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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Photocatalytic PVDF-TiO2/CNT, PVDF- 
TiO2/BiVO4 and PVDF-TiO2/CNT/ 
BiVO4 hybrid membranes were fabri
cated and characterized. 

• Membranes exhibited good flux and 
antifouling property; PVDF-TiO2/CNT/ 
BiVO4 membranes had the best anti
fouling property. 

• BSA rejection of PVDF-TiO2/CNT/BiVO4 
surpassed 97% under high water flux 
(150.52 L m− 2 h− 1). 

• Hybrid photocatalytic membranes 
showed good photocatalytic regenera
tion performance under visible light, 
PVDF-TiO2/BiVO4 provided the best, 
70% flux recovery ratio.  
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A B S T R A C T   

Enhancing the performance of polymeric membranes by nanomaterials has become of great interest in the field 
of membrane technology. The present work aimed to fabricate polyvinylidene fluoride (PVDF)–hybrid nano
composite membranes and modify them with TiO2 and/or BiVO4 nanoparticles and/or carbon nanotubes (CNTs) 
in various ratios. Their photocatalytic performance under visible light was also investigated. All modified PVDF 
membranes exhibited higher hydrophilicity (lower contact angle of water droplets) than that of the neat 
membrane used as a reference. The membranes were characterized by using bovine serum albumin (BSA) as 
model dairy wastewater. The hybrid membranes had better antifouling properties as they had lower irreversible 
filtration resistance than that of the neat membrane. Hybrid PVDF membranes containing TiO2/CNT/BiVO4 
showed the highest flux and lowest irreversible resistance during the filtration of the BSA solution. PVDF-TiO2/ 
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BiVO4 had the highest flux recovery ratio under visible light (70% for the PVDF mixed with 0.5% TiO2 and 0.5% 
BiVO4). The hydrophilicity of membrane surfaces increased with the incorporation of nanoparticles, preventing 
BSA to bind to the surface. This resulted in a slight decrease in BSA and chemical oxygen demand rejections, 
which were still above 97% in all cases.   

1. Introduction 

Currently, membrane separation processes attract considerable 
attention because they have excellent contaminant rejection and low 
cost, and can be integrated with other processes (Gong et al., 2012; 
Farahani and Vatanpour.,2018; Pal.,2020; Chen et al., 2019; Li et al., 
2021; Catenacci et al., 2020). In these processes, ultrafilter membranes 
have received widespread interest due to their capability to efficiently 
reject macromolecules, colloids, bacteria, and particles (Ayyaru and 
&Ahn, 2017; Al Aani et al., 2020). Polyvinylidene fluoride (PVDF) is a 
polymeric material broadly applied in ultrafiltration due to its superior 
physical, chemical, and mechanical properties (Ji et al., 2015). How
ever, PVDF membranes are susceptible to being fouled by wastewaters 
containing proteins, oils, and natural organic matter. This decreases 
membrane performance by lowering the flux, reducing the shelf life, and 
increasing the operating cost of filtration (Chang et al., 2019). 

Fabricating photocatalytic membranes with excellent antifouling 
properties, superior flux, and better shelf life is a novel research topic in 
the field of membrane separation (Farahani and Vatanpour, 2018; Riaz 
and Park, 2019). Titanium dioxide (TiO2) is among the most widely used 
photocatalysts in wastewater treatment applications because it is 
available in large quantities, cheap, chemically stable, hydrophilic, and 
known mainly as a nontoxic material (Leong et al., 2014). However, it 
can only be efficiently activated under UV light (λ < 390 nm for anatase) 
due to its relatively wide band gap of ~3.15 eV (Akhavan, 2009). 
Moreover, it has two main limitations that constrain its practical 
application: the high recombination ratio of photocatalytically gener
ated electron–hole pairs and the inability to utilize visible light effi
ciently (Zouzelka et al., 2016). To improve the photocatalytic efficiency 
of TiO2, structural improvements are needed (Malato et al., 2009). These 
can be done, for example, (i) by the combination of a photocatalyst with 
another semiconductor that has a narrower band gap (Malathi et al., 
2018; Ratova et al., 2018); (ii) by doping with materials such as sulfur, 
transition metal ions, noble metals, or nitrogen (Malato, et al., 2009); or 
(iii) by applying a suitable photosensitizer (Yogarathinam et al., 2018). 
In recent years, bismuth-based oxides have received considerable 
attention and been reported as efficient visible-light-active photo
catalysts. This is because of their narrow band gap that enables the 
absorption of visible light, however, their relatively low surface area and 
activity limits their application. 

Carbon nanotubes (CNTs) are semiconductor materials, which are 
broadly used as electron acceptors and may notably hinder the recom
bination of photogenerated electron–hole pairs in TiO2 (Selvaraj et al., 
2020). Besides, in recent articles on functionalised CNT and PVDF 
composite membranes (CNT/PVDF) better water fluxes, excellent pro
tein removal and improved hydrophilic characters have been reported 
(Moslehyani et al., 2015; Ayyaru et al., 2019). 

Due to the beneficial properties of the materials described above, 
their combination may result in a novel PVDF-TiO2/CNT/BiVO4 nano
composite membrane of superior characteristics. They may not only 
have better antifouling performance but also the possibility to be re
generated under visible light irradiation. In this study, we aimed to 
develop visible-light-active PVDF-TiO2/CNT/BiVO4 photocatalytic 
composite membranes and evaluate their applicability for the treatment 
of a model dairy wastewater. As the main fouling components of dairy 
wastewaters are proteins, in our examinations bovine serum albumin 
(BSA) solution was used as model dairy wastewater. 

2. Experimental design 

2.1. Materials 

Analytical grade PVDF powder, N-methyl-2-pyrrolidone (NMP) sol
vent, and sodium dodecyl sulfate surfactant were bought from Merck 
Hungary and used for membrane preparation. BSA (69 kDa) was pur
chased from ICN Biomedicals Inc. (USA). The commercial nanoparticles 
used were Aeroxide P25 TiO2 (Merck EMD Millipore Co., Germany) and 
multiwalled CNTs (Kanto Chemical Co. Inc.; TNMH3 15090, Japan; 
>98 wt%). Bismuth(III) nitrate pentahydrate (Alfa Aesar, ≥98%, ACS), 
ammonium vanadate (Sigma Aldrich, ≥98%), sodium hydroxide 
(Sigma-Aldrich, 100%, puriss), and nitric acid (Merck, 99%) were used 
to synthesize bismuth vanadate (BiVO4). 

2.2. Methods 

The BiVO4 nanoparticles were synthesized via a hydrothermal 
method as described earlier in the work of Nascimben et al. (2020), in 
which they were referred to as the BiVO4–I sample. The band gap of this 
sample was calculated to be 2.35 eV. 

The methods of investigation of photocatalytic activity of the 
nanoparticles were presented in the Supplementary Material Section S1. 

2.2.1. Membrane preparation 
Neat and modified ultrafilter PVDF membranes were prepared via a 

non-solvent-induced phase-inversion method according to the publica
tion of Harsha et al., 2011). The composition of casting dope solutions 
and the names of the membranes are given in Table 1. First, the PVDF 
powders and nanoparticles (TiO2 and/or BiVO4 and/or CNT) were kept 
in an oven at 80 ◦C for 4 h. Then, the nanoparticles were suspended in 
20 mL of NMP and ultrasonicated for 60 s. Second, the dried PVDF 
powder was mixed with the suspension and kept at 50 ◦C in the dark for 
12 h for both steps. Third, the possible air bubbles of the casting dope 
solution were removed by ultrasonication for 30 min. Then, the solution 
was poured onto a glass plate and casted with a casting blade at 400 μm 
thickness. The layer casted on the plate was kept at rest for 30 s to enable 
the formation of a skin layer. After that, the layer was put into a bath 
solution containing sodium dodecyl sulfate surfactant in 3 g L− 1. The 

Table 1 
Composition and names of the membranes.  

Membrane 17.5 wt% PVDF or 16.5 wt% PVDF +1 wt% 
nanoparticles  

82.5 wt% 
(Solvent) 

PVDF 
(g) 

TiO2 

(mg) 
CNT 
(mg) 

BiVO4 

(mg) 
NMP (mL) 

PVDF 4.375 – – – 20 
PT100 4.331 43.750 – – 20 
PTC2 4.331 42.875 0.875 – 20 
PTC5 4.331 41.560 2.190 – 20 
PTC10 4.331 39.375 4.375 – 20 
PTC15 4.331 37.188 6.5625  20 
PTB25 4.331 32.813 – 10.938 20 
PTB50 4.331 21.875 – 21.875 20 
PTB75 4.331 10.938 – 32.813 20 
PB100 4.331 – – 43.750 20 
PTCB25 4.331 31.938 0.875 10.938 20 
PTCB50 4.331 21.000 0.875 21.875 20 
PTCB75 4.331 10.061 0.875 32.813 20  
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system was kept at 10 ◦C for 3 h before storing it in distilled water 
overnight. Phase inversion took place in the coagulation bath between 
the water and NMP, resulting in the formation of pores. The surfactant 
was used to clean the pores and prevent pore blockage. Last, the mem
branes were cut to the required size for the ultrafiltration experiments. 

2.2.2. Membrane filtration experiments 
Filtration performance experiments were carried out using 1 g L− 1 

BSA solution as a model dairy wastewater (Ding et al., 2018) since this 
concentration represents a realistic protein content for dairy waste
water. The surface area of the membrane was 0.0035 m2 and the 
filtration experiments were conducted using a dead-end filtration cell 
(Millipore, XFUF04701, USA). Before carrying them out, ultrapure 
water was filtered through the given membrane for 30 min (0.1 MPa 
transmembrane pressure) for compaction, to achieve a constant water 
flux. In each experiment, the feed solution was let to pass through the 
membrane until the volume reduction ratio (VRR) reached five. The 
applied transmembrane pressure was 0.1 MPa and the filtration cell was 
stirred at 350 rpm. 

Flux recovery experiments were performed in the same reactor. After 
the filtration of BSA, the membranes were carefully flushed, and the 
water fluxes were measured. The fluxes were remeasured after 3 and 21 
h of UV (Lightech, λ = 360 nm, 10 W; for TiO2 and/or CNT-containing 
composites) or visible light (Lightech Vis, 10 W, for BiVO4-containing 
composites) irradiation to evaluate the efficiency of photocatalytic flux 
recovery. 

2.2.3. Characterization of membranes 
The porosity of membranes was determined by measuring the weight 

of the wet and dry membranes (Srivastava et al., 2011). First, the surface 
of the wet membrane was wiped to remove the water from the surface, 
then, the wet weight was measured immediately. Second, the wet 
membrane was dried for 12 h at 80 ◦C in a vacuum oven before 
measuring its dry weight. The porosity was obtained using Eqs. (1) and 
(2): 

Porosity=
W1 − W2

ρw × ​ VT ​
⋅100 (1)  

VT =
W1 − W2

ρw
+

W2
ρmd

(2)  

where W1 and W2 are the wet and dry weights, respectively, VT is the 
volume of the wet membrane (m3), ρw is the density of water (997 kg 
m− 3), and ρmd is the density of the dry membrane (1785 kg m− 3). 

The membranes’ pore sizes were obtained by calculating the mean 
pore radius (rm) using Eq. (3) (Ayyaru et al., 2019): 

rm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2.9 − 1.75 ∈)⋅8ηlQ

∈ ⋅ A⋅ P

√

(3)  

where ϵ is porosity (calculated by the method described above), A is the 
area of the membrane (m2); P is the transmembrane pressure (applied 
during the filtration of clean water), դ is the viscosity of the used water 
(8.9⋅10− 4 Pa s); Q is the measured water flux (m3⋅s− 1), and l is the 
thickness of the membrane (400 μm). 

Specific surface area measurements were performed for three 
modified membranes (neat PVDF, PT100 and PB100) by recording ni
trogen adsorption–desorption isotherms on a Quantachrome Nova 
3000e instrument at − 196 ◦C. The apparent surface areas (SBET) were 
calculated via the Brunauer–Emmett–Teller (BET) model. The total pore 
volumes (V) were derived from the amount of nitrogen adsorbed at 
different relative pressures (p/p0) presuming that the pores were filled 
with liquid nitrogen. The pore size distribution was calculated from the 
desorption branch of the isotherms using the Barrett–Joyner–Halenda 
(BJH) method. The average pore diameter was estimated by using Eq. 
(4): 

d =
4V
A

(4) 

For the description of the hydrophilicity of neat and modified 
membranes, contact angle measurements were carried out by using the 
sessile-drop method with an OCA15Pro contact angle meter (Data
physics, Germany). It was adjusted to drop 10 μL of ultrapure water onto 
the surface of membranes with a microsyringe. Subsequently, the image 
of the water droplet was taken with a digital camera, and the software 
(ImageJ) was used for image processing. Six parallel measurements were 
carried out. 

The morphology of the membranes’ surface was analyzed with a 
Hitachi S-4700 Type II scanning electron microscope (SEM) using 10 kV 
accelerating voltage. The elemental analysis of the fouled membrane 
was carried out with a Röntec X-Flash energy dispersive X-ray (EDX) 
detector (20 keV). The N/F ratio of the samples was calculated based on 
their N and F contents (calculated in both at% and wt% by the instru
ment) to reveal the coverage of BSA on the membranes. For these 
measurements, 200 mL of BSA solution (1 g L− 1) was filtered through 
the membrane, which was then dried and used without washing. 

X-ray diffraction (XRD) measurements were performed to determine 
the primary crystallite size of the nanoparticles in the membranes using 
a Rigaku MiniFlex II diffractometer. For this purpose, the equipment was 
operated at 30 kV and 15 mA using Cu-Kα radiation (λ = 0.015406 nm), 
and the XRD patterns were recorded between 20 and 40◦ (2θ◦). The 
primary crystallite sizes were calculated based on the Scherrer equation 
(HolzwarthGibson, 2011). 

The surface roughness was measured with a PSIA XE-100 atomic 
force microscope (AFM; South Korea; NC-AFM head mode, 10 × 10 μm 
scan size) by evaluating the Rq values. 

Fluxes were calculated by Eq. (5) as follows: 

J =
W
A⋅t

(5)  

where J is the flux (kg⋅m− 2⋅h− 1), W is the weight of permeate (kg), A is 
the effective surface area of the membrane (m2), and t is the time 
required to complete filtration (h). 

The VRR was obtained by Eq. (6): 

VRR=
V0

V0 − Vf
(6)  

where V0 and Vf are the initial and final volumes, respectively. 
The rejection of protein was obtained by Eq. (7): 

Rejection(%)=
c1 − c2

c1
× 100% (7)  

where c1 and c2 are the concentrations of contaminants before and after 
filtration, respectively. 

Membrane fouling was followed by calculating the filtration re
sistances using the resistance-in-series model. The total filtration resis
tance (Eq. (8)) was given as the sum of membrane resistance (RM) and 
reversible (Rr) and irreversible (Rir) resistances. These were calculated 
from the fluxes measured in clean membranes, fluxes after the filtration 
of BSA, and after rinsing the used membrane (Nascimben et al., 2020): 

RT =RM + Rr + Rir (8) 

Antifouling performance of the membranes (Eq. (9)) was evaluated 
based on the same experiment used for the calculation of flux recovery 
ratio (FRR): 

FRR=
Jc

J0
⋅100 (9)  

where J0 is the flux of pure water (L⋅m− 2 h− 1) before filtrating the BSA 
solution, and Jc is the flux of pure water after rinsing the used membrane 
(L⋅m− 2 h− 1). 
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Water permeability of the membranes were modeled by Hermia 
fouling models as presented in Supplementary Material S3. section. 

The concentration of BSA in the model dairy wastewater was 
measured before and after filtration by a spectrophotometric method. 
The measurement was based on recording the absorbance of BSA at a 
wavelength of 280 nm using a UV–visible spectrophotometer (Hitachi 
Co., U-2000, Japan). The concentration values were obtained from a 
calibration curve (Yan et al., 2021). 

COD of the samples was determined via the potassium–dichromate 
oxidation method. The samples (2 mL) were added to test tubes (Merck; 
in concentrations of 0–150 or 0–1500 mg L− 1) and digested for 2 h at 
150 ◦C (Lovibond, ET 108). Then, the absorbances were measured with a 
spectrophotometer (Lovibond PC-CheckIt). 

3. Results and discussion 

3.1. Characterization of membranes 

The crystalline structure of the samples was investigated by XRD 
measurements and patterns characteristic of TiO2, BiVO4, and multi
walled CNTs were expected to appear. It should be noted that their 
concentration was low, hence the calculations possess a 15% error 
margin (Fig. S2). The XRD patterns of the base PVDF membrane showed 
a major diffraction peak below 22◦ and some weaker signals at 25.28, 
26.98, 31.62, and 36.02◦. The first signal was removed to enhance the 
interpretability and readability of the figure. For CNTs the (002) crys
tallographic plane, which is the most intense one, can be located at 25.8◦

(JCPDS card. No. 96-101-1061). However, it overlapped with the other 
investigated compounds, hence no relevant information was found for 
CNTs. Diffraction peaks characteristic of monoclinic BiVO4 (JCPDS No. 
14–0688) were identified in PTBC50, PTB50, and PB100 with a primary 
crystallite size of 16.4 nm. The (101) plane of anatase TiO2 was clearly 
identifiable via the major diffraction peak at 25.38◦ (JCPDS No. 
21–1272). The calculated primary crystallite size was 20.4 nm (in 
accordance with that of Evonik Aeroxide P25 for anatase). In PTBC50 
and PTB50 the signals of TiO2 were particularly weak but visible via the 
signal at 25.38◦. 

For the determination of average pore sizes, two different methods 
were used. However, it is important to highlight that both methods have 
limitations. First, the calculations were based on flux measurements 
(Eqs. (1)–(3)), which are dependent not only on the pore size, but on the 
wettability of the membrane too. In order to reveal these effects, BET 
measurements were performed and the specific surface area and pore 
size distribution of the neat PVDF, PT100 and PB100 membranes were 
determined (Fig. 1). 

Based on the pore size distribution curves, many small pores could be 
observed, which probably did not have a role in filtration. However, 
their presence resulted in a lower average pore size than that obtained 

from other measurements. These results show that the presence of 
nanoparticles in PVDF had only a limited effect on the pore size 
distribution. 

The pore size and porosity values determined by Eqs. (1)–(3) and the 
wettability data are presented in Table 2. Higher porosities were 
calculated for the modified membranes (84.71–89.50%) compared to 
the pristine one (84.0%). PTCB50 showed the highest porosity with a 
value of 89.50%. The porosity and pore size results we obtained were 
close to the ones obtained by Hudaib et al., 2018. and Farahani and 
Vatanpour.,2018. 

The wettability of the membranes was determined by contact angle 
measurements (Table 2). The average contact angle value was 78.10 ±
5.99◦ for the pristine PVDF membrane. The wettability of all modified 
membranes was smaller than this value. This implies that the incorpo
rated TiO2 or BiVO4 nanoparticles increased the hydrophilicity of the 
PVDF membrane and resulted in higher water permeability. The contact 
angle of the membranes was also decreasing with the increasing con
centration of CNTs in TiO2/CNT, which resulted in an increased flux. 
Our results are in good accordance with the results of Yi et al. (2016). 
They showed that TiO2/CNT composites have higher hydrophilicity 
even than TiO2. Moreover, in CNT-containing composite membranes the 
open ends of CNTs, which are hydrophobic, might create strong bonds 
with the fluoride ions in PVDF resulting in highly hydrophilic mem
branes (Wang et al., 2015; Dhand et al., 2019). The contact angles of all 
BiVO4-modified membranes were also lower than that of the pristine 
membrane. This was expected due to the hydrophilic nature of pure 
BiVO4 (Pi et al., 2021), similarly to the results of TiO2-modified 
membranes. 

The water fluxes of the membranes are shown in Table 2. All nano
composite membranes exhibited higher flux than that of the pristine 
PVDF membrane. The best results were obtained for the BiVO4-con
taining membranes. Although the water flux of PVDF-TiO2/CNT 
increased with increasing CNT content, the addition CNTs in 2% slightly 
decreased water fluxes for both TiO2 and BiVO4 composites. 

Five membranes (PVDF, PT100, PB100, PTB50 and PTBC50) were 
selected to study their morphology. AFM measurements revealed 
(Fig. 2a and Table 3) that the nanocomposite membranes had slightly 
rougher surfaces than that of the neat PVDF membrane. This can be 
explained by the presence of aggregated (200–300 nm) nanoparticles on 
the surface. Although the primary crystallite sizes were in the range of 
10–25 nm (according to XRD results), SEM micrographs revealed that 
both TiO2 and BiVO4 particles were present as aggregates in the mem
brane material (Table 3). 

The pristine PVDF membrane showed a good rejection for BSA 
(99.79 ± 0.09%) and BSA expressed in COD (99.75 ± 0.08) (Table 2). 
The rejection performances of modified membranes were slightly lower 
than that of the pristine PVDF membrane; however, they were still above 
97% for BSA and 96% for COD. The lower rejection values may be 
explained by the change in the distribution of BSA on the surface (Fig. 2b 
and Table 3). The proteins may have covered a relatively large area of 
the neat PVDF membrane, resulting in a relatively high N/F ratio 
(Fig. 2b.) obtained from EDX measurements. As a “protein layer” is 
developed on the surface of the membrane, it acts as an additional filter, 
“trapping” most of the BSA molecules. In composite membranes, the 
BSA formed smaller and more compact particles, leaving more uncov
ered areas on the surface. This is supported by the decreased N/F ratio 
too. Without the “protein layer”, more BSA molecules can get across the 
membrane, resulting in decreased rejection. Although there is an inverse 
correlation between surface roughness and protein coverage, the shape 
of BSA molecules on the surface makes the following explanation 
plausible: the addition of nanoparticles changes surface charge, which 
affects the binding of BSA to the surface, rather than the morphology of 
the surface. 

Fig. 1. Pore size distributions of neat and composite membranes determined by 
the BJH approach from the BET adsorption–desorption isotherms. 
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3.2. Fouling mitigation and regeneration of nanocomposite membranes 

The filtration resistances of the membranes, caused by the filtration 
of BSA solutions, were described by calculating their total resistances 
(RT), membrane resistances (RM), irreversible resistances (Rir), and 
reversible resistances (Rr). The results are summarized in Fig. 3a–c. The 
highest total resistance was observed for the pristine PVDF membrane, 
and in comparison, all modified membranes were more beneficial in 
terms of irreversible fouling. This may be explained by the lower surface 
charge of the modified membranes as it was observed for TiO2-modified 
PVDF membranes also by Man et al. (2020). Negatively charged surfaces 
leads to the repulsion of negatively charged BSA, preventing protein 
fouling. Moreover, the water flux exhibited an increasing trend with 
increasing CNT concentration in case of PTC2-PTC15 membranes 
(Table 2, Fig. 3a), which can be explained by the increased hydrophi
licity confirmed by contact angle measurements. The lowest total 
resistance was achieved for PTC2, that is, the TiO2/CNT composite 
membrane with 2% CNT content. This means that this CNT concentra
tion had to be used to achieve the best fluxes and the lowest irreversible 
resistance during the filtration of BSA. Increasing CNT loading increased 
fouling, which probably can be explained by the hydrophobic nature of 
CNTs that may adsorb the hydrophobic parts of protein molecules. 

In the next series of experiments the effect of BiVO4 addition on 
fouling mitigation was examined. The addition of BiVO4 nanoparticles 
considerably reduced filtration resistance (Fig. 3b) and had a slightly 
more beneficial effect than TiO2 addition. Fig. 3c shows the filtration 
PVDF-TiO2/CNT/BiVO4 composites with different BiVO4 and 2% CNT 
content. Similarly to the previous experiments, the addition of CNTs in 
2% resulted in the best performance. BiVO4 addition decreased total 
filtration resistance during the filtration of BSA (except for PTCB75), but 
irreversible resistances slightly increased in the presence of BiVO4. 

FRR values of nanocomposite membranes are very informative to 
evaluate their cleanability. Thus, these values were calculated and the 
results are presented in Fig. 3d–f. For the regeneration of TiO2/CNT 
composites, UV light was used as TiO2 can only be exited efficiently by 
it. Water flux increased with increasing CNT concentration, but the 
fouling pattern was different, as the irreversible fouling was more 
extended. This phenomenon was also observed in the cleanability of the 
membranes. Membranes with higher CNT content were less cleanable by 
UV radiation; PT100 and PTC2 provided the highest FRR (Fig. 3d). 

BSA-fouled BiVO4-containing membrane surfaces were regenerated 
by using visible-light-induced photocatalytic purification (Fig. 3e). The 
restoration of flux for all BiVO4-based membranes was more efficient 
than that for the pristine PVDF membrane, even without utilizing the 
photocatalytic effect of BiVO4. In the case of photocatalytic regenera
tion, it was revealed that the mixed PVDF-TiO2/BiVO4 composites had 
better performance than that of PVDF-BiVO4. The regeneration perfor
mance increased with increasing BiVO4 concentration, as was expected 
due to its photocatalytic activity under visible light. However, the 
presence of TiO2 is necessary to reach superior performance. Regener
ation of BSA-fouled PVDF-TiO2/CNT/BiVO4 membrane surfaces with 
visible-light-induced photocatalytic purification is demonstrated in 
Fig. 3f. The restoration of flux for CNT/BiVO4-containing membranes 
was better than that for BiVO4-containing membranes without photo
catalysis. However, the presence of CNTs decreased the efficiency of 
photocatalytic regeneration, probably due to the light absorption of 
CNTs. 

4. Conclusions 

This work aimed to produce hybrid nanocomposite PVDF mem
branes by the addition of TiO2, and/or CNT, and/or BiVO4, and to 

Table 2 
Characteristics of neat PVDF membrane and membranes modified with TiO2 and BiVO4 and CNTs.  

Membrane type Porosity (%) Mean pore size (nm) Contact angle (◦) Water flux (L⋅m− 2⋅h− 1) Rejection (%) 

BSA COD 

PVDF 84.00 ± 0.00 30.04 ± 0.04 78.10 ± 5.99 67.22 ± 0.7 99.79 ± 0.09 99.75 ± 0.08 
PT100 85.30 ± 0.02 33.43 ± 0.58 73.45 ± 4.30 85.63 ± 0.66 98.87 ± 0.60 99.74 ± 0.09 
PTC2 85.43 ± 0.06 33.52 ± 0.21 71 ± 5.3 82.23 ± 0.09 98.89 ± 0.10 99.34 ± 0.12 
PTC5 85.73 ± 0.03 32.81 ± 0.19 67.45 ± 3.50 81.07 ± 0.05 97.45 ± 0.34 97.05 ± 0.34 
PTC10 84.93 ± 0.01 36.31 ± 0.24 66.05 ± 7.00 92.26 ± 0.08 98.55 ± 0.25 98.13 ± 0.6 
PTC15 86.82 ± 0.07 40.78 ± 0.17 65.67 ± 5.00 110.78 ± 0.07 98.79 ± 0.28 96.98 ± 0.2 
PTB25 86.54 ± 0.00 40.85 ± 2.97 69.68 ± 3.24 131.79 ± 2.07 97.09 ± 0.16 96.88 ± 0.09 
PTB50 85.59 ± 0.00 44.61 ± 8.00 62.3 ± 4.24 153.56 ± 1 97.75 ± 0.03 97.48 ± 0.15 
PTB75 84.80 ± 0.00 34.87 ± 0.00 71.35 ± 2.73 92.06 ± 1.2 98.01 ± 0.09 94.96 ± 0.02 
PB100 83.38 ± 0.00 47.33 ± 0.11 76.53 ± 2.42 163.87 ± 3.23 98.01 ± 0.0 96.68 ± 0.75 
PTCB25 85.35 ± 0.00 43.00 ± 0.03 72.74 ± 2.58 141.78 ± 2.51 98.88 ± 1.0 98.31 ± 0.25 
PTCB50 89.50 ± 0.00 34.50 ± 0.00 69.875 ± 5.01 150.52 ± 2.04 97.10 ± 0.77 95.51 ± 0.15 
PTCB75 84.71 ± 0.00 26.12 ± 0.00 69.53 ± 2.39 86.27 ± 1.09 97.75 ± 0.09 96.72 ± 0.11  

Fig. 2. (a) Surface roughness of neat PVDF and composite membranes; (b) N/F ratio in the fouled membrane.  
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investigate their antifouling performance during the filtration of a model 
dairy wastewater (BSA solution). Another goal of this study was to 
examine the regeneration performance of the fouled membranes under 
UV or visible light. 

PVDF-TiO2/CNT/BiVO4 membranes were fabricated by a phase 
inversion method. XRD and SEM measurements revealed that the 
nanoparticles were present as 200–300 nm-sized aggregates in the 
membrane, which increased the roughness of composite membranes. 
Nevertheless, the hybrid membranes showed excellent antifouling 
properties, higher flux, and lower filtration resistance than those of the 
pristine membrane. It was deduced that the protein molecules could not 
“expand” on the surface; thus, they covered only a relatively small area 
of the composite membranes compared to the neat PVDF membrane. 
The addition of TiO2 resulted in better performance than that of the neat 
membrane. This could be further enhanced by the addition of CNTs, 

which resulted in enhanced hydrophilicity and filtration performance. 
The best results were obtained by adding CNT in 2% since higher con
centrations increased irreversible fouling. The addition of both BiVO4 
and TiO2 resulted in composite membranes with better performance 
than that of composite membranes containing only TiO2 or BiVO4. The 
best antifouling performances were obtained for the PVDF-TiO2/CNT/ 
BiVO4 composites. The best sample was the one where the ratio of 
nanoparticles used was 2 wt% CNT and 50 -50 wt% TiO2 and BiVO4 
respectively. However, the best performance in terms of regeneration 
under visible light was achieved for the PVDF-TiO2/BiVO4 composites. 
Composite membranes exhibited comparable, but slightly lower BSA 
and COD rejections than those of the pristine membrane. 

Table 3 
AFM and SEM micrographs of the surface of the membranes.  

Mem-brane AFM micrographs SEM micrographs of the top of the membranes SEM micrographs of BSA-fouled membranes 

PVDF 

PT100 

PB100 

PTB50 

PTBC50 
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