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ARTICLE INFO ABSTRACT

Editor: ChoeEarn Choong With the increase in reported cases of toxic organic contaminants such as benzene, toluene, ethylbenzene, and
xylene (BTEX) in the aquatic environment, membrane technology offers a viable option for removing BTEX from
wastewater. However, hydrophilic modification of the membranes is vital to reduce the rapid accumulation of
the BTEX organic contaminants and maintain improved membrane performance in BTEX removal. In this study,
biogenically-synthesized Fe304-NPs were embedded into a PVDF membrane to endow the membrane with hy-
drophilicity, which necessitates the reduction in BTEX accumulation on the membrane, consequently main-
taining improved membrane performance towards BTEX removal. Different Fe304-NPs loadings (0 wt% to 5 wt
%) were used for the PVDF modification to establish the optimum blending amount of the Fe304-NPs required to
achieve the most effective membrane. The water contact angle was reduced from 84.2° (pristine PVDF) to 52° for
the membrane modified with 1 wt% of the Fe3O4-NPs. Other membrane features such as porosity, surface
roughness, and mechanical strength were also enhanced. Performance evaluation of the membranes revealed
that the flux and BTEX rejection of the Fe304-NPs/PVDF membrane were improved. The antifouling test results
showed a reduction in the total fouling from 52.1 % (pristine membrane) to 36.3 % for the membrane modified
with 1 wt% of the FegO4-NPs. Our findings provide a strategy utilizing biogenically synthesized Fe304-NPs to
enhance PVDF membranes’ performance for removing BTEX from wastewater.
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BTEX-contaminated water bodies, several treatment techniques have
been developed to ensure the removal of BTEX from wastewater before

1. Introduction

Discharging untreated or poorly treated wastewater into water
bodies is a global challenge that has highlighted the need for continuous
development of better means of wastewater treatment before discharge
[1-3]. One of the implications of discharging poorly treated wastewater
into the water sources is the release of harmful contaminants into our
aquatic system [4,5]. Among the top contaminants reported to be
released into the water bodies from industrial discharge are benzene,
toluene, ethylbenzene, and xylene, collectively known as BTEX [6-8].
According to the USEPA [9], the health implications of exposure to
BTEX-contaminated water include cancer, reproductive complications,
and neurological problems, among others. BTEX also poses environ-
mental issues such as the pollution of aquatic systems, and its volatili-
zation from the contaminated water body into the atmosphere causes
poor air quality [10,11].

In response to the adverse health and environmental consequences of
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discharge. Such treatment methods include hydrocyclones, flotation,
API separators, and membrane technology [12-14]. Among these
treatment techniques, membrane technology is the most efficient and
effective. In contrast, the other techniques are either not very effective in
removing BTEX, are cost and energy-intensive, or lead to secondary
pollution.[15,16]. Although most membranes, such as polyvinylidene
fluoride (PVDF), possess the ideal physical properties required for BTEX
wastewater treatment, they are limited by their hydrophobic nature
[17]. This limitation springs from the strong hydrophobic interaction
between the membrane and the BTEX organic contaminants, which re-
sults in rapid accumulation of the BTEX on the membrane and subse-
quent membrane fouling [18]. Membrane fouling results in
deterioration of the membrane performance, such as flux decline, poor
rejection, and reduced membrane lifespan [19-21]. To minimize
membrane fouling and maintain good membrane performance during
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the treatment of organic contaminated wastewater, the membrane is
made hydrophilic by incorporating hydrophilic components such as
hydrophilic polymers and nanoparticles (NPs) into the membrane
[22-24]. The incorporated hydrophilic components not only improve
the membrane’s performance but also reinforce the membrane’s phys-
ical properties, such as morphology and mechanical stability [25-27].

Over the years, nanoparticles such as TiO5 [28], Ag [29], Al;03 [30],
and Fe3O4 [31] have successfully been utilized in enhancing the hy-
drophilicity of membranes to reduce fouling and achieve good mem-
brane performance in the removal of organic contaminants from
wastewater. Matindi et al. [32] incorporated TiO, NPs into a poly-
ethersulfone/polysulfone (PES/PS) composite membrane to improve the
membrane performance in oil-in-water emulsion separation. They re-
ported that the embedded TiO significantly improved the hydrophi-
licity of the membrane; as a consequence, the membrane performance,
such as flux and separation efficiency, was enhanced. In another
modification strategy, Fe304@MoS; NPs were anchored in a PES
membrane, and its performance integrity in treating bovine serum al-
bumin (BSA) and humic acid (HA) contaminated water was assessed
[33]. The Fe304@MoS,; NPs modified membrane improved its perme-
ability and rejection due to the enhanced hydrophilicity introduced in
the membrane by the Fe3O4@MoS; NPs [33]. The removal efficiency of
another organic contaminant, methylene blue, was improved by modi-
fying the PVDF membrane used for the removal of the dye with Fe304
NPs [34].

Very little research has been reported on treating BTEX-
contaminated wastewater using Fe3O4 NPs-modified membrane. In
fact, to the best of our knowledge, only two research studies have been
conducted on iron or iron oxide-modified membranes for the treatment
of BTEX-contaminated wastewater. The first research incorporated Fe-
NPs into a polyethersulfone (PES) membrane for the treatment of
BTEX-contaminated water and reported an improvement in the perfor-
mance of the modified membrane compared to the pristine PES [35].
However, the Fe-NPs used in the fabrication were reported to be
agglomerated, and the cumulative BTEX rejection of the modified
membrane was 64.55 % [35]. The second research used a tannin iron
complex (TA-Fe'), not iron nanoparticles, to modify a PES membrane to
treat BTEX wastewater, and enhanced performance of the modified
membrane was reported [36].

Considering the studies mentioned above on the use of iron-modified
membranes for the treatment of BTEX-contaminated wastewater, there
is a need to improve the dispersion of the iron nanoparticles during their
synthesis. This is because the incorporation of agglomerated nano-
particles in a membrane often adversely affects the physical and per-
formance characteristics of the membrane [37-40]. To establish the
optimum conditions for treating the BTEX-contaminated wastewater,
there is also a need to explore the influence of the operational conditions
on the performance of the modified membrane. In addition, an anti-
fouling test on the iron-modified membrane is needed to establish the
effect of the incorporated NPs on fouling mitigation. Furthermore, PVDF
is known to be more chemically resistant to all four components of
BTEX: benzene, toluene, ethylbenzene, and xylene [41]. Hence, using a
more BTEX-resistant base polymer to treat the wastewater would ensure
that there would be no or minimal deterioration of the membrane per-
formance due to chemical degradation of the polymer by the BTEX
contaminants.

Therefore, in this study, biogenic synthesis of Fe304-NPs was per-
formed using the extract of pomegranate leaf to reduce iron precursor to
the Fe304-NPs, and the leaf extract also stabilized the synthesized Fe304-
NPs; thus, a dispersed NPs was obtained. Subsequently, the PVDF
membrane was modified with the biogenically synthesized Fe3O4-NPs,
and the effect of the NPs on the physical features and performance of the
membrane was investigated. Furthermore, the effect of pressure and
BTEX feed concentration on the flux and rejection of the Fe304-NPs/
PVDF membrane was also investigated. In addition, the influence of the
Fe304-NPs on the antifouling tendency of the modified membrane was
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further assessed.
2. Experimental
2.1. Materials

PVDF pellets (Myy -~ 180,000gmol’1), PSF pellets (M,, ~
35,000gmol’1), 1-methyl-2-pyrrolidinone (NMP, >99.0 %), iron (III)
chloride (FeClg), benzene (99.8 %), toluene (99.9 %), ethylbenzene
(>99.9 %), and xylene (>99 %) were purchased from Sigma Aldrich.
The Direct-Q UV millipore system supplied deionized water (DI water,
18.2 MQcm @250C). All the reagents were used as received without any
further purification. The pomegranate leaves were collected from the
tree at the School of Chemical Engineering, University of the Witwa-
tersrand, Johannesburg.

2.2. Synthesis of Fe304-NPs

The Fe304-NPs were biogenically synthesized using the extract of the
pomegranate leaves. To obtain the leaves extract, pomegranate leaves
were thoroughly washed with water to remove dust particles, dried, and
then ground with a grinder. 20 g of the dried leaves powder was mixed
with 200 mL of DI water and shaken for 8 h at 150 rpm, followed by
sonication for 30 min. The mixture was first filtered with a sieve and
then with Whatman grade 1 filter paper. The obtained filtrate was stored
at 4 °C for the synthesis of the Fe3O04-NPs.

To synthesize the Fe304-NPs, FeCls was biogenically reduced by the
leaves extract following a method by Xu et al. [42] with some modifi-
cations, which include changing the reaction duration and temperature.
Plant extracts are known to exhibit an inherent ability to act as reducing,
size-control, and stabilizing agents in the synthesis of nanoparticles
[43]. For this synthesis, 1.2 g of FeCl3 was thoroughly dissolved in 70 mL
of DI water, and 140 mL of leaf extract was added to the FeCls solution
under rigorous stirring. The reaction mixture was continuously stirred
for 3 h at 80 °C, and during this time, the colour of the reaction solution
changed from yellow (FeCl; solution) to black, indicating the formation
of the Fe304-NPs. The resulting mixture was centrifuged, and the
product was washed three times with ethanol and water to remove
impurities and then dried in an oven for 3 h at 50 °C to obtain the Fe304-
NPs in dry form for the enhancement of the features of PVDF membranes
for BTEX wastewater treatment.

2.3. Fabrication of FesO4-NPs/PVDF membranes

The base membrane ideal for the BTEX wastewater treatment was
selected based on the ability of the membrane to exhibit high tolerance
to BTEX water with no or minimal membrane damage. Two fabricated
membranes (PSF and PVDF) were tested for their tolerance towards
BTEX water by immersing the membranes in different concentrations
(500 ppm, 1000 ppm, and 2000 ppm) of BTEX solutions at room tem-
perature for 30 days. The exposed membranes were removed from the
BTEX solutions after 30 days, rinsed with DI water, and oven-dried at
40 °C for 2 h. Physical observation and SEM were used to determine the
BTEX tolerance of the two membranes. The membrane with the best
tolerance to BTEX was subsequently chosen as the base membrane for
treating the BTEX wastewater.

PVDF was selected as the base membrane based on its high tolerance
to BTEX water, as shown in the results session in Figs. 4 and 5. Various
amounts of the Fe3O4-NPs, ranging from 0.0 to 5.0 wt% loadings, as
depicted in Table 2, were embedded in the PVDF membrane. The Fe304-
NPs/PVDF membranes were prepared by thoroughly dispersing the
appropriate amount of the Fe304-NPs in NMP and dissolving the PVDF
pellets in a separate NMP solvent. Well-dispersion of the Fe304-NPs was
achieved by stirring the Fe3O4-NPs suspension for 2 h, followed by
sonication for 30 mins. The Fe304-NPs suspension was then slowly
poured into the PVDF solution under constant stirring, and the mixture
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was stirred for 8 h at 50 °C. Then, the obtained dope solution was left to
degas for 1 h to remove air bubbles and cast on an elcometer film
applicator. The cast membranes were fabricated using the non-solvent
induced phase inversion method with DI water as the coagulation
bath. The fabricated membranes were washed with DI water to remove
any remaining solvent and dried in the oven at 40 °C for 6 h.

2.4. Characterization of the leaf extract, FesO4-NPs, and the membranes

The leaf extract was analyzed to determine its constituent phyto-
chemicals using an Agilent GC 7890B equipped with a 30 m x 0.25 mm
ID x 0.25 pm Rxi-5Sil MS capillary column. The instrument is also
equipped with a Gerstel multipurpose sampler and a Pegasus 4D GC x
GC-TOFMS. Before the analysis, the leaves extract was filtered using a
0.45 pm PTEE filter. The injection volume was 1 pL in a splitless mode,
and helium was the carrier gas. The oven temperature gradient was
programmed as follows: 50 °C for 30 s, then 300 °C for 2 min at a rate of
15 °C/min.

The Fe304-NPs were identified via the X-ray diffraction (XRD) using
Bruker D2 phaser, and the functional groups were evaluated using
Fourier transform infrared spectroscopy (FTIR) performed on a Bruker
Tensor 27. The textural property of the Fe304-NPs was determined via
N physisorption at 77 k using Brunauer-Emmett-Teller (BET) Micro-
metrics Tristar Plus 3.03. The morphology of the Fe304-NPs was studied
using a high-resolution Carl Zeiss scanning electron microscopy (SEM)
and FEI Tecnai T12 transmission electron microscopy (TEM). Energy-
dispersive X-ray spectroscopy (EDX) was done using the same Carl
Zeiss SEM. For X-ray photoelectron spectroscopy (XPS) measurements,
X-rays were generated from a monochromatic Al K, X-ray source. A
hemispherical electron energy analyzer, SPECS Phoibos 150, deter-
mined the energies of the emitted electrons. The total energy resolution
was approximately 0.7 eV.

The morphology of the fabricated membranes was obtained using a
high-resolution Carl Zeiss SEM and the surface roughness of the mem-
branes was checked with WITec alpha 300 atomic force microscope
(AFM). The contact angle was measured by the sessile drop method
using a KRUSS G10 goniometer. Seven measurements were done for
each membrane, and the average was calculated. The thickness of the
prepared membranes (excluding the membranes used for the BTEX
tolerance test) was measured using a digital micrometer. The thickness
of each of the membranes was measured at five different positions, and
the average thickness was calculated. ImageJ open-source software was
used to measure the pore size of the membrane from the SEM images,
and the mean pore size was calculated. The porosity (¢) and equilibrium
water content (EWC) of the membranes were measured using the
gravimetric method according to Eq. (1) and Eq. (2), respectively.

o (chr - Wdrv)
8(%)_Wx 100 @
sz’ - W, ry
EWC (%) = <;v—d> x 100 @)
wet

where Wy, and W, represent the masses of the dry membrane and the
wet membrane respectively. p, A, and | are the density of water (g/cm?),
the effective area of the tested membrane (mz), and the thickness of the
membrane (m), respectively. The wet membrane was obtained by
immersing the membrane in DI water for 48 h. After 48 h, the membrane
was removed from the DI water, thoroughly wiped to remove excess
water on the membrane, and subsequently weighed to obtain its weight.

The surface charge properties of the membranes were obtained using
the Zetasizer Nano ZS system, Malvern Instruments. Each membrane
was soaked in KOH (0.01 M, 300 mL) electrolyte solution for 48 h, and
measurements were conducted at pH ranging from 1.8 to 12.1 at 25 °C.
The membrane was cut and then fitted with the active side facing up-
ward into the custom dip-cell immersed in the background electrolyte
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solution. The pH was adjusted using a dilute HCl and NaOH solution. A
thermogravimetric analyzer, TA SDT Q600, was used to measure the
thermal stability of the membranes between 25 °C and 700 °C at a
heating rate of 10 °C/min under nitrogen. The mechanical properties
were determined using a Tesla analyzer, XT plus TA.

2.5. Membrane performance evaluation

For the performance evaluation, a dead-end stirred cell (HP4750;
Sterlitech Corp., USA) was utilized for the filtration of DI water and
synthetic BTEX water. Synthetic BTEX water was used because of the
difficulty in accessing BTEX-contaminated wastewater from the in-
dustries. The pressure at which filtration is performed has an impact on
the membrane flux and rejection [82]. Hence, the investigation of the
effect of pressure on the membrane flux and rejection gives an indication
of the ideal pressure required to achieve good flux and rejection. To
measure the effect of pressure on the pure water flux of the membranes,
each membrane was mounted on the filtration cell, and the cell was
filled with DI water. The DI water was filtered through the membrane for
1 h at pressures of 100 kPa, 300 kPa, and 500 kPa, and the permeate was
collected and measured. Each membrane was compacted using DI water
to achieve a steady permeation before filtration. The pure water flux J,,
(L m~2h™1) was calculated using Eq. (3), where V is the volume of the
permeate (L), A is the effective membrane area (mz), and t is the
permeation time (min) [44].

\%4
M ©
The effect of pressure on the BTEX flux and rejection of the mem-
branes was measured by filtering synthetic BTEX water containing 100
ppm each of benzene, toluene, ethylbenzene, and xylene through the
individual membranes under continuous stirring at a pressure of 100
kPa, 300 kPa, and 500 kPa using the same procedure described above.
The BTEX flux was also calculated using Eq. (3), while the BTEX rejec-
tion was calculated according to Eq. (4).
G -G
R (%) = o 4
where C¢ is the BTEX concentration in the prepared feed water
(ppm), and C,, is the BTEX concentration in the permeate (ppm). C, was
measured using an Agilent 7890A gas chromatograph GC, with a 30 m x
0.25 mm ID BP5MS x 0.25 pm column, and equipped with an Agilent
7693A automatic liquid sampler and a flame ionization detector FID.
The injection volume was 0.2 pL in splitless mode, and the carrier gas
was nitrogen set at a constant flow rate of 2.64 mL/min. The oven initial
temperature was set at 40 °C and held for 2 min, then ramped to 90 °C at
10 °C/min, held for 3 min, and finally to 200 °C at a rate of 20 °C/min
and held for 2 min.

The concentration of feed solutions also affects the rejection capacity
of membranes [45]; hence, the BTEX rejection percentage of the mem-
branes was evaluated at feed concentrations of 50, 100, 150, and 200
ppm to establish the feed concentrations that are ideal for effective BTEX
rejection using the fabricated membranes.

The fouling resistance of the membranes towards BTEX was assessed
by measuring four parameters: reversible fouling ratio (R;), irreversible
fouling ratio (Ry;), flux recovery ratio (FRR), and total fouling ratio (Ry).
Antifouling test was done by first performing pure water filtration for 1
h, followed by BTEX filtration (500 mL of 100 ppm) under continuous
stirring, then cleaning the membranes with water through backwashing
followed by mild sonication in water. The backwashing of the mem-
brane was performed by placing the bottom side of the membrane in an
upward position in the dead-end cell and filtering 200 mL of DI water
through the membrane. This was followed by another filtration of 100
mL of DI water through the top side of the membrane and subsequent
mild sonication of the membrane in DI water for 15 min. The cleaned
membrane was again used for water filtration. The equations for
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Fig. 1. GC-MS chromatogram of the pomegranate leaves extract.

calculating the Ry, Ry, FRR, and R; are shown in Eq. (5), Eq. (6), Eq. (7),
and Eq. (8), respectively.

R/(%) = <%) x 100 (5)
Ry(%) = (JWJ; J“‘) X 100 ®)
FRR (%) = (JJ—W> % 100 @)
R — (@) X100 ®

Where J,, is the pure water flux, Jprex is the flux of the BTEX solution,
and J. is the flux of the cleaned membranes.

3. Results and discussion

3.1. Phytochemical composition of the pomegranate leaf extract and
characterization of the biosynthesized Fe304-NPs

The phytochemical composition of the leaf extract of the pome-
granate was determined using GC-MS, and the chromatogram is shown
in Fig. 1. The GC-MS chromatogram indicates the presence of many
active phytochemicals such as 2,3-Dihydroxy-2-methylpentanoic acid,
2-Propenoic acid, 3-(2-furanyl)-, Phenol, 4-nitro-, and 2-Methoxy-4-
vinylphenol in the leaf extract. These phytochemicals are the active
compounds capable of bio-reducing metal precursors and subsequently
stabilizing the biogenically produced nanoparticles [46]; hence they are
responsible for the bio-reduction of the iron precursor to the Fe3O4-NPs
and stabilizing the NPs. Table 1 presents some of the active compounds
with their retention time (R1), molecular weight, and structural formula.
The other active compounds assigned in the GC-MS chromatogram are
presented in Table S1.

The XRD pattern of the Fe304-NPs shown in Fig. 2(a) reveals the
characteristic peaks at 20 = 30.1°, 35.5°, 43.1°, 53.4°, 57.0°, and 62.6°
corresponding to diffraction planes of (220), (311), (400), (422), (511),
and (440), respectively, indicating that the synthesized NPs are Fe304
[47]. The observed sharp peaks confirm the ability of the leaves extract
of the pomegranate to completely reduce the iron (III) chloride pre-
cursor to crystalline Fe3O4-NPs.

FTIR study was performed to identify and compare the functional
groups present in the leaves extract, and the Fe304-NPs to establish the
capping ability of the leaves extract on the Fe3O04-NPs. As shown in the
FTIR spectra depicted in Fig. 2(b), a broad peak at about 3320 emLis

seen for both the leaves extract and the Fe304-NPs and this peak cor-
responds to the O—H of hydroxyl-containing groups such as carboxylic
acid, phenolic acids, alcohols, and phenols [48]. The pomegranate
leaves are rich in such hydroxyl-containing compounds, which are
deposited on the Fe304-NPs during the biogenic reduction of the iron
precursor by the leaf extracts [49]. Other peaks at 1712 cm’l, 1605
em ™}, 1340 em ™}, and 1069 em !, which correspond to the C=0, C=C,
O—H, and C—O groups, are seen in the spectra of the leaves extract and
Fe304-NPs with a relative shift in the peak positions and intensity. This
indicates the involvement of the various functional groups in the for-
mation and capping of the Fe304-NPs [50].

The SEM and TEM images of the Fe304-NPs are depicted in Fig. 2(c)
and 2(d), respectively, and describe the morphology of the NPs. As seen
in the SEM image, the NPs were spherically shaped with nanoscale di-
mensions, with the smallest NPs being about 15 nm, as shown in the
TEM image. Strong EDX signals (depicted in the inset of the SEM image)
of elemental iron and oxygen confirm the presence of Fes04-NPs.

The textural property of the Fe304-NPs is presented in Fig. 2(e). The
nitrogen adsorption/desorption isotherm curves obtained for the Fe3Oy4-
NPs using the BET technique show a type IV adsorption-desorption
isotherm, a characteristic feature of mesoporous materials [51]. Thus,
the mesoporous nature of the Fe304-NPs could contribute to improving
the flux of the membrane due to their characteristic uniform array of
nanochannels that could facilitate the permeability of water through the
membrane. In addition, the NPs have a high specific surface area of
81.95 m%/g, which could necessitate the availability of the hydrophilic
sites of the NPs, resulting in an enhanced contribution of the NPs to
improve the membrane properties and performance. The desorption
branch of the Barrett-Joyner-Halenda (BJH) method was used to
determine the pore size distribution of the Fe304-NPs, and it shows that
the Fe304-NPs have broad pore size distribution with an average pore
size of 12.08 nm, as depicted in the inset in Fig. 2(e). However, most
Fe304-NPs have small pore sizes within 1.73 nm and 20.64 nm.

The XPS spectrum of the Fe 2p core level is shown in Fig. 3. As is
usual for fitting when Fe(III) components are involved, only the Fe 2p3»
component was fitted [52]. A Shirley background was used. As can be
seen, a good fit is obtained using the multiplets of Fe>* and Fe?* as
calculated for FesO4 [52]. The differences in energies between the
various peaks of the multiplets and their relative intensities were kept
constant for the fit. This confirms that the iron present in the sample is
Fe304. This can also be seen qualitatively from the line shape by com-
parison with the literature [53,54].

3.2. Characterization of Fe3O4-NPs/PVDF membrane

The outcome of the exposure of two polymeric membrane materials,
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Table 1 (continued)
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Name of compound Ry (min) Molecular weight Structural formula
Rhamnose 8:17 164
Phenol, 4-nitro- 9:22 134 N »
\\W///
- /ﬁ .
( \J
\
N
HL
2-Cyclohexen-1-one, 4-(3-hydroxybutyl)-3,5,5-trimethyl- 10:37 210
N \\( A
N7
T 1 oH
\\l v
2-Propenoic acid, 3-(2-furanyl)- 12:11 138

Table 2
Composition of the fabricated membranes.

Membrane ID PVDF (wt%) NMP (wt%) Fe304-NPs (wt%)

PVDF 0 15 85.00 0.00
PVDF 0.05 15 84.95 0.05
PVDF 0.1 15 84.90 0.10
PVDF 0.2 15 84.80 0.20
PVDF 0.5 15 84.50 0.50
PVDF 1.0 15 84.00 1.00
PVDF 2.0 15 83.00 2.00
PVDF 3.0 15 82.00 3.00
PVDF 5.0 15 80.00 5.00

PSF and PVDF, to different concentrations of synthetic BTEX is shown in
Figs. 4 and 5. Fig. 4 shows the membranes after exposure to the BTEX
solution. The images show that the PSF was very prone to severe damage
when exposed to BTEX. Hence, using PSF as a base membrane for BTEX
wastewater treatment will result in rapid membrane damage by the
BTEX contaminant, eventually leading to loss of membrane property and
performance. In contrast, the PVDF membrane exhibited high tolerance
to the BTEX solution under all the tested BTEX concentrations. The same
observation was seen in the SEM images of the PSF and PVDF mem-
branes depicted in Fig. 5. The SEM image shows that the morphology of
the PSF membrane was severely affected as its finger-like pores were
shrunk and damaged. In contrast, the morphology of the PVDF

membrane was not affected by the BTEX exposure. Because of the
excellent tolerance of the PVDF membrane to the target contaminant, it
was selected as the base membrane in this study.

The results of the tests on four of the prepared membranes, PVDF 0,
PVDF 0.2, PVDF 1.0, and PVDF 3.0, are mainly discussed for a
comprehensible presentation of the findings of this study.

The chemical composition of the membranes was evaluated using
FTIR, and the spectra are presented in Fig. 6. From the region of 600
em ! to 1500 cm ™!, no notable peak change was observed for both the
pristine membrane and the modified membranes, and the peaks
appearing in those regions are characteristic peaks for PVDF [55]. Two
distinct peaks at 1650 cm ™! and 3400 cm ™! for C=0 and OH stretching
vibrations were observed for PVDF 1.0 and PVDF 3.0 membranes. These
two peaks revealed the presence of carboxylic acid and hydroxyl groups
in the embedded Fe304-NPs, which could be from chemical groups such
as phenolic acid and phenol in the leaves extract of the pomegranate.
The lack of notable presence of these two peaks in PVDF 0.2 could be due
to the small amount of the Fe304-NPs incorporated into the membrane.

The SEM images of the membranes depicting their morphology are
shown in Fig. 7. All the membranes have finger-like pore structures,
which is indicative of membranes fabricated through nonsolvent-
induced phase inversion [56,57]. The finger-like structures of the
Fe304-NPs/PVDF membranes are broader and longer than that of the
pristine membrane due to the hydrophilicity of the Fe304-NPs, which
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Table 3
The thickness, porosity, EWC, and mean pore size of all the fabricated
membranes.
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Table 4
Comparison of the performance of the Fe304-NPs/PVDF membrane with other
studies in the literature.

Membrane Thickness Porosity EWC (%) Mean pore size

D (pm) (%) (nm)

PVDF 0 112+ 4 60.5 + 0.7 53.5 + 40.3 £ 1.5
0.7

PVDF 0.05 110+ 2 64.0 £ 0.8 60.5 + 41.0+1.7
0.5

PVDF 0.1 114 + 2 67.0 = 1.4 66.5 + 44.0 + 3.8
0.7

PVDF 0.2 109 + 3 73.0 £ 1.4 70.5 + 44.6 + 3.2
0.7

PVDF 0.5 112+ 3 75.0 £ 1.4 73.0 + 48.3+ 2.5
1.4

PVDF 1.0 109 +1 77.5+ 0.7 75.5 £ 55.2+0.9
0.7

PVDF 2.0 113+ 3 73.5+ 0.7 69.0 + 54.6 £ 2.4
1.4

PVDF 3.0 112+ 3 66.5 + 1.1 65.5 + 49.3+1.5
1.4

PVDF 5.0 115+1 62.0+ 1.4 60.0 + 423+ 2.3
0.8

induces fast solvent and nonsolvent exchange during the phase inversion
process [58,59]. Such well-formed finger-like macrovoids in the modi-
fied membranes are beneficial in improving the permeability of the
membranes [60]. The dispersion of the Fe3O04-NPs on the surface and
inner structure of the membranes are shown in the EDX mapping and
higher magnification cross-section images, respectively. The EDX map-
ping shows fairly good dispersion of the Fe304-NPs in PVDF 0.2 and
PVDF 1.0 membranes, while the Fe304-NPs in PVDF 3.0 seem more
agglomerated. This correlates with the dispersion of the Fe304-NPs in
the membranes’ inner structure, which shows the agglomerated Fe3O4-
NPs in the PVDF 3.0 membrane clogging its inner pores. Such NPs
agglomeration often adversely affects the membrane property and per-
formance [61].

The morphology of the membranes in terms of their surface rough-
ness is presented in the AFM images in Fig. 8. An increment in the
membranes’ roughness was observed as the amount of the Fe304-NPs in
the membrane increased, with the pristine PVDF membrane having the
lowest surface roughness. The roughness parameter was obtained by
measuring the membrane’s average roughness (Sa) and root mean
square (Sq). PVDF 0 has Sa and Sq values of 44.2 nm and 48.6 nm,
respectively. The Sa and Sq values increased to 47.5 nm and 49.2 nm for
PVDF 0.2, while the Sa and Sq values for PVDF 1.0 were 55.6 nm and
60.4 nm, respectively. However, the Sa and Sq values of PVDF 3.0,
which were 45.8 nm and 48.9 nm, were lower than that of PVDF 0.2 and
PVDF 1.0 but slightly higher than the roughness parameters of the
pristine membrane. This deviation from the incremental trend observed
in the modified membranes could be due to a decline in the porosity of
PVDF 3.0 as well as the increased viscosity of the dope solution of PVDF
3.0, which led to the formation of a dense and smoother top layer [62]. A
similar trend was obtained by Rowley and Abu-Zahra [63].

Fig. 9 (a) depicts the water contact angle of the membranes, which is
a measure of their hydrophilicity. Hydrophilicity is a significant factor
that determines the permeability and antifouling ability of membranes
[24], and contact angle (CA) measurement offers a precise determina-
tion of hydrophilicity, with a lower contact angle signifying a hydro-
philic membrane and vice versa [64]. As shown in Fig. 9(a), the pristine
PVDF has a high CA of 84.2°, and a significant reduction in the CA of the
membranes was seen with loading of the Fe304-NPs up to 1.0 wt%. Two
fundamental properties of the NPs facilitate the improvement in hy-
drophilicity. First, the presence of the hydrophilic O—H functional
group on the surface of the Fe304-NPs, as confirmed by the FTIR result,
provided polar sites that can form hydrogen bonding with water,
thereby enhancing the hydrophilicity of the membranes. Secondly, the
inorganic nanoparticles, FegO4-NPs, are intrinsically hydrophilic,

Membrane composition PWF (L/m>h) %R FRR Ref.
TA-Fe'"/PES 150.0 ~ 90 % - [36]
Fe-NPs/ PES 84.73 ~ 60 % - [35]
Carbon nanotube/PVDF 7.1 ~ 90 % - [78]
Fe304-NPs/PVDF 266.0 ~ 80 % ~ 80 % This study

providing hydration sites on the membranes and thus contributing to
their improved hydrophilicity [40,65]. At Fe304-NPs loadings above 1.0
wt%, agglomeration, a characteristic of high concentrations of NPs,
takes effect. The agglomeration of the NPs reduces their effective surface
area, thus reducing the hydrophilic sites in the membrane and the
subsequent higher CA observed in PVDF 2.0 and PVDF 3.0 membranes.
Agglomeration of the embedded nanoparticles also decreases the
porosity of the membranes, which increases their CA, resulting in
reduced hydrophilicity. A similar trend was observed by Vatanpour et al.
[66] and Liang et al. [67]. Therefore, the Fe304-NPs loading of 1.0 wt%
and below can be denoted as the viable amount to achieve improved
hydrophilicity, and the PVDF 1.0 membrane exhibited the optimum
hydrophilicity. In addition, the membranes’ contact angle and their
surface roughness are correlated according to the Wenzel model. The
Wenzel model stipulated that the wettability of a surface is amplified by
increasing its surface roughness [68]. Relating the surface roughness of
the membranes with their CA, a trend of reduced CA is observed as the
surface roughness increases. This confirms that their surface roughness
might influence the membranes’ hydrophilicity. Therefore, the hydro-
philic nature of the Fe304-NPs and the membranes’ surface roughness
contribute to improving their hydrophilicity.

The hydrophilicity results correlate with the results of the porosity
measurements shown in Table 3, which revealed that the porosity of the
membranes increases with an increase in the Fe304-NPs loading of up to
1.0 wt%. The observed increase in porosity can also be attributed to the
high hydrophilicity of the Fe304-NPs, which induces fast solvent and
non-solvent exchange during the phase inversion, resulting in the for-
mation of more pores in the membranes [69]. At Fe304-NPs loadings
higher than 1 wt%, the opposite effect was seen due to the increase in the
viscosity of the dope solutions at high NP concentration, leading to the
reduction in the rate of the solvent and non-solvent exchange during the
phase inversion, resulting to less porous membranes [70]. The decrease
in porosity at high Fe304-NPs loadings was also facilitated by the
blockage of the membrane’s pores due to the agglomeration of the NPs
at higher concentrations resulting in a less porous membrane.

The equilibrium water content (EWC) of the various membranes,
also presented in Table 3, was consistent with their calculated porosity.
An increase in EWC was obtained as the concentration of the Fe304-NPs
in the membranes increased, indicating that the hydrophilicity of the
Fe304-NPs plays a significant role in improving the EWC of membranes.
The EWC of the pristine PVDF was 53.5 %, which increased to 75.5 % for
the membrane modified with 1.0 wt% of Fe304-NPs. Above 1.0 wt% of
Fe304-NPs loading, the EWC of the membrane decreases, which could
also be explained by the agglomeration of the highly concentrated
Fe304-NPs leading to the blockage of membrane pores and the eventual
decrease in the EWC of the membranes.

The zeta potentials of the membranes at various pH are shown in
Fig. 9(b), and it describes the nature of the charges of the membranes at
the measured pH of the solution; hence, it plays a vital role in predicting
the performance of membranes at varying pH [31]. The isoelectric point
(IEP) of the pristine membrane was observed at pH 4.3. The Fe304-NPs/
PVDF membranes have positive zeta potentials at low pH, which be-
comes negative at higher pH. This observed trend can be attributed to
the tendency of metal oxide nanoparticles to hydrate in aqueous solu-
tion, and the surface functional groups of the hydrated metal oxide can
be protonated or deprotonated depending on the pH of the solution [71].
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Fig. 2. (a) XRD pattern, (b) FTIR spectra, (c) SEM image, (d) TEM image, and (e) N, adsorption-desorption isotherm and pore size distribution (inset) of the
Fe304-NPs.
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Thus, the hydrated Fe3O4-NPs in the membrane were either protonated
or deprotonated at low or high pH, resulting in the positive or negative
charge observed for the modified membrane at the various pH ranges.

The mechanical property of the membranes is an essential factor that
can determine their practical application in terms of their ability to
withstand various operational conditions that the membranes will be
subjected to during their usage in the treatment of wastewater [26].
Thus, the mechanical properties of the fabricated membranes with
different loadings of the Fe304-NPs were investigated using a Tesla
analyzer and are shown in the stress-strain curves in Fig. 10(a). Signif-
icant improvement in the tensile strength of the membranes was seen as
the Fe304-NPs were incorporated into the membranes. The ultimate
tensile strength of the pristine PVDF was 3.17 MPa, while the PVDF 0.2
and PVDF 1.0 had a tensile strength of 4.46 MPa and 4.24 MPa,
respectively. The observed improvement in the tensile strength of the
membranes is due to the inherent rigidity of the nanoparticles, which
enhanced their stiffness. As the FTIR spectra of the NPs in Fig. 2 (b) show
the presence of the -OH group in the NPs, there may be dipole-dipole
bonding of the -OH group in the Fe304-NPs and the polar -CF group in
the matrix of the modified membranes which could contribute to
enhancing the mechanical stability of the membrane, hence the
observed increase in tensile strength. A further increase in the Fe3O4-
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NPs loadings led to a decline in the tensile strength of the membrane, as
seen in the lower tensile strength of PVDF 3.0, which could be due to
agglomeration of the NPs at higher loading. The agglomeration reduces
the interfacial area between the NPs and the PVDF matrix [72]. Thus,
the effective fraction of the Fe304-NPs in the membrane matrix was
reduced, resulting in the NPs’ lesser ability to provide stiffness to the
membranes.

A decrease in the strain at break was observed for all the membranes
incorporated with the Fe304-NPs. This is expected as the Fe304-NPs
introduce rigidity to the membranes, which minimizes their stretching
capacity, resulting in the lower strain at break observed for the modified
membranes.

The effect of the different Fe304-NPs loading on the thermal stability
of the membranes, measured using TGA, is shown in Fig. 10(b). All the
membranes exhibited a single-step degradation between 440 °C and
500 °C. The degradation temperature of the pristine membrane was
440 °C, which increased slightly to 456 °C as 0.2 wt% and 1 wt% of the
Fe304-NPs were embedded into the PVDF membrane. This indicates a
moderate improvement in the thermal stability of the membranes as the
loading amount of the Fe304-NPs was increased. The significant weight
loss between the region 440 °C and 500 °C is due to the decomposition of
the PVDF polymers. At 800 °C, the mass of the residuals remaining after
the decomposition of the PVDF is 6.94 %, 16.25 %, 21.95 %, and 22.7 %
for PVDF 0, PVDF 0.2, PVDF 1.0, and PVDF 3.0, respectively. The in-
cremental order of the residuals, which consist of carbon and the
embedded Fe304-NPs, correlates with the increasing amount of the NPs
across PVDF 0 to PVDF 3.0.

3.3. Membrane performance evaluation

3.3.1. Pure water and BTEX permeation performance

The effect of the Fe304-NPs loadings on the membrane flux was
investigated by measuring the pure water flux (PWF) and BTEX flux of
the membranes at different TMP. Fig. 11(a) depicts the PWF of the PVDF
0, PVDF 0.2, PVDF 1.0, and PVDF 3.0 membranes, and their respective
BTEX flux is shown in Fig. 11(b). 100 ppm (of each component) of BTEX
solution was used to evaluate the BTEX flux. The result shows that the

Fig. 4. The images of the PSF and PVDF membranes after exposure to BTEX solutions. PSF exposed to BTEX concentration of (a) 500 ppm, (b) 1000 ppm, and (c)
2000 ppm. PVDF exposed to BTEX concentration of (d) 500 ppm, (e) 1000 ppm, and (f) 2000 ppm.
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PSF after exposure

Fig. 5. SEM images of the before and after-exposure of PSF and PVDF membrane to BTEX solution.
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Fig. 6. FTIR spectra of the fabricated membranes.

PWF and the BTEX flux of all the membranes increased linearly as the
TMP was increased, and all the Fe304-NPs/PVDF membranes exhibited
higher PWF and BTEX flux than the pristine membrane. The observed
improvement in the flux of the Fe304-NPs/PVDF membranes is due to
the improved porosity of the membranes and the intrinsic hydrophilic
nature of the Fe304-NPs, which reduced the water permeation resistance
of the membranes. The porous nature of the Fe3O4-NPs, previously
depicted in Fig. 2(e), also provided more hydrophilic nanochannels for
improved water permeation through the membranes. While the increase
in the PWF and BTEX flux of PVDF 0.2 and PVDF 1.0 is consistent with
their Fe304-NPs loadings, the PWF and BTEX flux of PVDF 3.0 did not
correlate with the amount of its Fe304-NPs loading because both fluxes
of PVDF 3.0 were lower than that of the PVDF 0.2 and PVDF 1.0 across
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all the applied TMP. This dramatic decline in the fluxes of PVDF 3.0
could be attributed to the agglomeration of the Fe304-NPs as seen in its
SEM image, which reduced the effective hydrophilic surface area of the
embedded nanoparticles in the polymer matrix [73,74]. The agglom-
erated Fe304-NPs also blocked the membrane’s pores, thereby intensi-
fying the membrane’s water permeation resistance. A similar trend was
observed by Dadari et al. [75] in which a nickel-bentonite nanoparticles
loading of 1.0 wt% led to the agglomeration of the nanoparticles in the
membrane matrix, resulting in reduced PWF.

The BTEX flux of all the tested membranes was lower than their
respective PWF across all the TMP, with the pristine membrane having
the highest flux reduction. Among all the Fe3O4-NPs modified mem-
branes, the PVDF 1.0 exhibited the lowest flux reduction across all the
applied TMP. For instance, at a TMP of 300 kPa, the flux reduction of
PVDF 1.0 was 35 %, while that of PVDF 0.2 and PVDF 3.0 were 38 % and
42 %, respectively. This could be explained by the better dispersion of
the embedded nanoparticles in PVDF 1.0, which resulted in less pore
tightening due to agglomerated nanoparticles. Hence, pore blockage of
the PVDF 1.0 membrane by BTEX during the filtration is minimized,
resulting in less permeation resistance. Hence, from the result of the
evaluation of the PWF and BTEX flux of the membranes at the different
Fe304-NPs loadings, the PVDF 1.0 membrane has the optimal flux
among all the fabricated membranes; thus, 1.0 wt% of the NPs can be
established as the optimum amount of the NPs that should be blended
into a PVDF membrane to achieve an improvement in its flux.

3.3.2. BTEX removal from synthetic BTEX water

The effect of the Fe304-NPs loadings on the membranes’ separation
performance was ascertained by measuring the %R of BTEX by the
different fabricated membranes. Since the separation performance of
membranes is influenced by operational conditions such as TMP and
concentrations [76,77], the BTEX rejection tests were performed at
varying TMP and BTEX concentrations.

As presented in Fig. 12, all the Fe304-NPs/PVDF membranes
exhibited higher BTEX rejection than the pristine membrane across all
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the applied TMP, with an increase in the membranes’ BTEX rejection
capacity as the Fe304-NPs amount increases. This establishes the role of
the Fe304-NPs in acting as both hydrophilic modifiers and nanofillers in
the membrane matrix. With the surface of the membrane being hydro-
philic, a hydration layer was formed on the membrane, which acted as
an extra separation barrier. In addition, the BTEX rejection was in the
order B < T < E < X, which suggests that the BTEX contaminants that
might have penetrated through the hydration layer were removed
through size exclusion. This is because the rejection pattern seems to
correlate with the molecular diameters of B, T, E, and X, which are 0.58,
0.60, 0.63, and 0.63 nm, respectively [78]; hence, the NPs nanofillers
might have contributed to the pore tightening of the membrane, as a
consequence, the BTEX rejection was increased as the NPs loadings in-
crease. Although the flux of PVDF 3.0, depicted in Fig. 11, was the
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lowest, the performance of PVDF 3.0 in terms of its BTEX rejection ca-
pacity improved, as seen in its higher BTEX rejection across all the TMP.
Since agglomeration of NPs significantly reduces the membranes’ free
volume and creates extra barriers in their matrix [79], the higher BTEX
rejection seen in PVDF 3.0 could be attributed to the agglomerated
Fe304-NPs presented previously in the SEM image of the membrane. The
agglomerated Fe304-NPs further tighten the membrane pores, resulting
in the enhanced separation barrier of the PVDF 3.0 membrane.
Increasing the TMP led to a reduction in the BTEX rejection capacity
of all the membranes as seen in Fig. 12. For instance, the %R of the PVDF
1.0 membrane for B are 73.2 %, 70.2 %, and 61.4 % at 100 kPa, 300 kPa,
and 500 kPa respectively; for T are 75.5 %, 72.5 %, and 66.1 % at 100
kPa, 300 kPa, and 500 kPa respectively; for E are 80.0 %, 79.1 %, and
70.6 % at 100 kPa, 300 kPa, and 500 kPa respectively; for X are 80.5 %,
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Fig. 7. Cross-section SEM images of fabricated membranes with their respective EDX mapping images.
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Fig. 7. (continued).

79.2 %, and 71.0 % at 100 kPa, 300 kPa, and 500 kPa respectively. Thus,
under higher pressure, there was a higher chance of the contaminants
penetrating through the hydration layer and the membrane due to the
increased applied force, resulting in the observed decline in rejection as
pressure increased. A similar observation was made by Wu et al. [80]
when the rejection of bisphenol A and norfloxacin through an ultrafil-
tration membrane was tested under various TMPs.

To achieve good BTEX rejection using the membranes fabricated in
this study, low TMP should be used during the filtration process.
Considering both the membranes’ BTEX flux and their BTEX rejection,
300 kPa can be designated as an ideal TMP where a reasonable tradeoff
between flux and selectivity is achieved. Hence, 300 kPa is selected as
the optimum TMP for the fabricated membranes.

The effect of the BTEX concentration on the rejection capacity of the
membranes was studied at 300 kPa by filtering 200 mL of 50 ppm, 100
ppm, 150 ppm, and 200 ppm of BTEX solutions through the membranes
under constant stirring. As shown in Fig. 13, the BTEX rejection capacity
of all the Fe304-NPs/PVDF membranes increased as the BTEX concen-
tration increased from 50 ppm to 100 ppm and remained relatively
constant on further increase of the BTEX concentration. The constant
rejection exhibited at higher BTEX concentrations can be explained by
the accumulation of the BTEX on the membranes, which intensifies at
the higher BTEX concentrations, thereby acting as an extra separation
layer, resulting in the subsequent deposition of the BTEX on this layer. A
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similar trend was observed by Wu et al. [80] on the effect of feed con-
centration on the rejection of other organic contaminants, bisphenol A
and norfloxacin, using ultrafiltration membranes.

Hence, the fabricated membranes can maintain stable BTEX sepa-
ration without a decline in membrane rejection efficiency at the studied
BTEX concentrations and feed volume.

3.3.3. Antifouling and reusability study

The effect of the various Fe304-NPs loadings on the antifouling
ability of the tested membranes is shown in Fig. 14(a). The total fouling
ratios of the modified membranes are lower than that of the pristine
membrane, with the PVDF 1.0 having the lowest total fouling ratio of
36.3 %, which indicates about 30 % improvement in fouling reduction
compared to the pristine membrane. The improvement in the antifouling
tendency of the modified membranes could be attributed to the reduc-
tion in the hydrophobic nature of the membranes by introducing the
hydrophilic Fe304-NPs into the membrane. Hydrophobic membranes
are known to exacerbate fouling during the treatment of organic
contaminated wastewater, while hydrophilic membranes reduce fouling
by forming a hydration layer on the membranes, thereby minimizing the
non-specific interaction of the foulants on the membranes [81].

The antifouling results also show that most of the fouling occurring
during the BTEX filtration is irreversible, which could be a result of the
penetration and trapping of the BTEX on the inner pores of the
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Fig. 8. Surface roughness images of the membranes.
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Fig. 9. (a) Contact angle values as a function of the Fe304-NPs loadings and (b) zeta potential of the tested membranes.

membranes, leading to less success in its removal through physical
cleaning. The irreversibility of the fouling decreases as the Fe3O4
loading increases up to 1.0 wt%, which signifies that the incorporated
nanoparticles significantly reduce the non-specific adsorption of BTEX
on the membranes. PVDF 1.0 membrane was the only membrane whose
reversible fouling was higher than its irreversible fouling. Hence, the
membrane can be assigned an optimum performance based on its better
ease of physical cleaning. The FRR of the PVDF 1.0 membrane was 81 %,
which is the highest among all the membranes, which further shows its
better performance in the recovery of its flux after fouling through
physical cleaning.

The reusability of the membranes was evaluated by performing two
cycles of BTEX filtration. Each cycle was followed by cleaning using
backwashing with water, mild sonication in water, and then pure water
filtration. Despite thoroughly cleaning the membranes, all the mem-
branes exhibited a slight decline in PWF after each BTEX filtration and
cleaning, as shown in Fig. 14(b). This could be due to the irreversible
fouling that was established to be present in all the membranes during
the antifouling test (Fig. 14a). The irreversible fouling is a result of
stronger interactions between the BTEX and the membranes, which
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could not be easily removed by physical cleaning [60]. The penetration
of the BTEX in the pores of the embedded Fe304-NPs in the modified
membranes might also reduce the effectiveness of using physical
cleaning to regenerate the modified membranes because of the small
pore sizes of the Fe304-NPs which would make it difficult to remove the
BTEX through physical cleaning. With the gradual decline of flux, the
membranes may eventually lose their performance and require chemical
cleaning to re-establish their performance.

3.3.4. Comparison with literature

Table 4 presents the comparison of this work with other studies that
used modified membranes for the treatment of BTEX wastewater. It is
important to note that this may not totally reflect the direct comparison
of the performance of the various membranes due to the different
filtration conditions used in the studies. However, the Fe304-NPs/PVDF
membrane exhibited a better pure water flux than the other studies. The
%R in Table 4 depicts the highest reported rejection of any of the
components of BTEX, i.e., benzene, toluene, ethylbenzene, and xylene.
The Fe304-NPs/PVDF membrane showed a high %R and FRR. Overall,
the comparison of this study with other similar studies revealed the
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Fe304-NPs/PVDF membrane as a potential membrane for removing
BTEX from wastewater.

4. Conclusion

Hydrophilic and porous Fe3O4-NPs, synthesized using the aqueous
extract of pomegranate leaves, were used to modify PVDF membranes to
improve the membrane’s performance towards BTEX removal. The SEM
and AFM results show that the Fe304-NPs/PVDF membranes exhibited
longer finger-like pores and rougher surfaces. The water contact angle
decreased from 84.2° (pristine PVDF membrane) to 52.0° for the
membrane modified with 1 wt% of the Fe304-NPs. Above 1 wt%, the
water contact angle increased, thus suggesting that 1 wt% of the Fe3O4-
NPs is optimal for improving the membrane hydrophilicity. The PWF
and BTEX flux also improved, with the PVDF 1.0 exhibiting the optimum
performance in this regard. The fluxes also increased as the TMP
increased. PVDF 3.0 showed the highest BTEX rejection among all the
fabricated membranes, and the rejection decreased as the TMP was
increased. The Fe304-NPs/PVDF membranes also showed good anti-
fouling propensity, with PVDF 1.0 having the highest FRR of 81 %.
Overall, the Fe304-NPs/PVDF membranes presented improved
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filtration, separation, and antifouling performance, identifying them as
potential membranes for BTEX removal from wastewater.
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