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Abstract
This comparative study investigates the modification of polyvinylidene fluoride (PVDF) membranes with different nanopar-
ticles (TiO2 or TiO2-based composites containing BiVO4 and/or CNT), using three distinct methods (blending, coating, and 
grafting) and polyvinylpyrrolidone (PVP). The objective was to enhance the photocatalytic and filtration performance for 
the separation of oil-in-water emulsions. Regarding the UV activity, the PVDF-TiO2/CNT/PVP-coated membrane presented 
the best performance. Overall, the addition of 2 wt.% CNT to the TiO2 notably enhanced the photocatalytic activity of the 
membranes for both UV and visible irradiations. Meanwhile, the presence of 2 wt.% BiVO4 was beneficial only for photoca-
talysis under visible light irradiation. Regarding the filtration of the oil-in-water emulsions, 2 wt.% CNT or BiVO4 addition 
resulted in the highest fluxes in the series of the PVDF-TiO2-grafted membranes. The presence of pore former PVP led to 
relatively high fluxes and photocatalytic activities for all series. Regarding the modification methods, coated membranes 
showed the highest photocatalytic efficiency and lowest fluxes. Grafted membranes showed relatively high photocatalytic 
efficiencies and the best filtration performances.

Keywords  Membrane filtration · Membrane modification · Nanomaterials · Oil-in-water emulsion · Phase inversion · 
Photocatalytic activity

Introduction

Oily wastewater pollution is a pressing environmental con-
cern that demands effective treatment strategies to safeguard 
water resources. Conventional methods, including physical 
separation, chemical coagulation, and biological processes, 
have limitations in the elimination of oily contaminants and 
often face challenges related to membrane fouling. Conse-
quently, novel approaches integrating advanced materials 
have garnered substantial attention in recent years (Liang 
et al. 2022; Nielsen et al. 2023; Nouzaki et al. 2023; Padaki 
et al. 2015; Yalcinkaya et al. 2020).

Membrane-based processes have emerged as promising 
techniques for oily wastewater treatment due to their high 
separation efficiency, low energy consumption, and ease 
of operation (Syarifah et al. 2017; da Motta et al. 2013; 
Nascimbén Santos et al. 2020; Munirasu et al. 2016; Ong 
et al. 2013). Polyvinylidene fluoride (PVDF)—a widely 
used polymer in membrane fabrication—exhibits excellent 
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chemical resistance, thermal stability, and mechanical 
strength, but the inherent hydrophobicity and narrow pore 
size distribution of PVDF membranes limit their applica-
tion in oily wastewater treatment, primarily due to foul-
ing issues (Safari et al. 2019; Samsudin et al. 2018; Back 
et al. 2019). To overcome this limitation, researchers have 
explored various modification strategies.

The utilization of photocatalytic nanoparticles in mem-
brane technology is a promising way to enhance the per-
formance of membrane-based oily wastewater treatment. 
Among the various photocatalytic nanoparticles, titanium 
dioxide (TiO2) and bismuth vanadate (BiVO4) have dem-
onstrated remarkable photocatalytic activity and compat-
ibility with membrane systems. These nanoparticles pos-
sess unique physicochemical properties that enable the 
efficient degradation of oil contaminants under illumina-
tion, offering a promising approach to mitigate fouling 
problems and improve treatment efficiency (Hemavibool 
et al. 2022; Mesa et al. 2020; Tang et al. 2023; Arast et al. 
2023; Zhang et al. 2021).

TiO2 is a widely studied photocatalyst known for its 
excellent chemical stability, strong oxidative properties, and 
photoactive behavior under UV light irradiation (Leong et al. 
2014; Zangeneh et al. 2018; Deng et al. 2021; Venkatesh 
et al. 2016, 2020; Benhabiles et al. 2019). BiVO4 possesses 
a narrower bandgap, allowing it to efficiently absorb vis-
ible light, which comprises a significant portion of solar 
radiation. This property may enable BiVO4 to harness 
solar energy more effectively for oil degradation (Wetch-
akun et al. 2015; Zalfani et al. 2015; Song et al. 2017; Arast 
et al. 2023). Carbon nanotubes (CNTs), with their unique 
nanostructure and excellent electron transport properties, 
facilitate efficient charge carrier separation and suppress 
the recombination of electrons and holes; therefore, they 
can be used in composites to enhance photocatalytic activ-
ity (Sisay et al. 2023; Veréb et al. 2019; Fekete et al. 2023; 
Liu et al. 2017; Venkatesh et al. 2020). When combined 
in various proportions, TiO2, BiVO4, and CNTs can syn-
ergistically enhance the performance of PVDF membranes 
used for the treatment of oily wastewater. The incorporation 
of these nanomaterials provides additional functionalities 
such as photocatalytic degradation of organic contaminants, 
increased hydrophilicity, improved antifouling properties, 
and enhanced mechanical strength (Sisay et al. 2022, 2023; 
Arast et al. 2023). Additionally, their unique properties 
allow for the generation of reactive oxygen species under 
illumination, which promotes the degradation of organic 
pollutants. Our research group (Nascimben Santos et al. 
2020) has investigated the use of TiO2- and BiVO4-coated 
membranes for the treatment of oily wastewater and found 
that the nanocomposite constituents enhanced the membrane 
performance. Fekete et al. (Fekete et al. 2023) successfully 
enhanced the flux of oil-in-water emulsion filtration when 

using TiO2/CNT2%-coated membranes and the recovery of 
the membrane after photocatalytic regeneration.

The different methods for incorporating photocatalytic 
nanoparticles into membranes (i.e., blending, coating, and 
grafting) also reveal the distinct advantages and limitations 
of each approach (Kalantari et al. 2014; Nascimbén Santos 
et al. 2020; Gokulakrishnan et al. 2021). Blending involves 
the homogeneous dispersion of nanoparticles within the 
membrane matrix, resulting in improved photocatalytic 
activity and oil degradation efficiency. It is a simple and 
cost-effective approach with good compatibility between 
the polymer matrix and nanoparticles (Mahdavi et al. 2020; 
Mansourizadeh and Azad 2014; Ali et al. 2014; Nascim-
ben Santos et al. 2022). Coating, on the other hand, entails 
the deposition of a thin layer of nanoparticles onto the 
membrane surface, enhancing oil rejection rates and mem-
brane performance (Lenac et al. 2022; Chen et al. 2021; 
Kovács et al. 2018; Tang et al. 2023); however, the durabil-
ity of these coated membranes is limited. Grafting involves 
anchoring nanoparticles onto the membrane surface, offering 
strong adhesion and stability, preventing nanoparticle leach-
ing during operation, and providing enhanced photocatalytic 
performance and improved fouling resistance. Its disadvan-
tage is that it introduces additional steps and chemical rea-
gents into the membrane preparation process (Yalcinkaya 
et al. 2020; Sun et al. 2018; Yang et al. 2014; Zhao et al. 
2014; Madaeni et al. 2011).

Despite the progress made in the field of membrane fil-
tration, several knowledge gaps and challenges remain to be 
addressed. Further investigation is needed to determine the 
optimal proportions of TiO2, BiVO4, and CNT constituents 
in the membrane matrix to achieve the desired photocata-
lytic performance (Sisay et al. 2023, 2022). Comparative 
studies have demonstrated varying effects of nanoparticle 
ratios on membrane performance, emphasizing the need for 
a systematic evaluation (Liu et al. 2011; Matos et al. 2016; 
Nascimben Santos et al. 2022; Ahmad et al. 2016).

In addition to the incorporation of photocatalytic nano-
particles, the use of polyvinylpyrrolidone (PVP) as a mem-
brane modifier has also gained attention due to its ability 
to enhance membrane performance. PVP, a water-soluble 
polymer, can improve membrane hydrophilicity, antifouling 
properties, and oil–water separation efficiency (Ghelich et al. 
2019; Nascimben Santos et al. 2022; Tofighy et al. 2021; 
Mahdavi et al. 2020; Back et al. 2019; Zhou and Xi 2007; 
Yoo et al. 2004).

All the mentioned nanomaterials have already proved to 
be beneficial in different conditions (different immobiliza-
tion methods, irradiations, etc.). Hence, this study aims to 
compare the advantages and the limitations of different 
immobilization methods (blending, coating, and grafting) 
of TiO2, TiO2/CNT, TiO2/BiVO4, and TiO2/BiVO4/CNT 
nanoparticles in/on PVDF membranes. The addition of 



64580	 Environmental Science and Pollution Research (2024) 31:64578–64595

PVP was also evaluated in the case of PVDF membranes 
blended, coated, or grafted with TiO2/CNT. Photocatalytic 
activities were compared under different irradiations (UV, 
visible, and simulated solar), and the membrane filtration 
of an oil-in-water emulsion was also investigated in detail.

Material and methods

Fabrication of neat membranes

Neat membranes were fabricated using the phase inver-
sion with immersion precipitation method. First, 6.0 g 
(15 wt.%) of PVDF (Alfa Aesar™, 64.03 kDa, Kandel, 
Germany) was dried in an oven at 80 °C for 4 h in a glass 
vessel. Then, 40 g of dope solution was fabricated by the 
addition of 33.1 mL (85 wt.%) of N-methyl-2-pyrrolidone 
(NMP; Molar Chemicals Kft., 1.028  g  mL–1 density, 
Halásztelek, Hungary) solvent into the dried PVDF-con-
taining glass vessel. The solutions were stirred for 20 h at 
20 rpm and 60 °C, followed by 30 min in an ultrasonica-
tion bath (Shanghai ZX Trading Co., LT PS-60A, Shang-
hai, China) at maximal amplitude. After that, the solu-
tion was aged for 24 h in the dark at 60 °C to ensure the 
complete removal of bubbles formed during the previous 
20-h-long stirring and ultrasonication.

The dope solutions were set aside until room tempera-
ture was reached, and then they were cast on a glass plate 
at 200 μm thickness using a casting knife (BGD205 type, 
160 mm wide, Biuged Laboratory Instruments Ltd., Guang-
zhou, China). The partial solvent/non-solvent exchange was 
done by setting aside the glass plate for 30 s for evaporation. 
Then, the glass plate was immersed into a non-solvent bath 
containing ultrapure water (PureLab chorus, ELGA, Veolia, 
Celle, Germany) and 3 g L–1 sodium lauryl sulfate surfactant 
(Molar Chemicals Kft., Halásztelek, Hungary) at 20 °C for 
60 min. The surfactant was used to reduce the surface ten-
sion at the interface of the polymer and the non-solvent 
bath, ensuring the formation of a more porous structure, as 
observed in previous studies (Safari et al. 2019; Arthana-
reeswaran et al. 2010; Srivastava et al. 2011; Nascimben 
Santos et al. 2022). After that, the membrane was washed 
with ultrapure water and kept for 48 h in an ultrapure water 
bath at room temperature and then dried at room temperature 
prior to the experiments.

Although only one membrane of each type was fabricated 
for this study, the experiments demonstrate reproducibility 
based on our previous work (Nascimben Santos et al. 2022). 
In that study, over 50 membranes were fabricated in random 
order, and a comprehensive statistical analysis using central 
composite design confirmed that the synthesis protocol is 
both reproducible and reliable.

Modification of membranes

The membranes were modified with commercial TiO2 
(Aeroxide P25, Evonik Industries, Hanau-Wolfgang, 
Germany; d = 25–39 nm), our own BiVO4 (following the 
methodology described in a previous study of our research 
group (Nascimben Santos et  al. 2020)), and commer-
cial CNT (Nanothinx NTX1, Patra, Greece; l ≥ 10 μm; 
d = 15–35  nm) nanomaterials, while PVP (Sigma-
Aldrich®, 40 kDa, Saint Louis, MI, USA) was used as 
a pore former. All the materials were dried in an oven at 
80 °C for 4 h in glass vessels prior to the experiments. 
The composites of the three nanomaterials (TiO2, BiVO4, 
CNT) were prepared by grinding them together in calcu-
lated amounts in an agate mortar for 15 min. BiVO4 was 
applied in two different ratios (2 and 20 wt.%), while CNT 
was applied in 2 wt.%, as it was found to be the most ben-
eficial ratio in a previous study about TiO2/CNT-coated 
membranes (Fekete et al. 2023). Therefore, 100%-TiO2, 
98%-TiO2/2%-BiVO4, 98%-TiO2/2%-CNT, 80%-TiO2/20%-
BiVO4, and 78%-TiO2/20%-BiVO4/2%-CNT-composite-
modified membranes were prepared. The combinations of 
the materials and the arrangement of the membranes are 
presented together with the results in Table 1.

The blended membranes were fabricated following the 
same method described in our previous study (Nascimben 
Santos et al. 2022). The additive (PVP) and the nanoma-
terials were incorporated into the membrane matrix. For 
the PVP-containing membranes, 1 wt.% of the additive 
was added to the NMP solvent and ultrasonicated for 2 min 
(UP200S, Hielscher, Teltow, Germany). Then, nanocompos-
ites containing different ratios of TiO2, BiVO4, and CNT 
were added into the solution in 1 wt.% according to Table 1. 
The suspensions were ultrasonicated again for 2 min before 
the addition of the dried PVDF polymer. After that, the 
dope solutions were stirred and ultrasonicated following the 
same method used for preparing the neat membrane detailed 
above. Last, the membranes were also cast using the same 
methodology.

For the fabrication of coated membranes, 1 wt.% 
amounts of the given nanomaterials were immobilized 
by physical deposition onto the surface of the previously 
fabricated neat PVDF membranes. The amount of com-
posite needed was calculated in such a way as to ensure 
the same quantity was used in all the membranes, making 
them comparable. A total of 10 mg of the nanomaterial(s) 
was suspended in 100 mL of 2-propanol and dispersed for 
2 min with a high-power ultrasonic homogenizer (200 W, 
24 kHz, amplitude = 1, cycle = 100%, Hielscher UP200S, 
Teltow, Germany) combined with intense magnetic stir-
ring. Then, the suspensions were filtered through the 
PVDF membranes using a batch-stirred membrane reactor 
(Millipore, XFUF07601, Burlington, MA, USA), using 
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0.3 MPa transmembrane pressure. Finally, the membranes 
were dried in the air at room temperature.

To fabricate the grafted membranes, we followed the 
steps described in the study of Madaeni et al. (Madaeni 
et  al. 2011). Firstly, 20  g of polymerization solution 
was fabricated: 20 wt.% acrylic acid monomer (Sigma-
Aldrich, anhydrous, 99%, Saint Louis, MI, USA) and 
75.35 wt.% water were mixed and stirred for 5 min. Then, 
1 wt.% (0.2 g) of the given nanomaterial was added, and 
the suspension was stirred for 5 more minutes, followed 
by 10 min of ultrasonication. As the next step, 2.65 wt.% 
ethylene glycol cross-linker (Scharlab Magyarország Kft., 
analytical grade, Debrecen, Hungary) and 1 wt.% potas-
sium persulfate initiator (Scharlab Magyarország Kft., 
analytical grade, Debrecen, Hungary) were added, fol-
lowed by stirring and ultrasonication for further 10 min. 
The solution was poured into a glass container, and the 
PVDF membranes were dipped in it. The system was 
mixed in a shaking machine (Medline Scientific Limited 
BS-11, Rotherham, UK) for 30 min at a shaking speed 
of 80 rpm at room temperature. The membranes were 
placed on a glass plate and then irradiated with UV-C 
light (Philips, 2 × 18 W; Pila, Poland) for 30 min. In the 
end, the grafted membranes were dried for 4 h at 60 °C.

Membrane characterization

Contact angle measurements (Dataphysics Contact Angle 
System OCA15Pro, Filder-stadt, Germany) were carried out 
to characterize the hydrophilicity of the membrane surfaces. 
A 10 μL volume of ultrapure water was carefully dropped 
onto the surfaces, and the contact angles formed between 
the given membrane and the ultrapure water droplet were 
measured immediately (within 1 s). The measurements were 
repeated four times, and the results were averaged.

In addition, some of the fabricated membranes were also 
characterized by field emission scanning electron micros-
copy (FESEM, Hitachi S-4700 Type II, Krefeld, Germany). 
The applied acceleration voltage was 10 kV. The membranes 
were dried and coated with gold before analysis.

The photocatalytic activities of the membranes were 
determined by the photocatalytic decolorization of 100 mL 
of methyl orange (MO) solution (Sigma-Aldrich, Chemie 
GmbH, Saint Louis, MI, USA; 10–5 M = 3.27 mg L–1) in a 
photoreactor equipped with a UV-A lamp (Sylvania F18W/
BLB-T8, Blacklight-Blue, 2 × 18W, Erlangen, Germany). 
First, the membrane submerged in the dye solution was 
kept in the dark overnight to reach steady-state adsorption. 
After stabilization, the UV lamp was turned on (time 0), and 

Table 1   Composition of the 
investigated membranes (N, 
neat; T, TiO2; B2, 2 wt.% 
BiVO4; B20, 20 wt.% BiVO4; C, 
2wt.% CNT; -Bl, blended; -Co, 
coated; -Gr, grafted; -PVP, 1 
wt.% polyvinylpyrrolidone)

Modifica-
tion method

Membrane type Ratio of 
TiO2:BiVO4:CNT

PVDF PVP TiO2 BiVO4 CNT NMP
wt.% (40.0 g total)

Blended N-Bl 0:00:00 15 0 0 0 0 85
T-Bl 100:00:00 15 0 1 0 0 84
TB2-Bl 98:02:00 15 0 0.98 0.02 0 84
TC-Bl 98:00:02 15 0 0.98 0 0.02 84
TB20-Bl 80:20:00 15 0 0.8 0.2 0 84
TB20C-Bl 78:20:02 15 0 0.78 0.2 0.02 84
TC-Bl-PVP 98:00:02 15 1 0.98 0 0.02 83

Coated N-Co 0:00:00 15 0 0 0 0 85
T-Co 100:00:00 15 0 1 0 0 84
TB2-Co 98:02:00 15 0 0.98 0.02 0 84
TC-Co 98:00:02 15 0 0.98 0 0.02 84
TB20-Co 80:20:00 15 0 0.8 0.2 0 84
TB20C-Co 78:20:02 15 0 0.78 0.2 0.02 84
TC-Co-PVP 98:00:02 15 1 0.98 0 0.02 83

Grafted N-Gr 0:00:00 15 0 0 0 0 85
T-Gr 100:00:00 15 0 1 0 0 84
TB2-Gr 98:02:00 15 0 0.98 0.02 0 84
TC-Gr 98:00:02 15 0 0.98 0 0.02 84
TB20-Gr 80:20:00 15 0 0.8 0.2 0 84
TB20C-Gr 78:20:02 15 0 0.78 0.2 0.02 84
TC-Gr-PVP 98:00:02 15 1 0.98 0 0.02 83
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samples were taken at regular intervals (time t) during the 
24-h-long experiments. The absorbances were recorded with 
a spectrophotometer (Biochrom Biowave II + , Cambridge, 
UK) at λ = 466 nm. The same experiments were also carried 
out using visible light (Tungsram FT8-18W-840; 2 × 18 W, 
Nagykanizsa, Hungary) and simulated solar light (Sylvania 
18W-Activa172; 2 × 18 W, Erlangen, Germany).

To describe the photocatalytic efficiency, we calculated 
the decolorization rate (ϵ) by the following equation:

where Abs0 and Abst are the absorbances of the dye solution 
measured when the lamp was turned on (time 0) and after a 
certain time of irradiation (time t), respectively.

It is known that the decolorization of methyl orange with 
a low initial concentration follows pseudo-first-order kinet-
ics; therefore, it can be described by the Langmuir–Hinshel-
wood kinetics law (Neghi et al. 2019; Hir et al. 2017; Chen 
et al. 2018; Barka et al. 2008; Benhabiles et al. 2019), using 
the following equation:

where Abs0 and Abst are the absorbances of the dye solution 
measured after reaching the steady state (time 0) and after 
a certain time of irradiation (time t), respectively, k0 is the 
initial apparent first-order kinetics rate constant expressed 
by the slope of the graph (h–1), and t is the reaction time (h). 
For the calculation of kinetics, we considered only the first 
8 h of the experiment where the suppression of the photo-
catalytic decolorization by the oxidation by-products is less 
significant. Then, the initial pseudo-first-order reaction rate 
(r0) was calculated considering the initial concentration (C0) 
and k0:

Preparation of oil‑in‑water emulsions

The used crude oil was provided by a South Hungarian 
oil producer company. The preparation of oil emulsions 
(coil = 100 mg L–1) was carried out by adding 1 wt.% crude 
oil to ultrapure water followed by rigorous mixing (Skil 
F0151415AC, Teuchern, Germany; 35000 rpm, 30 s) and 
10 min of ultrasonic homogenization (Hielscher UP200S, 
Teltow, Germany) at 24 kHz frequency (using maximal 
amplitude and cycle). A constant temperature of 25 °C was 
set by circulating water in the thermostat jacket of the dou-
ble-walled glass reactor. The oil droplets of the prepared 

(1)� =
Abs

0
− Abst

Abs
0

× 100 [%]

(2)��

(

Abst

Abs
0

)

= −k × t

(3)r
0
= k

0
× C

0
[mgL−1h−1]

oil-in-water emulsion had a diameter of 50–1500 nm with 
an average droplet size of ~ 500 nm (determined by dynamic 
light scattering measurements).

Filtration experiments

All the membranes were soaked in pure water for 3 h 
before starting the filtration process. First, ultrapure water 
was filtered in a batch-stirred dead-end membrane reactor 
(Millipore XFUF07601, Burlington, MA, USA), which 
was equipped with the given wet membrane (active filtra-
tion area: 36.2 cm2). The water was filtered by applying 
100 kPa transmembrane pressure and 250 rpm stirring for 
30 min to reach a steady state and ensure the compac-
tion of the membranes. Then, the pure water flux (Jw) was 
recorded with a computer-controlled scale at predeter-
mined intervals.

The fluxes (J) were calculated as follows:

where J is the permeation flux (L m−2 h−1), ΔV is the perme-
ate volume (L), A is the effective membrane area (m2), and 
Δt is the sampling time interval (h).

After the determination of pure water flux, 250 mL of 
oil emulsion was added to the reactor and filtered until 
200 mL of permeate was obtained (volume reduction ratio: 
VRR = 250/(250–200) = 5). During this, the flux was con-
tinuously measured (Joil). Purification efficiencies were 
additionally determined by measuring the chemical oxygen 
demand (COD) using a standard potassium-dichromate oxi-
dation-based method, with standard test tubes (Hanna Instru-
ments, Szeged, Hungary). The digestions were carried out in 
a COD digester (Lovibond, ET 108, Dortmund, Germany) 
for 2 h at 150 °C, and the COD values were measured with 
a COD photometer (Lovibond COD Vario, Dortmund, Ger-
many). After achieving the VRR of 5, we rinsed the mem-
brane with pure water and measured the water flux again to 
check its recoverability (Jafter).

Filtration resistances represent factors that impede flow 
through membranes; therefore, they are crucial to evaluate 
the performance of the membranes (Kasemset et al. 2013; 
Wu et al. 2018; Kovács et al. 2018; Gokulakrishnan et al. 
2021). The resistance of the membrane (RM) is characteristic 
of its material and structure, which was calculated as

where Δp is the applied transmembrane pressure [Pa], ηW 
is the viscosity of the water [Pa s], and JW is the pure water 
flux of the membrane.

(4)J =
ΔV

A × Δt
[Lm−2h−1]

(5)RM =
Δp

JW × �W

[

m−1
]
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Irreversible filtration resistance (RIrrev) originates from con-
taminants irreversibly attached to the pores and surface, which 
cannot be easily removed. RIrrev was determined according to 
the water flux (Jafter) measured after the filtration of the oil 
emulsion and the purification of the used membrane (carried 
out by intense rinsing with pure water):

Reversible filtration resistance (RRev)—caused by non-
attached, easily removable oil droplets and concentration 
polarization—was calculated as

where ηoil is the viscosity of the emulsion and Joil is the flux 
of the oil emulsion at VRR = 5.

Total filtration resistance (RT) can be calculated as the sum 
of the previously detailed resistances, in accordance with the 
resistance-in-series model:

To evaluate the fouling resistance of the membranes in 
different conditions, we also calculated the flux decay ratios 
(FDRs) and flux recovery ratios (FRRs):

(6)R����� =
Δp

Jafter × �W
− RM

[

m−1
]

(7)R��� =
Δp

Joil × �oil
− RIrrev − RM

[

m−1
]

RT = RM + RIrrev + RRev

[

m−1
]

(8)��� =
Jw − Joil

Jw
× 100 [%]

(9)��� =
Jafter

Jw
× 100 [%]

Results and discussion

Membrane characterization

Figure 1 shows the main results of the contact angle meas-
urements that are also presented in Table 2, demonstrating 
that all nanocomposite membranes exhibited lower contact 
angles compared with the neat ones. The contact angles 
of the neat membranes were between 80 and 90°, which is 
in good accordance with other studies (Acarer et al. 2021; 
Zhang et al. 2022; Hudaib et al. 2022). In general, the coated 
membranes resulted in the lowest contact angles, but it is 
important to note that this outcome does not necessarily 
guarantee improved filtration performance. Other factors 
come into play, such as the potential clogging of nanoparti-
cles within the membrane pores or the formation of a com-
pact cake layer containing the nanoparticles. These factors 
can reduce the fluxes of membranes. A more detailed and 
comprehensive analysis of these effects will be presented 
and explained in the following section.

In general, the grafted membrane had a lower contact 
angle in comparison with the blended membranes. This is 
certainly related to the higher nanoparticle content on the 
surface of the grafted membranes (while in the blended 
membranes, the nanoparticles are spread in the whole 
membrane matrix). This result can also be attributed to the 
introduction of carboxyl groups with the acrylic acid used 
in the grafting method, which enhanced the hydrophilicity 
of the membranes, promoting the wetting of the surface, as 
reported in several studies (Madaeni et al. 2011; Liang et al. 
2013). However, interestingly, the addition of PVP reduced 
the contact angles for the blended membranes but increased 
them for the grafted membranes. This can be explained by 

Fig. 1   Water contact angles of 
the investigated membranes (N, 
neat; T, TiO2; C, 2wt.% CNT; 
PVP, 1 wt.% polyvinylpyr-
rolidone; -Bl, blended; -Co, 
coated; -Gr, grafted)
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the interaction between the grafted acrylic acid and PVP 
chains, which can affect the overall surface energy and wet-
tability of the membranes. The presence of PVP can hinder 
the interaction of water with the grafted carboxyl groups, 
causing a reduced wetting effect (Sohail et al. 2014).

Figure 1 shows that the addition of CNT to TiO2 increases 
the contact angle for the coated membrane, indicating a 
reduction in hydrophilicity. This outcome was expected 
as CNT is a hydrophobic nanomaterial, which can notably 
reduce the superhydrophilic nature of the pure TiO2-coated 
surface. However, for grafted membranes, the addition of 
CNT enhanced the hydrophilicity (i.e., reduced the contact 
angle). This can be attributed to the fact that acrylic acid 
was introduced to the solution during membrane fabrication, 
possibly resulting in the functionalization of CNT. Conse-
quently, this functionalization process can help to reduce the 
hydrophobicity of the material and, therefore, the contact 
angle, as presented in other studies (Zhao et al. 2019; Gao 
et al. 2020; Hudaib et al. 2022; Yu et al. 2020).

The scanning electron microscopy images of the 
TiO2–CNT-containing membranes (Fig. 2) show that bigger 
pores were formed when PVP was used, which is a pore for-
mer (Yoo et al. 2004; Zhou and Xi 2007; Nascimben Santos 
et al. 2022). The presence of CNTs could be observed in the 

membranes, confirming their successful addition. For the 
blended membranes, detecting the nanotubes is challeng-
ing because they are not only on the surface of the mem-
brane but also in the bulk. For the coated membrane, some 
agglomerates of CNTs were also formed due to their high 
density on the membrane surface.

Photocatalytic activity

Figure 3 and Table 2 demonstrate that the incorporation of 
PVP had a positive impact on the photocatalytic activity. 
The PVP-modified membranes presented the highest pho-
tocatalytic activity in all three series (blended, coated, and 
grafted membranes), especially in the case of the coated 
membranes. The enhancement of the photocatalytic decol-
orization can be attributed to the ability of PVP to increase 
the membrane pores, increasing the irradiated surface area 
available for nanoparticle immobilization and enabling light 
to penetrate even the innermost regions of the membrane 
(Hyun et al. 2004; Nascimben Santos et al. 2022; Mahdavi 
et al. 2020; Pagidi et al. 2014). As a result, photocatalytic 
nanoparticles dispersed throughout the bulk of the mem-
brane can also be effectively accessed, leading to improved 
photocatalytic performance.

Table 2   Contact angle values and decolorization of methyl orange 
(C0 = 10–5  M, ~ 3.27  mg L–1). Initial apparent rate constants k0 (h–1) 
were calculated from the slope of ln(Abs/Abs0) versus time (until 8 h 
of irradiation), R2 is the correlation coefficient of the generated curve, 

ϵ8 is the decolorization efficiency obtained after 8 h (%), and r is the 
initial reaction rate (mg L–1 h–1) (N, neat; T, TiO2; B2, 2 wt.% BiVO4; 
B20, 20 wt.% BiVO4; C, 2wt.% CNT; -PVP, 1 wt.% polyvinylpyrro-
lidone; -Bl, blended; -Co, coated; -Gr, grafted)

Modification 
method

Membrane name Ratio of 
TiO2:BiVO4:CNT

Contact angle (°) r (mg L–1 h–1) k0 (h–1) R2 ϵ8 (%)

Blended N-Bl 0:00:00 85.1  ~ 0.0  ~ 0.0 0.605 0.0
T-Bl 100:00:00 75.4 0.106  − 0.032 0.976 23.1
TB2-Bl 98:02:00 79.4 0.071  − 0.022 0.819 17.2
TC-Bl 98:00:02 75.1 0.316  − 0.097 0.998 52.6
TB20-Bl 80:20:00 71.6  ~ 0.0  ~ 0.0 0.579 0.0
TB20C-Bl 78:20:02 78.9  ~ 0.0  ~ 0.0 0.653 0.0
TC-Bl-PVP 98:00:02 44.8 0.356  − 0.109 0.995 56.0

Coated N-Co 0:00:00 86.7  ~ 0.0  ~ 0.0 0.717 0.0
T-Co 100:00:00  ~ 0.0 0.380  − 0.116 0.995 60.5
TB2-Co 98:02:00  ~ 0.0 0.346  − 0.106 0.987 58.3
TC-Co 98:00:02 17.4 0.316  − 0.097 0.988 55.5
TB20-Co 80:20:00  ~ 0.0  ~ 0.0  ~ 0.0 0.689 4.7
TB20C-Co 78:20:02 6.5  ~ 0.0  ~ 0.0 0.906 6.9
TC-Co-PVP 98:00:02 23.6 0.911  − 0.279 0.995 88.4

Grafted N-Gr 0:00:00 81.5  ~ 0.0  ~ 0.0 0.925 22.2
T-Gr 100:00:00 36.8 0.407  − 0.124 0.994 62.3
TB2-Gr 98:02:00 47.1 0.209  − 0.064 0.988 46.6
TC-Gr 98:00:02 11.1 0.623  − 0.191 0.988 74.9
TB20-Gr 80:20:00 48.4 0.220  − 0.067 0.998 46.9
TB20C-Gr 78:20:02 57.4 0.216  − 0.066 0.992 57.1
TC-Gr-PVP 98:00:02 40.2 0.677  − 0.207 0.994 79.2
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In addition, combining CNTs with TiO2 results in a 
significantly better performance than using only TiO2 for 
blended and grafted membranes. CNTs have good elec-
trical conductivity and a large surface area, facilitating 
the transfer of photoexcited electrons from TiO2 to CNT. 
This electron transfer contributes to the suppression of 
recombination, leading to enhanced photocatalytic activ-
ity. In addition, CNTs have a particularly high adsorption 
capacity for organic compounds such as the dye we used: 
methyl orange (Pagidi et al. 2014; Zhao et al. 2019; Veréb 
et al. 2022). The adsorption of methyl orange increased its 
concentration on the photocatalyst surface, which could 
also contribute to the higher photocatalytic efficiency.

It is important to note that the pH of the methyl orange 
solution was ≅ 5.3–5.6, which is its natural pH. At this 
pH, the photocatalyst surface is positively charged, while 
methyl orange carries a negative charge, resulting in 
attractive forces between them, which can ensure high 

dye removal efficiency, as demonstrated in our previous 
research (Nascimben Santos et al. 2022).

The TiO2/BiVO4 membranes (TB2) exhibited photocat-
alytic activity similar to that of pure TiO2 under UV light, 
meaning that 2% BiVO4 addition did not improve the pho-
tocatalytic efficiency. It is well-known that TiO2 has high 
photoactivity when excited below 400 nm wavelengths 
(Rahimpour et al. 2008; Kovács et al. 2018; Nascimbén 
Santos et al. 2020) due to its higher quantum efficiency 
in the UV range (Veréb et al. 2022), meaning that TiO2 
was mainly responsible for the degradation. It is important 
to note that even the higher BiVO4 concentration (20% 
in TB20 and TB20C) did not yield higher photocatalytic 
efficiencies in these UV experiments. This outcome can 
be attributed to the fact that these membranes contained 
fewer of the much more UV-active TiO2 particles, and 
they were more significantly covered by the much big-
ger BiVO4 nanoparticles, leading to less activated TiO2 

Fig. 2   Scanning electron 
microscopy images of the TiO2–
CNT-containing membranes (T, 
TiO2; C, 2 wt.% CNT; -PVP, 
1 wt.% polyvinylpyrrolidone; 
-Bl, blended; -Co, coated; -Gr, 
grafted)
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on the surface, which could negatively affect UV-induced 
photocatalytic reactions.

Among the three different modification methods, the 
coating approach resulted in the highest photocatalytic activ-
ity, evident from its steeper curve slope (k). The second-best 
photocatalytic efficiencies were observed for membranes 
prepared by grafting. This can be attributed to the fact that 
both coating and grafting methods primarily modify the 
membrane surfaces, ensuring the availability and accessi-
bility of nanoparticles for light activation. Coating, which 
results in a uniform layer of photocatalytic material, pro-
motes efficient light absorption and effective interaction 
with pollutants, resulting in enhanced photocatalytic activity. 
Grafting, while slightly less efficient, still leads to improved 

activity compared with the activities measured for the 
blended (and unmodified) membranes. In contrast, blend-
ing places the nanoparticles within the bulk of the mem-
brane, resulting in their reduced availability on the surface 
and, therefore, reduced photocatalytic activity (Pendergast 
and Hoek 2011; Van der Bruggen 2009; Miller et al. 2016; 
Nascimbén Santos et al. 2020; Gokulakrishnan et al. 2021).

Intriguingly, when all three components (TiO2, BiVO4, 
and CNT) are combined, the overall photocatalytic activity 
appears to be lower compared with using TiO2 with either 
BiVO4 or CNT individually. More experiments need to be 
carried out to evaluate the synergetic effect of TiO2, BiVO4, 
and CNT when used simultaneously. The components can 
compete with each other or even increase the possibility of 

Fig. 3   Absorbance of methyl 
orange determined for all 
fabricated membranes under 
UV irradiation for 24 h (a, c, 
and e) and initial apparent rate 
constants (k) obtained by plot-
ting the ln(Abs/Abs0) of methyl 
orange as a function of time up 
to 8 h of the experiment (b, d, 
and f); N, neat; T, TiO2; B2, 
2 wt.% BiVO4; B20, 20 wt.% 
BiVO4; C, 2wt.% CNT; PVP, 1 
wt.% polyvinylpyrrolidone
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agglomeration, resulting in lower surface area, lower acces-
sibility, and therefore, lower photocatalytic efficiency. For 
a better understanding, it is crucial to evaluate the optimal 
composition and ratio in composite systems.

The coated membranes had the highest decolorization 
efficiency due to their highest photocatalytically active 
surface areas. Therefore, their photocatalytic activity was 
evaluated under visible light and simulated solar irradia-
tions too (Fig. 4). Even though BiVO4 was not beneficial 
for UV-photocatalysis, the 2 wt.% BiVO4-containing mem-
branes demonstrated superior performance under visible 
light irradiation (k0 = –0.008) than the ones containing 
only TiO2 (k0 = –0.007) due to the narrower band gap of 
BiVO4 (Sisay et al. 2023; Wetchakun et al. 2015; Nascim-
ben Santos et al. 2020; Song et al. 2017). The TiO2-CNT 
membranes had the greatest photocatalytic activity under 
visible light (k0 = –0.013), demonstrating the capabil-
ity of CNTs to facilitate charge separation and suppress 
electron–hole recombination (Sisay et al. 2023; Veréb 
et al. 2019; Fekete et al. 2023; Liu et al. 2017; Venkatesh 
et al. 2020). On the other hand, the TiO2-coated mem-
branes still had better performance for the simulated solar 
experiments (k0 = –0.044) when compared with the 2 wt.% 
BiVO4- (k0 = –0.017) and CNT- (k0 = − 0.025) containing 
composite-coated membranes, due to their high efficiency 

under UV light. All the results of the photocatalytic exper-
iments are presented in the Appendix.

Filtration experiments

The main results of the filtration experiments are presented 
in Table 3 and Fig. 5. Initially, it is worth mentioning that 
all the fabricated membranes presented more than 98% effi-
ciency in removing the oil from the oil-in-water emulsions, 
evaluated based on the COD of the permeates.

During the filtration experiments conducted using mem-
branes modified with TiO2 (Fig. 5a), TiO2/BiVO4(2%) com-
posite (Fig. 5b), or TiO2/CNT(2%) composite (Fig. 5c), the 
grafted membranes exhibited superior filtration performance 
(2–7 times higher fluxes, up to 148 L m–2 h–1) compared 
with the coated and blended membranes. The grafted mem-
branes, with the chemically bonded nanoparticles, also 
showed improved retention and nanoparticle stability, which 
is in agreement with the literature (Nielsen et al. 2023; Liang 
et al. 2013; Gokulakrishnan et al. 2021).

On the one hand, the utilization of 20% of BiVO4 in the 
TiO2/BiVO4 composite (Fig. 5e, f) resulted in lower fluxes 
for the grafted membranes (64 and 50 L m–2 h–1 for TB20-Gr 
and TB20C-Gr, respectively), originating mainly from the 
significantly lower water fluxes of the clean membranes (92 

Fig. 4   Absorbance of methyl 
orange for all fabricated mem-
branes during visible light and 
simulated solar irradiations for 
10 h and initial apparent rate 
constant (k0) calculation plot-
ting the ln(Abs/Abs0) (T, TiO2; 
B2, 2 wt.% BiVO4; C, 2wt.% 
CNT; -Co, coated membranes)
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and 94 L m–2 h–1 for TB20-Gr and TB20C-Gr, respectively). 
On the other hand, significant enhancements were observed 
in the case of the blended membranes (78 and 88 L m–2 h–1 
for TB20-Bl and TB20C-Bl, respectively). This interesting 
phenomenon occurred because of the increased number of 
BiVO4 nanoparticles mixed within the membrane matrix 
and not on the surface of the membrane. The higher disper-
sion, larger surface area, and improved accessibility of the 
hydrophilic nanoparticles within the membrane matrix of the 
blended membranes enhanced their filtration performance, 
leading to higher fluxes.

The experiments were also carried out with the PVP-
containing TiO2/CNT membranes (Fig. 5d). The results 
showed a significant improvement at the beginning of the 
filtration, with fluxes as high as 2,000 L m–2 h–1. This result 
was expected due to the pore size enhancement, allowing 
greater permeability and improved initial flux (Nascimben 
Santos et al. 2022; Tofighy et al. 2021; Back et al. 2019). The 
coated membranes benefited from larger pore sizes, which 
reduced cake layer formation and enhanced water perme-
ability. Moreover, the dispersion of nanoparticles within the 
membrane matrix was improved in the blended membranes, 

Fig. 5   Flux curves measured 
during the filtration of the oil 
emulsions with the mem-
branes modified with 100 wt.% 
TiO2 (a), 98 wt.% TiO2 and 2 
wt.% BiVO4 (b), 98 wt.% TiO2 
and 2 wt.% CNT (c), 98 wt.% 
TiO2 and 2 wt.% CNT with 1 
wt.% PVP (d), 80 wt.% TiO2 
and 20 wt.% BiVO4(e) and 
with 78 wt.% TiO2, 20 wt.% 
BiVO4 and 2 wt.% CNT (f) 
(-Bl, blended; -Co, coated; -Gr, 
grafted; T, TiO2; B2, 2 wt.% 
BiVO4; B20, 20 wt.% BiVO4; 
C, 2wt.% CNT; PVP, 1 wt.% 
polyvinylpyrrolidone)
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resulting in enhanced accessibility and better performance. 
These factors explain why we observed higher flux enhance-
ments for the coated and blended membranes, highlighting 
the importance of pore size and nanoparticle dispersion to 
membrane performance. In the case of grafting, further flux 
enhancement was not achieved by PVP addition (Fig. 5c, d). 
This outcome is in agreement with the contact angle results, 
where PVP addition increased the contact angles of the 
grafted membranes, which was explained by the interaction 
between the grafted acrylic acid and PVP (Sohail et al. 2014). 
Within the TC-PVP series, even though PVP addition did not 
enhance the flux (142 L m–2 h–1), the grafted membrane still 
had the best performance when compared with coated (97 L 
m–2 h–1) and blended membranes (125 L m–2 h–1).

Finally, the resistances of the membranes were calculated 
to assess their lifespan and the recoverability of flux after 
cleaning. Based on Table 3, the coated membranes exhibited 
lower water fluxes due to higher intrinsic membrane resist-
ances. For the coated membranes, caution must be exercised 
during membrane cleaning as the coated layer is physically 
deposited and susceptible to leaching. Outstandingly, the 
addition of PVP considerably reduced all resistances in the 
coated membranes, which can be attributed to the bigger pore 
sizes that prevent wastewater clogging within the material.

The addition of PVP yielded similar results in terms of 
resistance reduction for both the blended and grafted mem-
branes. Consequently, the inclusion of PVP led to higher 
fluxes in all the modified membranes and lower resistances, 
highlighting its effectiveness in improving the overall mem-
brane performance (Hyun et al. 2004; Back et al. 2019; Nas-
cimben Santos et al. 2022; Tofighy et al. 2021). Indeed, even 
though the FDR is higher than 94% for all the PVP-contain-
ing membranes while the FRR is lower than 50%, the final 
recovered fluxes of these membranes are still much higher 
than those of all the other membranes: the least effective 
PVP-containing membranes exhibited a flux surpassing 600 
L m–2 h–1, whereas the second-best final flux for membranes 
without PVP was less than 240 L m–2 h–1. Therefore, the 
addition of PVP to the membranes offers significant advan-
tages, including enhanced cleaning efficiency, reduced time 
and effort required for membrane maintenance, and a higher 
total volume of filtered wastewater at the same time.

The addition of 2% BiVO4 or CNT to the blended and 
grafted membranes resulted in improved membrane perfor-
mance, particularly in terms of enhanced washability indi-
cated by the lower irreversible resistance and enhanced flux 
recovery ratios. This improvement can be attributed to the 
fact that the presence of BiVO4 or CNT in low concentra-
tions altered the surface, making it more hydrophilic and 
reducing its tendency to foul.

Conclusions

In this study, the addition of CNT and BiVO4 to 
TiO2-PVDF membranes was evaluated based on their pho-
tocatalytic efficiencies and filtration performances using 
three different methods (blending, coating, and grafting). 
The effects of PVP (a pore former) addition were also 
investigated.

Regarding photocatalytic activity, the addition of CNT 
to TiO2 resulted in improved performance, as evidenced by 
the enhanced decolorization of methyl orange under both 
UV and visible light irradiations for grafted and blended 
membranes. The addition of 2 wt.% BiVO4 did not lead 
to the same level of improvement in the UV experiments; 
however, the membranes had slightly better performance 
under visible light in comparison with the performance 
of TiO2-membranes. Nevertheless, the addition of more 
BiVO4 (20 wt.%) did not result in better photocatalytic 
activity for any of the studied membranes.

In terms of filtration performance, the grafted mem-
branes containing TiO2 and 2 wt.% BiVO4 or CNT and 
1 wt.% PVP exhibited superior performance, achieving 
higher steady flux compared to the coated and blended 
membranes. Despite the high photocatalytic activity of 
the coated membranes resulting from enhanced nanopar-
ticle accessibility on the membrane surface, the filtration 
experiments of these membranes presented the lowest 
fluxes.

The addition of PVP improved the photocatalytic effi-
ciency. Although it significantly reduced the flux recov-
ery ratios across all three modification methods, it still 
resulted in outstanding fluxes during the filtration of emul-
sions and after the surface cleaning process.

Our findings highlight the importance of nanopar-
ticle selection and modification methods in optimiz-
ing the photocatalytic and filtration performance of 
membranes. Overall, the combination of CNT addition 
and the utilization of grafting modification proved to 
be the most beneficial in enhancing the performance 
of PVDF-TiO2 membranes. The PVDF-TiO2/CNT2%-
grafted membrane provided relatively high photocat-
alytic efficiency (the third highest: only the grafted 
PVDF-TiO2/CNT2%/PVP and coated PVDF-TiO2/
CNT2%/PVP membranes had higher photocatalytic 
efficiency) and the best filtration performance (high 
flux and flux recovery ratios were achieved with this 
membrane).

Further research is required to explore novel grafting 
modification techniques and to develop advanced mem-
branes with satisfactory efficiency for various applications.



64591Environmental Science and Pollution Research (2024) 31:64578–64595	

A
pp

en
di

x.
 A

bs
or

ba
nc

e 
va

lu
es

 o
bt

ai
ne

d 
du

ri
ng

 p
ho

to
ca

ta
ly

ti
c 

ex
pe

ri
m

en
ts

 u
si

ng
 m

et
hy

l o
ra

ng
e 

un
de

r U
V,

 v
is

ib
le

, 
an

d 
si

m
ul

at
ed

 s
ol

ar
 ir

ra
di

at
io

ns
.

Ti
m

e 
(h

)
A

bs
or

ba
nc

e 
of

 m
em

br
an

es
 u

nd
er

 U
V

 li
gh

t
B

le
nd

ed
C

oa
te

d
G

ra
fte

d
N

-B
l

T-
B

l
TB

2-
B

l
TC

-B
l

TB
20

-B
l

TB
20

C
-B

l
TC

-P
V

P-
B

l
N

-C
o

T-
C

o
TB

2-
C

o
TC

-C
o

TB
20

-C
o

TB
20

C
-C

o
TC

-P
V

P-
C

o
N

-G
r

T-
G

r
TB

2-
G

r
TC

-G
r

TB
20

-G
r

TB
20

C
-G

r
TC

-P
V

P-
G

r
0

0.
35

2
0.

35
2

0.
36

1
0.

36
1

0.
35

4
0.

35
4

0.
35

3
0.

35
2

0.
35

2
0.

36
1

0.
36

1
0.

35
4

0.
35

4
0.

35
3

0.
25

7
0.

25
7

0.
25

1
0.

25
1

0.
25

0
0.

24
5

0.
25

1
0

0.
35

8
0.

36
3

0.
36

0
0.

35
9

0.
36

1
0.

36
2

0.
35

7
0.

36
2

0.
36

5
0.

36
2

0.
37

1
0.

36
4

0.
36

2
0.

35
6

0.
22

7
0.

25
2

0.
22

6
0.

24
9

0.
22

6
0.

18
1

0.
24

0
1

0.
35

6
0.

35
4

0.
35

5
0.

32
0

0.
35

9
0.

35
9

0.
32

4
0.

35
9

0.
31

4
0.

30
2

0.
31

4
0.

35
8

0.
35

6
0.

28
6

0.
22

0
0.

20
1

0.
21

0
0.

18
5

0.
20

7
0.

16
5

0.
18

1
2

0.
35

8
0.

34
4

0.
35

1
0.

30
0

0.
36

4
0.

36
5

0.
28

4
0.

35
8

0.
27

3
0.

26
6

0.
28

9
0.

36
0

0.
35

8
0.

23
7

0.
21

6
0.

18
5

0.
20

4
0.

14
7

0.
20

0
0.

16
1

0.
13

9
3

0.
35

8
0.

33
6

0.
35

5
0.

26
0

0.
36

7
0.

36
7

0.
24

8
0.

36
0

0.
24

4
0.

23
8

0.
25

4
0.

35
8

0.
35

4
0.

18
4

0.
21

0
0.

16
7

0.
19

1
0.

12
5

0.
18

0
0.

15
1

0.
12

0
4

0.
36

0
0.

33
0

0.
35

5
0.

23
5

0.
36

5
0.

36
7

0.
21

5
0.

36
2

0.
21

8
0.

21
8

0.
23

4
0.

35
8

0.
35

2
0.

12
3

0.
20

9
0.

14
9

0.
17

7
0.

10
5

0.
17

0
0.

14
0

0.
09

4
5

0.
36

0
0.

31
8

0.
33

9
0.

22
0

0.
36

8
0.

37
1

0.
20

1
0.

36
2

0.
19

6
0.

19
8

0.
21

0
0.

35
9

0.
35

3
0.

09
4

0.
20

9
0.

13
5

0.
17

1
0.

08
9

0.
16

2
0.

13
3

0.
08

2
6

0.
35

9
0.

30
6

0.
32

7
0.

20
0

0.
36

7
0.

37
2

0.
18

4
0.

36
2

0.
17

1
0.

17
9

0.
19

7
0.

35
8

0.
34

5
0.

06
9

0.
20

7
0.

12
0

0.
15

9
0.

07
9

0.
15

0
0.

12
2

0.
07

3
7

0.
35

9
0.

28
9

0.
31

5
0.

18
5

0.
36

7
0.

37
0

0.
17

2
0.

36
2

0.
15

6
0.

16
2

0.
18

4
0.

35
2

0.
34

0
0.

05
5

0.
20

4
0.

10
7

0.
14

4
0.

06
9

0.
14

1
0.

11
4

0.
05

8
8

0.
36

3
0.

27
9

0.
29

8
0.

17
0

0.
36

6
0.

36
8

0.
15

7
0.

36
6

0.
14

4
0.

15
1

0.
16

5
0.

34
7

0.
33

7
0.

04
1

0.
20

0
0.

09
7

0.
13

4
0.

06
3

0.
13

0
0.

10
5

0.
05

0
12

0.
35

8
0.

25
5

0.
27

9
0.

12
0

0.
35

6
0.

36
1

0.
11

4
0.

35
9

0.
09

8
0.

09
8

0.
11

7
0.

31
8

0.
31

3
0.

01
4

0.
19

8
0.

08
0

0.
10

1
0.

04
5

0.
10

7
0.

07
7

0.
03

7
16

0.
35

7
0.

22
7

0.
24

9
0.

10
0

0.
35

5
0.

35
8

0.
09

1
0.

35
8

0.
06

5
0.

06
5

0.
08

3
0.

30
0

0.
29

6
0.

00
4

0.
19

8
0.

07
1

0.
07

6
0.

03
5

0.
08

5
0.

05
7

0.
02

7
24

0.
35

4
0.

18
0

0.
19

5
0.

07
3

0.
35

2
0.

34
8

0.
04

5
0.

35
4

0.
03

0
0.

02
9

0.
03

1
0.

25
7

0.
26

1
0.

00
2

0.
19

5
0.

05
7

0.
05

7
0.

02
0

0.
06

2
0.

05
0

0.
01

2
Ti

m
e 

(h
)

A
bs

or
ba

nc
e 

of
 m

em
br

an
es

 u
nd

er
 o

th
er

 li
gh

ts
V

is
ib

le
 li

gh
t

So
la

r-l
ik

e 
lig

ht
T-

C
o

TB
2-

C
o

TC
-C

o
T-

C
o

TB
2-

C
o

TC
-C

o
00

0.
35

4
0.

35
4

0.
35

0.
33

0.
33

1
0.

33
1

0
0.

36
9

0.
36

9
0.

37
0.

34
0.

33
4

0.
33

9
2

0.
36

1
0.

35
4

0.
35

0.
29

0.
31

6
0.

30
6

4
0.

35
4

0.
35

0.
33

0.
27

0.
3

0.
28

9
6

0.
34

9
0.

34
6

0.
33

0.
25

0.
29

4
0.

27
1

8
0.

34
6

0.
34

2
0.

32
0.

23
0.

28
7

0.
26

6
10

0.
34

4
0.

33
9

0.
32

0.
22

0.
27

8
0.

26
2

N
, n

ea
t; 

T,
 T

iO
2; 

B
2,

 2
 w

t.%
 B

iV
O

4; 
B

20
, 2

0 
w

t.%
 B

iV
O

4; 
C

, 2
w

t.%
 C

N
T;

 -P
V

P,
 1

 w
t.%

 p
ol

yv
in

yl
py

rr
ol

id
on

e;
 -B

l, 
bl

en
de

d;
 -C

o,
 c

oa
te

d;
 -G

r, 
gr

af
te

d



64592	 Environmental Science and Pollution Research (2024) 31:64578–64595

Author contribution  Conceptualization: E.N.S. and G.V. Method-
ology: E.N.S., A.F.F., L.F., T.M., S.A.G., and T.Gy. Data analysis: 
E.N.S. Validation: E.N.S. Writing—original draft preparation: E.N.S. 
Writing—review and editing: G.V. and T.Gy. Supervisors: G.V. and 
C.H. Senior consultants: Zs.L. and A.G. Project principal investiga-
tor: G.V. All authors have read and agreed to the published version of 
the manuscript.

Funding  Open access funding provided by University of Szeged. This 
research was funded by the Hungarian National Research, Development 
and Innovation Office—NKFIH (FK_20_135202) and by Stipendium 
Hungaricum scholarship given to E.N.S. Open access funding was pro-
vided by the University of Szeged Open Access Fund (Grant ID: 7038).

Data availability  Data are contained within the article.

Declarations 

Ethical approval  The authors declare that the manuscript is original, 
has not been published before, and is not currently being considered 
for publication elsewhere.

Consent to participate  Not applicable.

Consent to publication  Not applicable.

Competing interests  The authors declare no conflict of interest. The 
funders had no role in the design of the study; in the collection, analy-
ses, or interpretation of data; in the writing of the manuscript; or in the 
decision to publish the results.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahmad AL, Ideris N, Ooi BS, Low SC, Ismail A (2016) Optimization 
of polyvinylidene fluoride (PVDF) membrane fabrication for pro-
tein binding using statistical experimental design. J Immunoassay 
Immunochem 37(4):421–437. https://​doi.​org/​10.​1080/​15321​819.​
2016.​11574​89

Acarer S, Pir I, Tüfekci M, Türko G, Demirkol G, Tüfekci N (2021) 
Manufacturing and characterisation of polymeric membranes 
for water treatment and numerical investigation of mechanics of 
nanocomposite membranes. Polymers 13:1661. https://​doi.​org/​
10.​3390/​polym

Ali A, Yunus RM, Awang M, Mat R (2014) The effects of evaporation 
time on morphological structure of polysulfone/cellulose acetate 
phthalate/polyvinylpyrrolidone (PSf/CAP/PVP) blend mem-
branes. Appl Mech Mater 695:77–80. https://​doi.​org/​10.​4028/​
www.​scien​tific.​net/​amm.​695.​77

Arast N, Farhadian M, Tangestaninejad S, Navarchian AH (2023) Effi-
cient photocatalytic performance of BiVO4/ ZIF-8 /Cu2S/Ag2S 

incorporated in solar driven-cleaning ABS/MWCNT membrane 
applied in metronidazole decontamination. Process Saf Environ 
Prot 176:87–100. https://​doi.​org/​10.​1016/j.​psep.​2023.​05.​084

Arthanareeswaran G, Mohan D, Raajenthiren M (2010) Preparation, 
characterization and performance studies of ultrafiltration mem-
branes with polymeric additive. J Membr Sci 350:130–38. https://​
doi.​org/​10.​1016/j.​memsci.​2009.​12.​020

Back JO, Brandstätter R, Spruck M, Koch M, Penner S, Rupprich M 
(2019) Parameter screening of PVDF/PVP multi-channel capil-
lary membranes. Polymers 11(3):1–17. https://​doi.​org/​10.​3390/​
polym​11030​463

Barka N, Assabbane A, Nounah A, Dussaud J, Ait Ichou Y (2008) 
Photocatalytic degradation of methyl orange with immobilized 
TiO2 nanoparticles: effect of PH and some inorganic anions. Phys 
Chem News 41:85–88. http://​barka​noure​ddine.​voila.​net/f_​rz/​
Phys_​chem_​news_​2008.​pdf. Accessed Nov 2019

Benhabiles O, Galiano F, Marino T, Mahmoudi H, Lounici H, Figoli 
A (2019) Preparation and characterization of TiO2-PVDF/PMMA 
blend membranes using an alternative non-toxic solvent for UF/
MF and photocatalytic application. Molecules 24(4):1–20. https://​
doi.​org/​10.​3390/​molec​ules2​40407​24

Chen Qi, Zongxue Yu, Li F, Yang Y, Pan Y, Peng Y, Yang Xi, Zeng G 
(2018) A novel photocatalytic membrane decorated with RGO-
Ag-TiO2 for dye degradation and oil–water emulsion separation. 
J Chem Technol Biotechnol 93(3):761–775. https://​doi.​org/​10.​
1002/​jctb.​5426

Chen H, Li Yu, Wang QG, Li W, Li G (2021) Modified poly-
vinylidene fluoride ultrafiltration membrane coated with 
polydopamine/3-(2,3-epoxypropoxy) propyl triethoxy silane. 
Polym Adv Technol 32(4):1597–1603. https://​doi.​org/​10.​1002/​
pat.​5196

da Motta ARP, Borges CP, Kiperstok A, Esquerre KP, Araujo PM, 
da Paz Nogueira Branco L (2013) Produced water treatment for 
oil removal by membrane separation process: review. Engenha-
ria Sanitaria e Ambiental 18 (1):15–26. https://​doi.​org/​10.​1590/​
S1413-​41522​01300​01000​03

Deng W, Fan T, Li Y (2021) In situ biomineralization-constructed 
superhydrophilic and underwater superoleophobic PVDF-TiO2 
membranes for superior antifouling separation of oil-in-water 
emulsions. J Membr Sci 622(March):119030. https://​doi.​org/​10.​
1016/j.​memsci.​2020.​119030

Fekete L, Fazekas AF, Hodúr C, László Z, Ágoston Á, Janovák L, 
Gyulavári T, Pap Z, Hernadi K, Veréb G (2023) Outstanding sep-
aration performance of oil-in-water emulsions with TiO2/CNT 
nanocomposite-modified PVDF membranes. Membranes 13 (2). 
https://​doi.​org/​10.​3390/​membr​anes1​30202​09

Gao C, Deng W, Pan F, Feng X, Li Y (2020) Superhydrophobic elec-
trospun PVDF membranes with silanization and fluorosilanization 
co-functionalized CNTs for improved direct contact membrane 
distillation. Eng Sci 9:35–43. https://​doi.​org/​10.​30919/​es8d9​05

Ghelich R, Jahannama MR, Abdizadeh H, Torknik FS, Vaezi MR 
(2019) Central composite design (CCD)-response surface meth-
odology (RSM) of effective electrospinning parameters on PVP-
B-Hf hybrid nanofibrous composites for synthesis of HfB 2-based 
composite nanofibers. Compos B Eng 166(February):527–541. 
https://​doi.​org/​10.​1016/j.​compo​sitesb.​2019.​01.​094

Gokulakrishnan SA, Arthanareeswaran G, László Z, Veréb G, Kertész 
S, Kweon J (2021) Recent development of photocatalytic nano-
materials in mixed matrix membrane for emerging pollutants and 
fouling control, membrane cleaning process. Chemosphere 281 
(October). https://​doi.​org/​10.​1016/j.​chemo​sphere.​2021.​130891

Hemavibool K, Sansenya T, Nanan S (2022) Enhanced photocata-
lytic degradation of tetracycline and oxytetracycline antibiotics 
by BiVO4 photocatalyst under visible light and solar light irra-
diation. Antibiotics 11(6):761. https://​doi.​org/​10.​3390/​antib​iotic​
s1106​0761

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/15321819.2016.1157489
https://doi.org/10.1080/15321819.2016.1157489
https://doi.org/10.3390/polym
https://doi.org/10.3390/polym
https://doi.org/10.4028/www.scientific.net/amm.695.77
https://doi.org/10.4028/www.scientific.net/amm.695.77
https://doi.org/10.1016/j.psep.2023.05.084
https://doi.org/10.1016/j.memsci.2009.12.020
https://doi.org/10.1016/j.memsci.2009.12.020
https://doi.org/10.3390/polym11030463
https://doi.org/10.3390/polym11030463
http://barkanoureddine.voila.net/f_rz/Phys_chem_news_2008.pdf
http://barkanoureddine.voila.net/f_rz/Phys_chem_news_2008.pdf
https://doi.org/10.3390/molecules24040724
https://doi.org/10.3390/molecules24040724
https://doi.org/10.1002/jctb.5426
https://doi.org/10.1002/jctb.5426
https://doi.org/10.1002/pat.5196
https://doi.org/10.1002/pat.5196
https://doi.org/10.1590/S1413-41522013000100003
https://doi.org/10.1590/S1413-41522013000100003
https://doi.org/10.1016/j.memsci.2020.119030
https://doi.org/10.1016/j.memsci.2020.119030
https://doi.org/10.3390/membranes13020209
https://doi.org/10.30919/es8d905
https://doi.org/10.1016/j.compositesb.2019.01.094
https://doi.org/10.1016/j.chemosphere.2021.130891
https://doi.org/10.3390/antibiotics11060761
https://doi.org/10.3390/antibiotics11060761


64593Environmental Science and Pollution Research (2024) 31:64578–64595	

Hir ZA, Mohd PM, Abdullah AH, Mohamed MA (2017) Immobiliza-
tion of TiO2 into polyethersulfone matrix as hybrid film photo-
catalyst for effective degradation of methyl orange Dye. Mater 
Sci Semicond Process 57:157–165. https://​doi.​org/​10.​1016/j.​
mssp.​2016.​10.​009

Hudaib B, Abu-Zurayk R, Waleed H, Ibrahim AA (2022) Fabrica-
tion of a novel (PVDF/MWCNT/Polypyrrole) antifouling high 
flux ultrafiltration membrane for crude oil wastewater treatment. 
Membranes 12(8). https://​doi.​org/​10.​3390/​membr​anes1​20807​51

Hyun S, Hak J, Young J, Won J, Soo Y (2004) Influence of the addi-
tion of PVP on the morphology of asymmetric polyimide phase 
inversion membranes : effect of PVP molecular weight. J Membr 
Sci 236:203–207. https://​doi.​org/​10.​1016/j.​memsci.​2004.​02.​017

Kalantari N, Vaezi JM, Yadollahi M, Babaluo AA, Bayati B, Kazemza-
deh A (2014) Synthesis of nanostructure hydroxy sodalite com-
posite membranes via hydrothermal method: support surface 
modification and synthesis method effects. Asia-Pac J Chem Eng 
10(1):45–55. https://​doi.​org/​10.​1002/​apj.​1844

Kasemset S, Lee A, Miller DJ, Freeman BD, Sharma MM (2013) Effect 
of polydopamine deposition conditions on fouling resistance, 
physical properties, and permeation properties of reverse osmosis 
membranes in oil/water separation. J Membr Sci 425–426:208–16. 
https://​doi.​org/​10.​1016/j.​memsci.​2012.​08.​049

Kovács I, Veréb G, Sz Kertész S, Beszédes CH, László Zs (2018) 
Investigation of surface and filtration properties of TiO2 coated 
ultrafiltration polyacrylonitrile membranes. Water Sci Technol 
77(4):931–938. https://​doi.​org/​10.​2166/​wst.​2017.​610

Lenac Z, Saldías C, Terraza CA, Leiva A, Koschikowski J, Winter D, 
Tundidor-Camba A, Martin-Trasanco R (2022) Spraying fluori-
nated silicon oxide nanoparticles on CuONPs@CF-PVDF mem-
brane: a simple method to achieve superhydrophobic surfaces 
and high flux in direct contact membrane distillation. Polymers 
14(23):5164. https://​doi.​org/​10.​3390/​polym​14235​164

Leong S, Razmjou A, Wang K, Hapgood K, Zhang X, Wang H (2014) 
TiO2 based photocatalytic membranes: a review. J Membr Sci 
472:167–184. https://​doi.​org/​10.​1016/j.​memsci.​2014.​08.​016

Liang S, Kang Y, Tiraferri A, Giannelis EP, Huang X, Elimelech 
M (2013) Highly hydrophilic polyvinylidene fluoride (PVDF) 
ultrafiltration membranes via postfabrication grafting of sur-
face-tailored silica nanoparticles. ACS Appl Mater Interfaces 
5(14):6694–6703. https://​doi.​org/​10.​1021/​am401​462e

Liang Qi, Jiang B, Yang Na, Zhang L, Sun Y, Zhang L (2022) Superhy-
drophilic modification of polyvinylidene fluoride membrane via a 
highly compatible covalent organic framework–COOH/dopamine-
integrated hierarchical assembly strategy for oil–water separation. 
ACS Appl Mater Interfaces 14(40):45880–45892. https://​doi.​org/​
10.​1021/​acsami.​2c134​02

Liu Fu, Awanis Hashim N, Yutie Liu MR, Abed M, Li K (2011) Pro-
gress in the production and modification of PVDF membranes. 
J Membr Sci 375(1–2):1–27. https://​doi.​org/​10.​1016/j.​memsci.​
2011.​03.​014

Liu Y, Yanlei Su, Cao J, Guan J, Zhang R, He M, Fan L, Zhang Qi, 
Jiang Z (2017) Antifouling, high-flux oil/water separation carbon 
nanotube membranes by polymer-mediated surface charging and 
hydrophilization. J Membr Sci 542(92):254–263. https://​doi.​org/​
10.​1016/j.​memsci.​2017.​08.​018

Madaeni SS, Zinadini S, Vatanpour V (2011) A new approach to 
improve antifouling property of PVDF membrane using in situ 
polymerization of PAA functionalized TiO2 nanoparticles. J 
Membr Sci 380(1–2):155–162. https://​doi.​org/​10.​1016/j.​mem-
sci.​2011.​07.​006

Mahdavi H, Mazinani N, Heidari AA (2020) Poly(vinylidene fluoride) 
(PVDF) PVDF-polyvinylpyrrolidone (PVP TiO2 mixed matrix 
nanofiltration membranes: preparation and characterization. 
Polym Int 69(12):1187–1195. https://​doi.​org/​10.​1002/​pi.​6061

Mansourizadeh A, Azad AJ (2014) Preparation of blend polyethersul-
fone/cellulose acetate/polyethylene glycol asymmetric membranes 
for oil-water separation. J Polym Res 21(3). https://​doi.​org/​10.​
1007/​s10965-​014-​0375-x

Matos M, García CF, Suárez MA, Pazos C, Benito JM (2016) Treat-
ment of oil-in-water emulsions by a destabilization/ultrafiltration 
hybrid process: statistical analysis of operating parameters. J Tai-
wan Inst Chem Eng 59:295–302. https://​doi.​org/​10.​1016/j.​jtice.​
2015.​08.​006

Mesa CA, Francàs L, Yang KR, Garrido-Barros P, Pastor E, Ma Y, 
Kafizas A et al (2020) Multihole water oxidation catalysis on 
haematite photoanodes revealed by operando spectroelectrochem-
istry and DFT. Nat Chem 12(1):82–89. https://​doi.​org/​10.​1038/​
s41557-​019-​0347-1

Miller D, Dreyer D, Bielawski C, Paul D, Freeman B (2016) Surface 
modification of water purification membranes: a review autoren. 
Angew Chem Int Ed 56(17):4662–4711. https://​doi.​org/​10.​1002/​
ange.​20160​1509

Munirasu S, Haija MA, Banat F (2016) Use of membrane technology 
for oil field and refinery produced water treatment - a review. 
Process Saf Environ Prot 100:183–202. https://​doi.​org/​10.​1016/j.​
psep.​2016.​01.​010

Nascimbén Santos É, László Z, Hodúr C, Arthanareeswaran G, Veréb G 
(2020) Photocatalytic membrane filtration and its advantages over 
conventional approaches in the treatment of oily wastewater: a review. 
Asia-Pac J Chem Eng 15(5):1–29. https://​doi.​org/​10.​1002/​apj.​2533

Nascimben Santos E, Fazekas Á, Hodúr C, László Z, Beszédes S, 
Firak DS, Gyulavári T, Hernádi K, Arthanareeswaran G, Ver 
(2022) Statistical analysis of synthesis parameters to fabricate 
PVDF/PVP/TiO2 membranes via phase-inversion with enhanced 
filtration performance and photocatalytic properties. Polymers 
14(113):1–22. https://​doi.​org/​10.​3390/​polym​14010​113

Nascimben Santos E, Ágoston Á, Kertész S, Hodúr C, László Z, Pap 
Z, Kása Z et al (2020) Investigation of the applicability of TiO2, 
BiVO4, and WO3 nanomaterials for advanced photocatalytic mem-
branes used for oil-in-water emulsion separation. Asia-Pac J Chem 
Eng no. June: 1–15. https://​doi.​org/​10.​1002/​apj.​2549

Neghi N, Kumar M, Burkhalov D (2019) Synthesis and application of sta-
ble, reusable TiO2 polymeric composites for photocatalytic removal 
of metronidazole: removal kinetics and density functional analysis. 
Chem Eng J 359:963–975. https://​doi.​org/​10.​1016/j.​cej.​2018.​11.​090

Nielsen DA, Christiansen L, Holm AH, Dooleweerdt K, Gurevich L, 
Fojan P (2023) Improved anti-fouling performance of sintered 
alumina membrane filters modified with grafted-on peg-brush 
polymer. J Self Assem Mol Electron 19–38. https://​doi.​org/​10.​
13052/​jsame​2245-​4551.​2016.​002

Nouzaki K, Tanaka R, Sato Y, Inaba T, Aoyagi T, Hori T, Yanagishita 
H, Habe H (2023) Evaluating the optimal oil concentrations in 
the startup performance of a membrane bioreactor treating oily 
noodle-soup wastewater. J Oleo Sci 72(3):ess22360. https://​doi.​
org/​10.​5650/​jos.​ess22​360

Ong CS, Lau WJ, Goh PS, Ng BC, Ismail AF (2013) Preparation and 
characterization of PVDF–PVP–TiO2 composite hollow fiber 
membranes for oily wastewater treatment using submerged mem-
brane system. Desalin Water Treat, 1–11. https://​doi.​org/​10.​1080/​
19443​994.​2013.​855679

Padaki M, Surya Murali R, Abdullah MS, Misdan N, Moslehyani A, 
Kassim MA, Hilal N, Ismail AF (2015) Membrane technology 
enhancement in oil-water separation. A review. Desalination 
357:197–207. https://​doi.​org/​10.​1016/j.​desal.​2014.​11.​023

Pagidi A, Saranya R, Arthanareeswaran G, Ismail AF, Matsuura T 
(2014) Enhanced oil-water separation using polysulfone mem-
branes modified with polymeric additives. Desalination 344:280–
288. https://​doi.​org/​10.​1016/j.​desal.​2014.​03.​033

https://doi.org/10.1016/j.mssp.2016.10.009
https://doi.org/10.1016/j.mssp.2016.10.009
https://doi.org/10.3390/membranes12080751
https://doi.org/10.1016/j.memsci.2004.02.017
https://doi.org/10.1002/apj.1844
https://doi.org/10.1016/j.memsci.2012.08.049
https://doi.org/10.2166/wst.2017.610
https://doi.org/10.3390/polym14235164
https://doi.org/10.1016/j.memsci.2014.08.016
https://doi.org/10.1021/am401462e
https://doi.org/10.1021/acsami.2c13402
https://doi.org/10.1021/acsami.2c13402
https://doi.org/10.1016/j.memsci.2011.03.014
https://doi.org/10.1016/j.memsci.2011.03.014
https://doi.org/10.1016/j.memsci.2017.08.018
https://doi.org/10.1016/j.memsci.2017.08.018
https://doi.org/10.1016/j.memsci.2011.07.006
https://doi.org/10.1016/j.memsci.2011.07.006
https://doi.org/10.1002/pi.6061
https://doi.org/10.1007/s10965-014-0375-x
https://doi.org/10.1007/s10965-014-0375-x
https://doi.org/10.1016/j.jtice.2015.08.006
https://doi.org/10.1016/j.jtice.2015.08.006
https://doi.org/10.1038/s41557-019-0347-1
https://doi.org/10.1038/s41557-019-0347-1
https://doi.org/10.1002/ange.201601509
https://doi.org/10.1002/ange.201601509
https://doi.org/10.1016/j.psep.2016.01.010
https://doi.org/10.1016/j.psep.2016.01.010
https://doi.org/10.1002/apj.2533
https://doi.org/10.3390/polym14010113
https://doi.org/10.1002/apj.2549
https://doi.org/10.1016/j.cej.2018.11.090
https://doi.org/10.13052/jsame2245-4551.2016.002
https://doi.org/10.13052/jsame2245-4551.2016.002
https://doi.org/10.5650/jos.ess22360
https://doi.org/10.5650/jos.ess22360
https://doi.org/10.1080/19443994.2013.855679
https://doi.org/10.1080/19443994.2013.855679
https://doi.org/10.1016/j.desal.2014.11.023
https://doi.org/10.1016/j.desal.2014.03.033


64594	 Environmental Science and Pollution Research (2024) 31:64578–64595

Pendergast MM, Hoek EMV (2011) A review of water treatment mem-
brane nanotechnologies. Energy Environ Sci 4(6):1946–1971. 
https://​doi.​org/​10.​1039/​c0ee0​0541j

Rahimpour A, Madaeni SS, Taheri AH, Mansourpanah Y (2008) 
Coupling TiO2 nanoparticles with UV irradiation for modifica-
tion of polyethersulfone ultrafiltration membranes. J Membr Sci 
313(1–2):158–169. https://​doi.​org/​10.​1016/j.​memsci.​2007.​12.​075

Safari NH, Mohd AR, Hassan CW, Takwa ICW, Rozali S (2019) 
Deduction of surfactants effect on performance, morphology, ther-
mal and molecular properties of polymeric polyvinylidene fluoride 
(PVDF) based ultrafiltration membrane. Periodica Polytech Chem 
Eng 63(1):27–35. https://​doi.​org/​10.​3311/​PPch.​12423

Samsudin MF, Ridhwan AM, Sufian S (2018) Enhanced photocatalytic 
degradation of wastewater over RGO-TiO2/BiVO4 photocatalyst 
under solar light irradiation. J Mol Liq 268:26–36. https://​doi.​org/​
10.​1016/j.​molliq.​2018.​05.​012

Sisay EJ, Veréb G, Pap Z, Gyulavári T, Ágoston Á, Kopniczky J, Hodúr 
C, Arthanareeswaran G, Arumugam GKS, László Z (2022) Vis-
ible-light-driven photocatalytic PVDF-TiO2/CNT/BiVO4 hybrid 
nanocomposite ultrafiltration membrane for dairy wastewater 
treatment. Chemosphere 307:135589. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2022.​135589

Sisay EJ, Kertész S, Fazekas V, Jákói Z, Kedves EZ, Gyulavári T, Ágos-
ton V, Veréb G, László Z (2023) Application of BiVO4/TiO2/CNT 
composite photocatalysts for membrane fouling control and photo-
catalytic membrane regeneration during dairy wastewater treatment. 
Catalysts 13(2):315. https://​doi.​org/​10.​3390/​catal​13020​315

Srivastava HP, Arthanareeswaran G, Anantharaman N, Starov VM 
(2011) Performance of modified poly(Vinylidene Fluoride) 
membrane for textile wastewater ultrafiltration. Desalination 
282:87–94. https://​doi.​org/​10.​1016/j.​desal.​2011.​05.​054

Sohail K, Khan IU, Shahzad Y, Hussain T, Ranjha NM (2014) Ph-
sensitive polyvinylpyrrolidone-acrylic acid hydrogels: impact 
of material parameters on swelling and drug release. Braz J 
Pharm Sci 50(1):173–184. https://​doi.​org/​10.​1590/​S1984-​82502​
01100​01000​18

Song X, Li Y, Wei Z, Ye S, Dionysiou DD (2017) Synthesis of 
BiVO4/P25 composites for the photocatalytic degradation of 
ethylene under visible light. Chem Eng J 314:443–452. https://​
doi.​org/​10.​1016/j.​cej.​2016.​11.​164

Sun W, Shi J, Chen C, Li N, Zhiwei Xu, Li J, Lv H, Qian X, Zhao L 
(2018) A review on organic-inorganic hybrid nanocomposite mem-
branes: a versatile tool to overcome the barriers of forward osmosis. 
RSC Adv 8(18):10040–10056. https://​doi.​org/​10.​1039/​c7ra1​2835e

Syarifah N, Ikhsan W, Norhaniza Y, Farhana A, Nurasyikin M 
(2017) A review of oilfield wastewater treatment using mem-
brane filtration over conventional technology. Malays J Anal Sci 
21(3):643–658. https://​doi.​org/​10.​17576/​mjas-​2017-​2103-​14

Tang Y, Zhu T, Liu H, Tang Z, Kuang X, Qiao Y, Zhang H, Zhu 
C (2023) Hydrogel/β-FeOOH-coated poly(vinylidene fluoride) 
membranes with superhydrophilicity/underwater superoleopho-
bicity facilely fabricated via an aqueous approach for multi-
functional applications. Polymers 15(4):839. https://​doi.​org/​10.​
3390/​polym​15040​839

Tofighy MA, Mohammadi T, Sadeghi MH (2021) High-flux PVDF/
PVP nanocomposite ultrafiltration membrane incorporated with 
graphene oxide nanoribbones with improved antifouling properties. 
J Appl Polym Sci 138(4):e49718. https://​doi.​org/​10.​1002/​app.​49718

Van der Bruggen B (2009) Chemical modification of polyethersul-
fone nanofiltration membranes: a review. J Appl Polym Sci 
114(1):630–642. https://​doi.​org/​10.​1002/​app

Venkatesh K, Arthanareeswaran G, Chandra Bose A (2016) PVDF 
mixed matrix nano-filtration membranes integrated with 
1D-PANI/TiO2 NFs for oil-water emulsion separation. RSC Adv 
6(23):18899–18908. https://​doi.​org/​10.​1039/​c5ra2​7022g

Venkatesh K, Arthanareeswaran G, Bose AC, Kumar PS (2020) Hydro-
philic hierarchical carbon with TiO2 nanofiber membrane for high 
separation efficiency of dye and oil-water emulsion. Sep Purif Tech-
nol 241(June):116709. https://​doi.​org/​10.​1016/j.​seppur.​2020.​116709

Veréb G, Kálmán V, Gyulavári T, Kertész S, Beszédes S, Kovács G, 
Hernádi K, Pap Z, Hodúr C, László Z (2019) Advantages of TiO2/
carbon nanotube modified photocatalytic membranes in the purifi-
cation of oil-in-water emulsions. Water Sci Technol: Water Supply 
19(4):1167–1174. https://​doi.​org/​10.​2166/​ws.​2018.​172

Veréb G, Gyulavári T, Virág O, Alapi T, Hernadi K, Pap Z (2022) 
Wavelength dependence of the photocatalytic performance of pure 
and doped TiO2 photocatalysts—a reflection on the importance of 
UV excitability. Catalysts 12(12):1492. https://​doi.​org/​10.​3390/​
catal​12121​492

Wetchakun N, Chainet S, Phanichphant S, Wetchakun K (2015) Effi-
cient photocatalytic degradation of methylene blue over BiVO4/
TiO2 nanocomposites. Ceram Int 41(4):5999–6004. https://​doi.​
org/​10.​1016/j.​ceram​int.​2015.​01.​040

Wu J, Wei W, Li S, Zhong Q, Liu F, Zheng J, Wang J (2018) The effect of 
membrane surface charges on demulsification and fouling resistance 
during emulsion separation. J Membr Sci 563:126–33. https://​doi.​
org/​10.​1016/j.​memsci.​2018.​05.​065

Yalcinkaya F, Boyraz E, Maryska J, Kucerova K (2020) A review on 
membrane technology and chemical surface modification for the 
oily wastewater treatment. Materials 13(2):493. https://​doi.​org/​
10.​3390/​ma130​20493

Yang HC, Pi JK, Liao KJ, Huang He, Qing Yun Wu, Huang XJ, Zhi 
Kang Xu (2014) Silica-decorated polypropylene microfiltra-
tion membranes with a mussel-inspired intermediate layer for 
oil-in-water emulsion separation. ACS Appl Mater Interfaces 
6(15):12566–12572. https://​doi.​org/​10.​1021/​am502​490j

Yoo SH, Kim JH, Jho JY, Won J, Kang YS (2004) Influence of the addi-
tion of PVP on the morphology of asymmetric polyimide phase 
inversion membranes: effect of PVP molecular weight. J Membr Sci 
236(1–2):203–207. https://​doi.​org/​10.​1016/j.​memsci.​2004.​02.​017

Yu H, Gu L, Sifan W, Guangxia D, Xingbo Q, Zhang K, Xiangyu L, 
Haifeng W, Daofang Z (2020) Hydrothermal carbon nanospheres 
assisted-fabrication of PVDF ultrafiltration membranes with 
improved hydrophilicity and antifouling performance. Sep Purif 
Technol 247:116889. https://​doi.​org/​10.​1016/j.​seppur.​2020.​116889

Zalfani M, Van Der Schueren B, Zhi Yi Hu, Rooke JC, Bourguiga 
R, Min Wu, Li Yu, Van Tendeloo G, Bao Lian Su (2015) Novel 
3DOM BiVO4/TiO2 nanocomposites for highly enhanced photo-
catalytic activity. J Mater Chem A 3(42):21244–21256. https://​
doi.​org/​10.​1039/​c5ta0​0783f

Zangeneh H, Zinatizadeh AA, Zinadini S, Feyzi M, Bahnemann DW 
(2018) A novel photocatalytic self-cleaning PES nanofiltration 
membrane incorporating triple metal-nonmetal doped TiO2 (K-B-
N-TiO2) for post treatment of biologically treated palm oil mill 
effluent. React Funct Polym 127:139–152. https://​doi.​org/​10.​
1016/j.​react​funct​polym.​2018.​04.​008

Zhang J, Huang Y, Xinyu Lu, Yang J, Tong Y (2021) Enhanced BiVO4 
photoanode photoelectrochemical performance via borate treatment 
and a NiFeOx cocatalyst. ACS Sustain Chem Eng 9(24):8306–
8314. https://​doi.​org/​10.​1021/​acssu​schem​eng.​1c030​55

Zhang J, Zheng M, Zhou Y, Yang L, Zhang Y, Wu Z, Liu G, Zheng 
J (2022) Preparation of nano-TiO2-modified PVDF membranes 
with enhanced antifouling behaviors via phase Inversion: implica-
tions of nanoparticle dispersion status in casting solutions. Mem-
branes 12(4). https://​doi.​org/​10.​3390/​membr​anes1​20403​86

Zhao C, Xiaochen Xu, Chen J, Yang F (2014) Optimization of prepara-
tion conditions of poly(vinylidene fluoride)/graphene oxide micro-
filtration membranes by the taguchi experimental design. Desali-
nation 334(1):17–22. https://​doi.​org/​10.​1016/j.​desal.​2013.​07.​011

Zhao X, Lijuan Cheng R, Wang NJ, Liu L, Gao C (2019) “Bioinspired 
synthesis of polyzwitterion/titania functionalized carbon nanotube 

https://doi.org/10.1039/c0ee00541j
https://doi.org/10.1016/j.memsci.2007.12.075
https://doi.org/10.3311/PPch.12423
https://doi.org/10.1016/j.molliq.2018.05.012
https://doi.org/10.1016/j.molliq.2018.05.012
https://doi.org/10.1016/j.chemosphere.2022.135589
https://doi.org/10.1016/j.chemosphere.2022.135589
https://doi.org/10.3390/catal13020315
https://doi.org/10.1016/j.desal.2011.05.054
https://doi.org/10.1590/S1984-82502011000100018
https://doi.org/10.1590/S1984-82502011000100018
https://doi.org/10.1016/j.cej.2016.11.164
https://doi.org/10.1016/j.cej.2016.11.164
https://doi.org/10.1039/c7ra12835e
https://doi.org/10.17576/mjas-2017-2103-14
https://doi.org/10.3390/polym15040839
https://doi.org/10.3390/polym15040839
https://doi.org/10.1002/app.49718
https://doi.org/10.1002/app
https://doi.org/10.1039/c5ra27022g
https://doi.org/10.1016/j.seppur.2020.116709
https://doi.org/10.2166/ws.2018.172
https://doi.org/10.3390/catal12121492
https://doi.org/10.3390/catal12121492
https://doi.org/10.1016/j.ceramint.2015.01.040
https://doi.org/10.1016/j.ceramint.2015.01.040
https://doi.org/10.1016/j.memsci.2018.05.065
https://doi.org/10.1016/j.memsci.2018.05.065
https://doi.org/10.3390/ma13020493
https://doi.org/10.3390/ma13020493
https://doi.org/10.1021/am502490j
https://doi.org/10.1016/j.memsci.2004.02.017
https://doi.org/10.1016/j.seppur.2020.116889
https://doi.org/10.1039/c5ta00783f
https://doi.org/10.1039/c5ta00783f
https://doi.org/10.1016/j.reactfunctpolym.2018.04.008
https://doi.org/10.1016/j.reactfunctpolym.2018.04.008
https://doi.org/10.1021/acssuschemeng.1c03055
https://doi.org/10.3390/membranes12040386
https://doi.org/10.1016/j.desal.2013.07.011


64595Environmental Science and Pollution Research (2024) 31:64578–64595	

membrane with superwetting property for efficient oil-in-water 
emulsion separation. J Membr Sci 589(November):117257. 
https://​doi.​org/​10.​1016/j.​memsci.​2019.​117257

Zhou Y, Xi D-l (2007) Effect of PVP additive on PVDF/TPU blend 
hollow fibre membranes by phase inversion yuan. Iran Polym J 
16(4):241–250

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.memsci.2019.117257

	Enhancing membrane performance for oily wastewater treatment: comparison of PVDF composite membranes prepared by coating, blending, and grafting methods using TiO2, BiVO4, CNT, and PVP
	Abstract
	Introduction
	Material and methods
	Fabrication of neat membranes
	Modification of membranes
	Membrane characterization
	Preparation of oil-in-water emulsions
	Filtration experiments

	Results and discussion
	Membrane characterization
	Photocatalytic activity
	Filtration experiments

	Conclusions
	Appendix. Absorbance values obtained during photocatalytic experiments using methyl orange under UV, visible, and simulated solar irradiations.
	References


