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Abstract Keywords:

. . . . . Membrane,
Oll effluents contain persistent volatile organic .compounds, hydrocarbons, = \.10c omposite, Heavy
chlorinated substances, and heavy metals. The emission of organic compounds is Metals, Oil
of interest to many research and environmental organizations due to their Wastewater,
destructive environmental effects and the risks they pose to the workers of these Polymerization.

complexes. In this study, the fabrication of modified composite membranes for
the removal of heavy metals from industrial effluents was studied experimentally.
Membranes were fabricated by interfacial polymerization method and FTIR,
XRD, EDX, SEM and contact angle analyses were performed. By increasing the
concentration of Fe3;O4/APTES nanoparticles from 0 to 0.3 wt%, the contact
angle of the nanocomposite membranes decreased from 3.74° to 4.54°. After 60
minutes, the water flux through the MO membrane is approximately 25.91
L/m2.hr and the water flux through the M1, M2 and M3 membranes is 36.91,
98.103 and 36.125 L/m%hr, respectively. The performance of different
membranes for the removal of heavy metals-strontium (Sr), copper (Cu), lead
(Pb) and cobalt (Co)-present in water under operating conditions of 10 bar ‘
pressure, 2 L/min flow rate, 60 minutes time and ambient temperature showed | (OpEN
that the modified membrane with 0.1 wt% Fe3O4/APTES concentration (M2) has —
the best performance compared to other membranes. The highest percentage of
heavy metal removal was obtained with the M2 membrane, achieving 36.57% for
Sr, 56.86% for Cu, 64.72% Pb and 65.89% for heavy metals. The M2 membrane
can recover about 21.8% of the water flux compared to 8.2% of the MO
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membrane, indicating the higher performance of the M2 membrane in improving Revised: Oct, 12, 2025
the water flux through the membrane. Accepted: Oct. 25, 2025
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1. Introduction 2.4. Preparation of nanocomposite
Water consumed in domestic life and industrial membranes
production cycles, when returned to its primary The membranes were fabricated using the phase
sources, no longer possesses the same quality inversion technique via thin-film polymer
characteristics as the original raw water. Rather, it solution casting followed by immersion in a
exists as a liquid that, in addition to the coagulation bath. Fe3;O, nanoparticles were
constituents of the consumed water, contains employed as the modifying agent. Based on the
various substances utilized in daily activities. concentration of modified FezO, nanoparticles
Industrial wastewater contains a diverse array of incorporated into the composite membranes, the
chemical and biological compounds used in samples were coded as follows: MO (neat
industrial processes (Hajrasouliha and membrane, 0 wt% nanoparticles), M1
Hosseinzadeh, 2025). The availability of safe and (nanocomposite with 0.05 wt% nanoparticles),
clean water represents one of the most critical M2 (nanocomposite with 0.1 wt% nanoparticles),
challenges confronting humanity. As water and M3 (nanocomposite with 0.3 wt%
consumption progressively increases, various nanoparticles). The membrane fabrication
contaminants are introduced into water resources conditions are summarized in Table 1.
through multiple pathways, and this issue is
projected to become more critical in the future Table 1. Membrane manufacturing conditions
(Amini__et al., 2017). Innovation in the PSF PVP NMP  Fe:0J/APTES
development of novel water treatment Membrane o/ w  0aW) (%W (%W)
technologies is one approach to addressing this MO 17.5 0.5 82 0
challenge. Researchers are making concerted Ml 17.5 0.5 81.95 0.05
efforts to mitigate these problems through the ﬁg i;g gg 21'3 8;
application of new methods and technologies. ) ) ) '
Membrane technol.ogy is among these promising 2.5. Membrane performance evaluation
approaches (Fadaci et al.. 2024). Fig. 1 illustrates the cross-flow membrane system
employed for evaluating the performance of the
2. Research method fabrr)ic;j[ed nanocompogsite pmembranes. The
2.1. Chemical materials used in this study effective membrane area utilized was 14.72 cm?.
Polysulfone polymer (PSF) The membrane process was conducted under
N-Methyl-2-pyrrolidone (NMP, >95%) as solvent operational conditions of 10 bar pressure, 2 L/min
Polyvinylpyrrolidone (PVP, >97%) flow rate, and ambient temperature.
Iron (III) chloride (FeCls) To determine the permeate water flux through
Sodium acetate (NaAc) the membranes, Equations 1 and 2 were applied
Ethylene glycol (CzH02) (Rahimpour et al., 2012)
Ethanol (C,HsOH)
Tetraethyl orthosilicate (TEOS) J= AV (1)
(3-Aminopropyl) triethoxysilane (APTES) A At
Bovine Serum Albumin (BSA)
Where
2.2. Devices and equipment used in this An is the effective membrane area, AV is the
research volume of water permeated through the
Scanning Electron Microscopy (SEM) membrane, and At is the permeation time. In this
Optical Contact Angle Measurement System work, the pure water flux through the membranes
Atomic Absorption Spectroscopy (AAS) was investigated at a pressure of 10 bar, flow rate
of 2 L/min, 60 minute duration, and ambient
2.3. Synthesis of modified iron oxide temperature. Furthermore, heavy metal rejection
nanoparticles was calculated using Equation 2 (Fonouni et al.,
Step (1): Synthesis of iron oxide nanoparticles 2017):
(Fe304) C
Step (2): Synthesis of FezO0,@SiO; core-shell R=(1——p)*100 )
nanoparticles C;
Step (3): Surface modification of Fe3z0,@SiO, Wh
. ere
with APTES C, and Cy represent the heavy metal concentration
in the permeate and the feed,
Water and Wastewater OB A,:T

VEF Jlo d osles ¥F 090

Q



sgdx.doi.org/ 10.22093/ww;j.2026.580397.3549

Maryam Beit Sady et al.

P
Feed Stream | Retentate Stream

L g

Permeation Cell

Flow Meter

V-4
Permeate Stream
Y
¥,
B
V-1
Pump Feed Storage
Fig. 1. A view of the membrane system for membrane performance evaluation
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Fig. 2. FTIR spectra of MO and M2 membranes
respectively. The rejection performance for heavy the range of 830-1110 cm™ can be ascribed to Si-
metal removal from petroleum wastewater O covalent bonds (Li et al., 2020).
(strontium nitrate Sr(NO3), at 42.35 mg/L, lead The broad band between 3200 and 3400 cm™
nitrate Pb(NO3), at 38.65 mg/L, copper nitrate is related to O-H stretching vibrations, indicating
Cu(NO3), at 28.31 mg/L, and cobalt nitrate the presence of hydroxyl groups. The peak at
Co(NO3), at 37.15 mg/L) was tested under a 1431 cm™ corresponds to water adsorption and -
pressure of 10 bar, flow rate of 2 L/min, 60 CHj; stretching vibrations (Yan et al., 2015).
minutes duration, and ambient temperature. The absorption bands at 1524 and 1724 cm™
indicate strong bonding of Fe;0,@SiO,-APTES
3. Results and discussion (Kurtan and Baykal, 2014). Additionally, the
Fig. 2 displays the FTIR spectra of the MO and peak at 3009 cm™! is associated with the aromatic
M2 membranes. The absorption bands at 1160 ring and aromatic C-H stretching vibrations.
and 1300 cm™ correspond to symmetric and Fig. 3 presents the SEM analysis results for
asymmetric O=S=0 stretching vibrations, the different membranes. To investigate the effect
respectively. The peak at 1401 cm™ is attributed of nanoparticles on membrane morphology,
to C=C aromatic ring stretching vibrations cross-sectional images of the membranes were
associated with the PSF polymer backbone (Jiang acquired using SEM. The asymmetric structure of
et al., 2019). The absorption bands observed in these membranes can be broadly categorized into
Water and Wastewater oMb 5ol
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Fig. 3. SEM images of the surface of the membrane M0, M1, M2 and M3 (a, b, ¢ and d) with kx40
magnification and the cross section of the membranes (1, 2, 3 and 4) with kx2 magnification
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Fig. 5. The performance of different membranes to remove heavy metals in water under the conditions of
initial concentration of heavy metals 50 mg/L, pressure of 10 bar, flow rate of 2 L/min,
time 60 minutes and ambient temperature

two distinct regions: (a) a sponge-like structure
forming the bottom layer, which provides
mechanical support and structural integrity, and
(b) a finger-like structure located near the
membrane surface.

It is observed that the membranes containing
nanoparticles (M1, M2, and M3) exhibit more
uniform and finer pore structures. Furthermore,
no nanoparticle agglomeration was observed on
the surface of the modified membranes.

Fig. 4 shows the contact angle analysis of the
various membranes. The water contact angle of
the nanocomposite membranes decreased from
74.3° to 54.4° with increasing nanoparticle
loading. This reduction in contact angle is
attributed to the hydrophilic nature of the
nanoparticles and the consequent enhancement in

membrane  hydrophilicity. To  minimize
measurement errors, four tests were performed
for each sample, and the average values were
reported. The minimum contact angle was
observed for the M3 membrane at 54.4°.

3.2. Heavy metal removal results using
membranes

Fig. 5 illustrates the performance of different
membranes for the removal of heavy metals-
strontium (Sr), copper (Cu), lead (Pb), and cobalt
(Co)-from water under operational conditions of
10 bar pressure, 2 L/min flow rate, 60 minute
duration, and ambient temperature. The
membrane modified with 0.05 wt% nanoparticles
(M2) exhibited the best performance among all
tested membranes, which can be attributed to the
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Fig. 6. Organic deposition of M0 and M2 membranes

uniform nanoparticle dispersion and
the absence of nanoparticle agglomeration
on the membrane surface. The maximum
heavy metal removal efficiencies were
achieved with the M2 membrane (containing
0.05 wt%  FesO4/APTES  nanoparticles),
yielding 57.36% for Sr, 86.56% for Cu,

72.64% for Pb, and 89.65% for Co.

more

3.3. Fouling phenomenon investigation

Fig. 6 examines the fouling formation over
time on the MO and M2 membranes. As can
be observed, the water flux of the MO
membrane  decreased  more  significantly
compared to the M2 membrane, indicating
that the incorporated nanoparticles enhance
the membrane's resistance to fouling. In the
present study, the reduction in permeate
water flux is attributed to the formation of a
BSA layer on the membrane surface.
However, in the nanoparticle-containing
membrane, the anti-fouling properties and
hydrophilicity of the nanoparticles
effectively mitigated this issue.

4. Conclusions

In this study, polysulfone membranes were
functionalized with Fe3O4/APTES nanoparticles
at varying weight percentages for the removal of
heavy metals from petroleum-produced water.
The results demonstrated that the water contact
angle decreased from 74.3° to 54.4° with
increasing nanoparticle content. The performance
evaluation of different membranes for the
removal of strontium (Sr), copper (Cu), lead (Pb),
and cobalt (Co) under operational conditions of
10 bar pressure, 2 L/min flow rate, 60 minute
duration, and ambient temperature revealed that
the membrane modified with 0.1 wt%
Fe304/APTES (M2) exhibited superior
performance compared to the other membranes.
The maximum heavy metal removal efficiencies
were obtained with the M2 membrane: 57.36%
for Sr, 86.56% for Cu, 72.64% for Pb, and
89.65% for Co. Furthermore, the M2 membrane

achieved approximately 21.8% water flux
recovery compared to 8.2% for the MO
membrane, demonstrating the superior

performance of the M2 membrane in improving
permeate water flux.
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Table 1. Membrane manufacturing conditions

Membrane PSF PVP NMP Fe;O4/APTES
(%W (%W) (%W (%W
MO 175 05 82 0
M1 175 05  81.95 0.05
M2 175 05 81.9 0.1
M3 175 05 81.7 0.3
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Fig. 1. A view of the membrane system for membrane performance evaluation
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Fig. 2. FTIR spectrum, a) synthesis of iron oxide nanoparticles (Fe3O4), b) synthesis of
Fe304@Si0; nanoparticles, ¢) modification of Fe;04@SiO» by APTES
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Fig. 3. a) VSM, b) XRD, c¢) SEM and d) TGA of Fe;04@SiO,/APTES nanoparticles
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Fig. 5. XRD analysis of MO and M2 membranes
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Table 2. EDX analysis of TFC and TFN-0.1 membranes

Element (% W) Total (% W¢)
Membrane Carbon Oxygen Sulfur Iron Silicon -
MO 68.28 26.20 5.52 0 0 100
M2 65.61 24.53 3.48 2.15 4.23 100
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Fig. 6. SEM images of the surface of the membrane M0, M1, M2 and M3 (a, b, ¢ and d) with kx40
magnification and the cross section of the membranes (1, 2, 3 and 4) with kx2 magnification
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Fig. 7. AFM analysis results of membranes a) M0, b) M1, ¢) M2, d) M3
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Table 3. Surface roughness parameters of the manufactured membranes

Membrane Ra (nm)
MO 42
M1 56.5
M2 61.9
M3 75.4

Rus (nm) Rpv (nm)
53 192
66.7 311.36
75 366.3
95.3 375.9
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Fig. 9. The flux of pure water passing through the membranes at a pressure of
10 bar and a flow rate of 2 L/min and ambient temperature
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