranes 

3.2.1. Pure water flux and BSA flux measurement 
Permeability and selectivity of membranes were evaluated by 

measuring the flux of pure water and BSA solution. Fig. 5 demonstrates 
the impact of PVDF concentration on pure water flux across PVDF-TiO2- 
PVP membranes. It has been discovered that raising the percentage of 
PVDF causes a greater flux of pure water. PVDF is a hydrophobic poly-
mer and including it in the membrane matrix makes it harder for water 
molecules to diffuse across the membrane. At very high concentrations 
of PVDF, the membrane can become excessively hard and impermeable, 
limiting the flow of pure water. In accordance with the FESEM result 
showing that an increase in the polymer concentration in a dope solution 
theoretically leads to a denser formation of skin layer then a lesser and 
smaller formation of macro-voids structure, the water flux increased 
with higher PVDF concentration. The lowest water flux was seen at 16 
wt% PVDF (95.84 L/m2h) and the greatest was at 19 wt% PVDF (265.43 
L/m2h). The water flux was greater for the membranes with a higher 
PVDF content. These membranes’ smaller pore sizes created less friction 
for water to flow through. 

The lowest water flux was observed at 16 wt percent PVDF (95.84 L/ 
m2h), while the highest was recorded at 19 wt percent PVDF, where it 
nearly tripled (265.43 L/m2h) than the least concentration. The water 
flux was greater for the membranes with a higher PVDF content. As 
presented in Fig. 5, PVDF concentrations between 16 and 18 wt percent 
showed no significant increase, while the highest concentration pro-
duced the greatest flux. These membranes’ smaller pore sizes created 
less friction for water to flow through. 

Similar patterns were seen for BSA flux; the maximum BSA flux 
(250.31 L/m2h) was produced by the highest PVDF concentration, while 
the lowest flux (87.23 L/m2h), which was nearly three times lower than 
the highest, was produced by the smallest PVDF concentration. Similar 
trends were seen for BSA flux; the greatest PVDF concentration resulted 
in the highest BSA flux (250.31 L/m2h). The creation of finger-like or 
sponge-like structures in the membrane sub-layer is often attributed to 
the improvement in membrane water flux with the addition of PVP. 
Previous studies by Ong et al. [61] found that increasing the molecular 
weight (Mw) of PVP significantly suppressed macro void development 
and resulted in a denser epidermal layer and reducing water flux. 
Several factors contribute to the high pure water flux of PVDF-TiO2-PVP 
membranes. The hydrophilic surface provided by TiO2 nanoparticles in 
the membrane promotes interactions between water molecules and the 
membrane. In addition to facilitating water molecule transport, the PVP 
polymer in the membrane also leads to a more open pore structure that 
allows for greater membrane fluidity [19]. Operating factors, such as 
pressure and temperature, can also influence the membrane’s pure 
water flux. Pure water fluxes tend to increase when pressures and 
temperatures rise. 

Another pattern is shown by Pramono et al. [74] study, which found 
that a PVDF membrane with a thickness of 15 % produced the maximum 
water flux while a PVDF membrane with a thickness of 21 % produced 
the lowest. The flux of pure water through a membrane decreases as its 
thickness increases because water flow resistance increases. According 
to the contact angle measurements, the 15 % PVDF membrane is the 
most polar which explains its high-water flux and powerful interactions 
with water. This demonstrates that membrane surface and pore char-
acteristics affect membrane permeability and perm-selectivity. Denser 
membranes result in lower water flows because of their decreased 
permeability [83]. The pure water flow in PVDF-TiO2-PVP membranes 
can be affected by several factors beyond just the PVDF content. The 
operating pressure, casting temperature, crossflow velocity, and casting 
solvent plays a role. Producing PVDF-TiO2-PVP membranes with high 
pure water flux and strong separation performance requires strict con-
trol of these variables. Previous research by Abdullah et al. [66] found 
that a higher polymer weight percentage (20 % PES) resulted in a more 
significant dye rejection percentage (67.33 %) and permeate flux 

Table 6 
Tensile properties of PVDF-TiO2-PVP membranes.  

PVDF Concentration 
(wt.%) 

Tensile Strength 
(KPa) 

Elongation at 
Break (%) 

Elastic Modulus 
(MPa) 

16 1.161 ± 0.127 15.031 ± 3.612 14.821 ± 4.891 
17 2.219 ± 1.557 11.395 ± 2.234 14.868 ± 4.631 
18 2.650 ± 0.049 11.004 ± 3.577 13.618 ± 1.684 
19 2.738 ± 0.296 15.827 ± 1.559 16.549 ± 0.539  
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(10.024 L/m2h) than a lower polymer weight percentage (16–18 wt%). 

3.2.2. BSA rejection test (BSA removal performances) 
The BSA removal performances of the prepared membranes are 

shown in Fig. 6. Fig. 6 demonstrates how dopes with greater PVDF 
concentrations result in denser membranes and how decreasing BSA 
rejection was produced as PVDF concentration increased. A concentra-
tion of 16 wt percent PVDF results in a BSA rejection of 91.01 % (the 
highest), whereas a concentration of 19 wt percent PVDF results in the 
lowest BSA rejection of 16.34 %. The BSA rejection for 17 wt% and 18 wt 
% PVDF concentration were 89.71 % and 47.42 %, respectively. BSA 
rejections were reduced in membranes with higher PVDF content. 
Membranes exhibiting an increased concentration of polyvinylidene 
fluoride (PVDF) manifest a more homogeneous distribution of pore sizes 
and exhibit reduced pore dimensions. These less permeable structures 
generated a significant resistance to protein molecules [84]. This is 
because the BSA molecules could get through the membranes since the 
bigger holes gave less barrier to water flow. Results showed that mem-
brane water flux and BSA rejection were enhanced by incorporating 
TiO2 into the PVDF matrix. Similar tests by Nabian et al. [52] found that 
the PSF-16 membrane had lower mass transfer resistance than the 
PSF-18 membrane. As previously indicated in the discussion of mem-
brane permeability, the investigation shows that pore size and surface 
characteristics also impact membrane rejection [74]. 

The accepted view in the scientific community was that a hydrophilic 
membrane could attract water molecules and create a layer of hydration 
and steric hindrance on its surface. This phenomenon has been observed 
to effectively impede the adsorption of proteins, such as Bovine Serum 
Albumin (BSA), as demonstrated by Wu et al. [85]. The increased 
rejection of BSA may be attributed to the influence of titanium dioxide 
(TiO2) incorporation into the membrane matrices. According to Kumar 
et al. [86], including TiO2 nanoparticles increased the negative charge of 
the produced membranes. This can be attributed to the presence of 
carboxylic groups, –OH groups, and Ti–OH groups, which exhibit a 
higher negative charge on the surfaces and matrixes of the membranes. 
In contrast, it has been observed that when the pH is at 7, which is 
significantly different from the isoelectric point (IEP) of 4.9 for BSA 
protein, the protein acquires a more significant negative charge. This 
increased negative charge is believed to result in a more significant 
electrostatic repulsion between BSA and the modified membranes, as 
Mo et al. [87] suggested. However, it is worth noting that specific 
characteristics of BSA removal can also be explained by protein 
adsorption onto the membrane surface within this pH range, which can 
be attributed to structural interactions [88]. The high removal of BSA for 
the membrane was also regarded as an indication of significant protein 
removal, in addition to the electrostatic repulsion phenomena, owing to 
its structural relationship. 

The investigation conducted by Shaikh et al. [89], focused on the 

Fig. 5. Pure water flux and BSA flux of Membranes with Different PVDF Concentrations.  

Fig. 6. BSA rejection of membranes with different PVDF concentrations.  
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adsorption process of bovine serum albumin (BSA) onto poly (vinylidene 
fluoride) (PVDF) surfaces within an aqueous environment. This inves-
tigation employed molecular dynamics simulations to examine the 
adsorption phenomenon in the presence and absence of excess ions. The 
adsorption process encompasses the diffusion of proteins towards the 
surface and subsequent dehydration of surface-protein contacts, leading 
to adsorption and denaturation. Proteins exhibit higher adsorption on 
hydrophobic or less hydrophilic surfaces than on hydrophilic surfaces. 

The observed decline in BSA fluxes over time may be attributed to 
the occurrence of pore blockage in the membranes caused by the 
adsorption and deposition of BSA proteins on the membrane surface. 
This phenomenon is likely mitigated by using high molecular weight 
BSA molecules (66 kDa) on the membrane surface, reducing concen-
tration polarization’s impact. Moreover, it has been observed that the 
early decreases in flux are more pronounced, whereas the subsequent 
declines in flux occur gradually. This phenomenon can be attributed to 
the reduction in porosity of the membrane caused by the internal 
adsorption of BSA protein, resulting in pore blockage [84]. 

The synergistic impact of polyvinylpyrrolidone (PVP) and titanium 
dioxide has been found to substantially influence enhancing resistance 
to membrane fouling resulting from bovine serum albumin adsorption. 
This effect is attributed to the reduction of hydrophobic interactions 
between BSA protein molecules and the surface of the membrane. The 
hydrophilic nature of a surface enables it to attract and bind water 
molecules, forming a hydration layer. This layer plays a crucial role in 
impeding the adsorption of contaminants within the membrane [90]. 
According to Zhang et al. [91], membrane fouling mainly results from 
protein deposition on the surface or entrapment within the pores, 
leading to irreversible resistance and loose protein adsorption on the 
membrane surface, resulting in reversible resistance. 

4. Conclusions 

The hydrophile level of the membrane can be raised by combining 
polymeric additions of PVP and nanoparticle TiO2 in a PVDF polymer 
solution. An essential factor for modifying membrane characteristics 
was the polymer composition of a dope solution. This study investigated 
the fabrication of PVDF-TiO2-PVP membranes and assessed the effects of 
PVDF polymer concentration on membrane formation, final structure, 
and membrane characteristics. The FESEM images show that different 
PVDF concentrations have different effects; a 16-wt percent PVDF 
membrane has a thinner skin layer and more macro-voids than a 17 to 
19-wt percent PVDF membrane. All PVDF-TiO2-PVP membranes’ 
elemental results (C, O, F, and Ti) are comparable at doses of 16–19 wt% 
PVDF, with only minor variations in the weight percentage of each 
element. The outcomes showed that TiO2 and PVDF utilized FTIR to 
detect their existence. The contact angle measurements demonstrated 
that the hydrophilicity of membranes decreased as the amount of 
polymer increased. The tensile strength of the other membranes ranges 
from 19 wt% PVDF (2.403 KPa) to 16 wt% PVDF (1.752 KPa), with 16 
wt% PVDF had the lowest tensile strength. The highest water flux 
(265.43 L/m2h) and BSA flux (250.31 L/m2h) were obtained by 19 wt% 
PVDF. The BSA is rejected with 91.01 % at the lowest concentration of 
PVDF (16 wt%) and 16.34 % at the highest concentration (19 wt%). 
PVDF-TiO2-PVP membranes were shown to be a potential novel material 
for the purification of protein solutions in this investigation. The high- 
water flux and BSA rejection rate of the membranes make them ideal 
for this purpose. 
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