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Abstract

This comparative study investigates the modification of polyvinylidene fluoride (PVDF) membranes with different nanopar-
ticles (TiO, or TiO,-based composites containing BiVO, 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-TiO,/CNT/PVP-coated membrane presented
the best performance. Overall, the addition of 2 wt.% CNT to the TiO, notably enhanced the photocatalytic activity of the
membranes for both UV and visible irradiations. Meanwhile, the presence of 2 wt.% BiVO, was beneficial only for photoca-
talysis under visible light irradiation. Regarding the filtration of the oil-in-water emulsions, 2 wt.% CNT or BiVO, addition
resulted in the highest fluxes in the series of the PVDF-TiO,-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-
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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 (TiO,) and bismuth vanadate (BiVO,) 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).

TiO, 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). BiVO, possesses
a narrower bandgap, allowing it to efficiently absorb vis-
ible light, which comprises a significant portion of solar
radiation. This property may enable BiVO, 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, TiO,, BiVO,, 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 TiO,- and BiVO,-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 TiO,/CNT,q-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;
Kovics 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 TiO,, BiVO,, 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 TiO,, TiO,/CNT, TiO,/BiVO,, and TiO,/BiVO,/CNT
nanoparticles in/on PVDF membranes. The addition of
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PVP was also evaluated in the case of PVDF membranes
blended, coated, or grafted with TiO,/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! density,
Halasztelek, 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 pm 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™! sodium lauryl sulfate surfactant
(Molar Chemicals Kft., Halasztelek, 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.
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Modification of membranes

The membranes were modified with commercial TiO,
(Aeroxide P25, Evonik Industries, Hanau-Wolfgang,
Germany; d =25-39 nm), our own BiVO, (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; 1> 10 pm;
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 (TiO,, BiVO,,
CNT) were prepared by grinding them together in calcu-
lated amounts in an agate mortar for 15 min. BiVO, 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 TiO,/CNT-coated
membranes (Fekete et al. 2023). Therefore, 100%-TiO,,
98%-Ti0,/2%-BiVO,, 98%-Ti0,/2%-CNT, 80%-Ti0,/20%-
BiVO,, and 78%-Ti0,/20%-BiVO,/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 TiO,, BiVO,, 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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Table 1 Composition of the Modifica-  Membrane type  Ratio of PVDF PVP TiO, BiVO, CNT NMP
;‘l‘;‘?t}gﬁ,‘;‘fg glzr;’bzrax‘z;fv ’ tion method TiO,BiVO,CNT (. (40.0 g total)
E‘L\t’%ﬁcﬁfﬁ’ ?gﬁ:ﬁi’gfgo’c’ Blended ~ N-BI 0:00:00 15 0o 0 0 0 85
coated: -Gr, grafted; -PVP, 1 T-BI 100:00:00 15 0 1 0 0 84
wt.% polyvinylpyrrolidone) TB2-BI 98:02:00 15 0 098 002 0 84
TC-BI 98:00:02 15 0 098 0 002 84
TB20-BI 80:20:00 15 0 08 02 0 84
TB20C-BI 78:20:02 15 0 078 02 002 84
TC-BI-PVP 98:00:02 15 1 098 0 002 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 0 098 002 0 84
TC-Co 98:00:02 15 0 098 0 002 84
TB20-Co 80:20:00 15 0 08 02 0 84
TB20C-Co 78:20:02 15 0 078 02 002 84
TC-Co-PVP 98:00:02 15 1 098 0 002 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 0 098 002 0 84
TC-Gr 98:00:02 15 0 098 0 002 84
TB20-Gr 80:20:00 15 0 08 02 0 84
TB20C-Gr 78:20:02 15 0 078 02 002 84
TC-Gr-PVP 98:00:02 15 1 098 0 002 83

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 Magyarorszag Kft.,
analytical grade, Debrecen, Hungary) and 1 wt.% potas-
sium persulfate initiator (Scharlab Magyarorszag 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 x 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 pL 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° M=327mgL ") ina
photoreactor equipped with a UV-A lamp (Sylvania F18W/
BLB-T8, Blacklight-Blue, 2 x 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
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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 11+, Cambridge,
UK) at A =466 nm. The same experiments were also carried
out using visible light (Tungsram FT8-18W-840; 2x 18 W,
Nagykanizsa, Hungary) and simulated solar light (Sylvania
18W-Actival72; 2 x 18 W, Erlangen, Germany).

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

_ Abs, — Abs,

€= Abs, x 100 [%] 6))

where Abs, and Abs, are the absorbances of the dye solution
measured when the lamp was turned on (time 0) and after a
certain time of irradiation (time f), 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:

l Abs ) _ kxt
" Absy ) 2)

where Abs, and Abs, are the absorbances of the dye solution
measured after reaching the steady state (time 0) and after
a certain time of irradiation (time ?), respectively, k, is the
initial apparent first-order kinetics rate constant expressed
by the slope of the graph (h™"), and ¢ 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
(ry) was calculated considering the initial concentration (C,)
and k:

ro = ko X Cy [mgL™"h™'] 3)

Preparation of oil-in-water emulsions

The used crude oil was provided by a South Hungarian
oil producer company. The preparation of oil emulsions
(c4;=100 mg L) was carried out by adding 1 wt.% crude
oil to ultrapure water followed by rigorous mixing (Skil
FO151415AC, 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
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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 cm?). 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 (J,) was
recorded with a computer-controlled scale at predeter-
mined intervals.
The fluxes (J) were calculated as follows:
AV

— —27-1
T= axatm ] @)

where J is the permeation flux (L m~2h~!), AV is the perme-
ate volume (L), A is the effective membrane area (m?), and
At 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 (J;). 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 (J,,)-

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; Kovacs et al. 2018; Gokulakrishnan et al.
2021). The resistance of the membrane (R),) is characteristic
of its material and structure, which was calculated as

__Ar
Jyw Xy

Ry (] &)
where Ap is the applied transmembrane pressure [Pa], 1y,
is the viscosity of the water [Pa s], and J, is the pure water
flux of the membrane.
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Irreversible filtration resistance (Ry,.,) originates from con-
taminants irreversibly attached to the pores and surface, which
cannot be easily removed. Ry, was determined according to
the water flux (J,4.,) measured after the filtration of the oil
emulsion and the purification of the used membrane (carried
out by intense rinsing with pure water):

R

A
Irrev = J b - M[m_l] (6)

after X My

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

Ap

Rgoy=————R,  —
Rev Irrev
]Dll X Mot

Ry [m™'] )

where 7, is the viscosity of the emulsion and J,
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:

oi1 18 the flux

-1
RT = RM + errev + RRev [m ]

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

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

FDR = Jw — Joil x 100 [%] ) 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.

J after 2013). However, interestingly, the addition of PVP reduced

FRR = W X 100 [%] © 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 100

the investigated membranes (N, _

neat; T, TiO,; C, 2wt.% CNT; 30 | [ . : . =

PVP, 1 wt.% polyvinylpyr- > E3 =

rolidone; -Bl, blended; -Co, )

coated; -Gr, grafted) %‘0 60 P

g 40
=
3
20
—1] ]
0 . . 4L . . :
— — — H L] —
@@@%888%@?.&9%
z B QO &Iz = O 51z B O &
ToE =g -5
= = =
Blended Coated Grafted
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Table2 Contact angle values and decolorization of methyl orange
(Cy= 107 M,~3.27 mg L. Initial apparent rate constants k, )
were calculated from the slope of In(Abs/Abs) versus time (until 8 h
of irradiation), R is the correlation coefficient of the generated curve,

€g is the decolorization efficiency obtained after 8 h (%), and r is the
initial reaction rate (mg Lt h‘l) (N, neat; T, TiO,; B2, 2 wt.% BiVO,;
B20, 20 wt.% BiVO,; C, 2wt.% CNT; -PVP, 1 wt.% polyvinylpyrro-
lidone; -Bl, blended; -Co, coated; -Gr, grafted)

Modification Membrane name Ratio of Contact angle (°) r (mg L'nh ko ) R? eg (%)

method TiO,:BiVO,:CNT

Blended N-B1 0:00:00 85.1 ~0.0 ~0.0 0.605 0.0
T-BI 100:00:00 75.4 0.106 -0.032 0.976 23.1
TB2-BI 98:02:00 79.4 0.071 -0.022 0.819 17.2
TC-B1 98:00:02 75.1 0.316 —0.097 0.998 52.6
TB20-B1 80:20:00 71.6 ~0.0 ~0.0 0.579 0.0
TB20C-BI 78:20:02 78.9 ~0.0 ~0.0 0.653 0.0
TC-B1-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 0911 -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

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 TiO, 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 TiO,-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
TiO,—~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

@ Springer

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.
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Fig.2 Scanning electron
microscopy images of the TiO,—
CNT-containing membranes (T,
TiO,; C, 2 wt.% CNT; -PVP,

1 wt.% polyvinylpyrrolidone;
-Bl, blended; -Co, coated; -Gr,
grafted)

TC-BI-PVP

10.0kV 13.5mm x30.0k SE(M)

k &‘. -
10.0kV 14.5mm x50.0k SE(M)

In addition, combining CNTs with TiO, results in a
significantly better performance than using only TiO, for
blended and grafted membranes. CNTs have good elec-
trical conductivity and a large surface area, facilitating
the transfer of photoexcited electrons from TiO, 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

et I'I‘I'j
1.00um

[
1.00um

10.0kV 13.8mm x50.0k SE(M)

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

The TiO,/BiVO, membranes (TB2) exhibited photocat-
alytic activity similar to that of pure TiO, under UV light,
meaning that 2% BiVO, addition did not improve the pho-
tocatalytic efficiency. It is well-known that TiO, has high
photoactivity when excited below 400 nm wavelengths
(Rahimpour et al. 2008; Kovacs et al. 2018; Nascimbén
Santos et al. 2020) due to its higher quantum efficiency
in the UV range (Veréb et al. 2022), meaning that TiO,
was mainly responsible for the degradation. It is important
to note that even the higher BiVO, 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 TiO, particles, and
they were more significantly covered by the much big-
ger BiVO, nanoparticles, leading to less activated TiO,

@ Springer
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Fig.3 Absorbance of methyl
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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

@ Springer

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 (TiO,, BiVO,,
and CNT) are combined, the overall photocatalytic activity
appears to be lower compared with using TiO, with either
BiVO, or CNT individually. More experiments need to be
carried out to evaluate the synergetic effect of TiO,, BiVO,,
and CNT when used simultaneously. The components can
compete with each other or even increase the possibility of
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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 BiVO, was not beneficial
for UV-photocatalysis, the 2 wt.% BiVO,-containing mem-
branes demonstrated superior performance under visible
light irradiation (k,=-0.008) than the ones containing
only TiO, (k,=-0.007) due to the narrower band gap of
BiVO, (Sisay et al. 2023; Wetchakun et al. 2015; Nascim-
ben Santos et al. 2020; Song et al. 2017). The TiO,-CNT
membranes had the greatest photocatalytic activity under
visible light (k,=-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 TiO,-coated mem-
branes still had better performance for the simulated solar
experiments (k,=-0.044) when compared with the 2 wt.%
BiVO,- (ky=-0.017) and CNT- (k= —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 TiO, (Fig. 5a), TiO,/BiVO4(2%) com-
posite (Fig. 5b), or TiO,/CNT(2%) composite (Fig. 5¢c), the
grafted membranes exhibited superior filtration performance
(2-7 times higher fluxes, up to 148 L m™2 h™') 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 BiVO, in the
TiO,/BiVO, composite (Fig. Se, f) resulted in lower fluxes
for the grafted membranes (64 and 50 L m~ h™! for TB20-Gr
and TB20C-Gr, respectively), originating mainly from the
significantly lower water fluxes of the clean membranes (92

@ Springer
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Fig.5 Flux curves measured 500
during the filtration of the oil 500 W
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and 94 L m~ h™! 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 > h™!
for TB20-BI1 and TB20C-BI, respectively). This interesting
phenomenon occurred because of the increased number of
BiVO, 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 TiO,/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™". 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,
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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> h‘l), the grafted membrane still
had the best performance when compared with coated (97 L
m~2h™") and blended membranes (125 L m2h™).

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 m2h™!, whereas the second-best final flux for membranes
without PVP was less than 240 L m~2 h™!. 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% BiVO, 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 BiVO, or CNT in low concentra-
tions altered the surface, making it more hydrophilic and
reducing its tendency to foul.

@ Springer

Conclusions

In this study, the addition of CNT and BiVO, to
TiO,-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 TiO, 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.% BiVO, 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 TiO,-membranes. Nevertheless, the addition of more
BiVO, (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 TiO, and 2 wt.% BiVO, 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-TiO, membranes. The PVDF-TiO,/CNT,q-
grafted membrane provided relatively high photocat-
alytic efficiency (the third highest: only the grafted
PVDF-TiO,/CNT,,/PVP and coated PVDF-TiO,/
CNT,¢/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.
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