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This study synthesizes and evaluates a novel polysulfone-based membrane doped with graphene oxide-
polyethyleneimine-silicon oxide (GO-SiO»-PEI), specifically designed for oily water treatment applica-
tions. The functionalization of graphene oxide with SiO, and PEI was rigorously confirmed through
comprehensive XRD, FTIR, Raman spectroscopy, and XPS analyses, ensuring the integrity and expected
functionality of the nanocomposite. This nanocomposite was integrated into the polysulfone (PSF)
membrane matrix, significantly reducing the membrane's inherent hydrophobicity and propensity for
fouling. The membranes were meticulously characterized using advanced surface and bulk sensitive
apparatus including contact angle and SEM imaging to ascertain their structural and functional attri-
butes. Performance evaluations conducted in a dead-end filtration setup revealed that incorporating 1.0%
(mass) of the nanocomposite into the PSF membrane markedly enhanced its porosity and improved the
water contact angle. This modification led to an 809% increase in the membrane's water flux and a 57%
enhancement in flux recovery rate, while still maintaining a high oil rejection rate and a relatively low
leaching rate of 5.3 rng»L']. Analysis through the Owens-Wendt-Kaelble model indicated a significant
increase in polar surface energy, corroborating the improved oil rejection capabilities at elevated flux
levels. Fouling behavior, analyzed using Hermia's model, identified cake formation as the primary fouling
mechanism in most of the tested membranes. Leaching tests further highlighted those membranes with
higher nanocomposite loadings exhibited increased leaching rates, suggesting a trade-off between per-
formance enhancement and material stability.
© 2025 The Author(s). This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1. Introduction

The current repertoire of PW treatments available are adsorption
[4], biological treatments [5], coagulation [6], dissolved air flotation

Produced water (PW) is one of the prevalent waste streams in oil
and gas production facilities. It represents a significant volume ratio
of 3:1 for oil production and 4:1 for gas wells [1]. In 2021, Qatar
Energy reported a substantial production of 77 million tons of
liquified natural gas (LNG) and anticipated to increase its produc-
tion capacity to a 142 million tons per annum by the year 2027
leading to the generation of significant volumes of PW, which
emphasizes the urgent need for developing effective management
and treatment approaches to handle the environmental and oper-
ational challenges associated with PW. PW contains impurities
including heavy hydrocarbons, oils, heavy metals, and others [2].
These pollutants must be removed from water to meet the tolerable
maximum oil discharge concentration of 40 mg-L [3].
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[7], and membrane filtration [8]. Each approach offers distinct
properties in targeting specific contaminants and achieving the
desired water quality standards. Membrane technology concedes as
a leading technology for produced wastewater treatment for oil-in-
water emulsions due to its numerous advantages. Firstly, mem-
branes possess a specialized capability to separate water from spe-
cific impurities, achieved through the selective removal of
undesirable molecules based on their molecular weight, surface
charge, and size [9]. Moreover, membranes are considered to be non-
hazardous due to the minimal use of chemicals and their ability to
produce high water quality [10—12]. Additionally, membranes are
considered to be relatively cost-effective, easy to operate, and ach-
ieves high rejection [13]. Membranes are categorized into two main
types: polymeric and ceramic depending on their construction
material [14,15]. Membrane filtration is categorized into 4 main
types of filtrations which include ultrafiltration, microfiltration,
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reverse osmosis, and forward osmosis. The selection of the appro-
priate type of filtration is based on the anticipated effluent water's
quality and size of the targeted contaminant. Halleb et al [16]
highlighted that nanofiltration and ultrafiltration are effective for
suspended particles enhancing its potential industrial use.

Nanocomposites have garnered significant attention in poly-
meric membranes due to their ability to enhance separation per-
formance, hydrophilicity, and antifouling properties. Various
nanomaterials, such as MXene, MOFs, PBAT, and MWCNTs, have
been explored for this purpose, each offering distinct advantages,
including improved water permeability, structural stability, and
contaminant rejection [17—20]. Among these, graphene oxide (GO)
stands out for its remarkable hydrophilicity, high surface area, and
abundant oxygen-containing functional groups. These features
promote better dispersion in polymer matrices and stronger in-
teractions with polymer chains [21,22]. GO's nanoscale pores and
interlayer spaces effectively restrict the flow of large oil droplets
while allowing water molecules to pass through, mainly through
size exclusion [23,24]. Moreover, the intrinsic hydrophilicity of GO,
due to its high polarity, attracts polar water molecules while
repelling non-polar oily molecules, resulting in enhanced water
permeability and oil rejection [25,26]. GO also forms non-porous
channels that offer high thermal and mechanical stability and can
be easily dispersed in both organic and aqueous solutions [27].
Kuzminova et al. [28] synthesized polymeric membranes incorpo-
rating different compositions of GO-TiO, nanocomposites,
achieving optimal anti-fouling performance with BSA rejection
exceeding 98% and a flux recovery of 84%. However, fouling be-
comes more pronounced with increasing water flux, as organic
matter rapidly accumulates on the membrane's surface, empha-
sizing the importance of functionalization [29]. These unique
properties make GO an ideal nanocomposite for enhancing mem-
brane performance in oily water treatment. Therefore, GO was
selected as the primary additive in this study.

In literature, silicon dioxide (SiO,) has demonstrated high per-
formance in polymeric membranes for rejecting various impurities,
including oils, dyes, heavy metals, and organic contaminants [30—32].
The incorporation of SiO, in polymeric membranes is expected to
improve the membrane's oleophobic property ensuring effective
separation of oil from water. The functional group = Si—O—Si = helps
in the formation of membrane's micropores, improving its hydro-
philicity and enhancing its antifouling tendency [33]. SiO; builds a
layer on the membrane surface preventing deposition of oil particles
which improves the membrane's fouling properties and its rejection
[34]. Ebrahimi et al. [34] created a hydrophilic PAN/GO/SiO;, electro-
spun membrane yielding a high permeance of 143 LMH-bar™' (L-m™
-h™!-bar!, 1 bar = 0.1 MPa), and a rejection of more than 98%. Using
BSA as a foulant model, Liu et al. [35] demonstrated that GO-SiO;
nanocomposite imbedded polyamide ultrafiltration membranes, had
high anti-fouling performance compared to pristine membrane
which resulted in a flux improvement by 24%. However, the mem-
brane was tested only for salt rejection including NaCl, NaySOy,
MgSO4 with no reported data for oil rejection.

Polyethylenimine (PEI) demonstrates effective performance as
an additive in nanocomposites. PEI consists of highly positively
charged functional amine groups that act on the repulsion of the
negatively charged fouling organic matter. Its corporation evi-
denced substantial improvement in membrane's anti-fouling per-
formance. Zhang et al. [36] developed GO-PEI nanocomposite
incorporated into a polymeric membrane, achieving a retention
factor of more than 97% and significant enhancement of relative
flux recovery from 41.3% to 86.4% with increased composition of
GO-PEI in the membrane. Parsamehr et al. [37] reported improved
mechanical stability due to the crosslinking of GO with PEI through
the crosslinking reactions between the carboxyl groups in GO and

the amine charge of PEI resulting in improved filtration and
selectivity. Matindi et al. [38] reported water flux enhancement of
41%, improved membrane hydrophilicity of 34%, and diminished
fouling tendency by 50% in layered polyethersulfone (PES) UF
membrane with a PEI-TiO; nanocomposite. Teng et al. [39] reported
that their PEl/epoxied-SiO. coated PVDF membrane exhibited
excellent antifouling resistance, where the best performing mem-
brane achieved a very high flux recovery rate of 96.3% and a very
low irreversible fouling ratio (DRir = 3.7%), confirming that the
strong hydrated layer formed by the crosslinked coating effectively
prevented BSA deposition. Moreover, Hussein Al-Timimi et al. [40]
functionalized SiO, with PEI through covalent bonding between
silanol groups and amine functionalities, potentially facilitated by
silane coupling agents, along with additional electrostatic and
hydrogen bonding interactions. Therefore, the use of PEI is partic-
ularly advantageous in pressure-driven membrane filtration.

Long term integrity and operability of membranes necessitates
the development of effective cleaning technologies and exploring
fouling-resistant membrane materials to preserve water resources
and ensure their economic viability [41]. Analyzing membrane sys-
tems fouling via proven modeling tools is very important as it offers a
comprehensive understanding of the complex interactions govern-
ing fouling phenomena and mechanisms [42]. Available models in
the literature focus on characterizing the physical and chemical
properties of membranes allowing a good understanding of their
fouling dynamics using different approaches without specifying the
underlying mechanisms [43]. Hermia [44] introduced four distinct
models to address different fouling modes namely, pore constriction,
complete blocking, intermediate blocking, and cake formation.

The objective of this work is to develop a novel ultrafiltration
polysulfone (PSF) membrane incorporating super oleophobic (GO-
PEI-SiO;) nanocomposite. To the authors best knowledge, no sig-
nificant literature on further functionalization of GO-SiO, with the
polymer PEI to tackle the issue of fouling in produced water
treatment is reported. This approach seeks to address the mem-
brane fouling issues and oil removal efficiency in PW treatment by
combining GO-SiO, unique properties with the antifouling prop-
erties of PEI and providing a promising solution for efficient
membrane-based PW treatment compared to existing membrane
technologies.

2. Experimental
2.1. Materials

Graphite powder (99.9% (mass)), potassium permanganate
(KMnOy4, 99.9% (mass)), sodium nitrate (NaNOs3, 99.9% (mass)),
hydrogen peroxide (H,02, 30% (mass)), N-methyl-2-pyrrolidone
(NMP, 99.9% (mass)), tetraethyl orthosilicate (TEOS, 99.9% (mass)),
polyethylenimine (PEI, M,, 600), dimethylformaldehyde (CH,O,
99.9% (mass)), (3-aminopropyl)triethoxysilane (APTES, 99.9%
(mass)), and polysulfone pellets (M,y 35000, assay) were purchased
from Sigma Aldrich. Ethanol absolute (C;H50H, 99.9%% (mass)), was
obtained from VWR Chemicals. Bovine serum albumin (BSA, 99.9%
(mass)), with an average diameter of 7.4 nm was purchased from
Fisher Scientific. The oil emulsion prepared for the rejection test
consisted of 1000 mg-L"! QALCO® performance oil, dispersed in
distilled (DI) water using Ultra Turrax T25 (IKA) homogenizer
following the procedure described erlier [45]. The oil properties are
summarized in Table 1.

2.2. Synthesis of graphene oxide

The synthesis of GO, as outlined by Yasir et al. [46], follows the
modified Hummers' method [47] used by Mahmoudi et al. [48].
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Table 1
Oil properties used in the emulsion.
Flash point 220 °C
Appearance Clear amber yellow
Physical state Liquid
Vapor density (air = 1) >1
Solubility in water Negligible
Specific gravity 0.875
Viscosity 42-50 mm?-s™!

Conductivity <0.001 pS-cm™!

Initially, 115 ml of H,SO4 was mixed with 5 g of graphite powder
and 2.5 g of NaNOs3 in a 1000 ml beaker and stirred for 30 min in an
ice bath while keeping the temperature below 20 °C to prevent
overheating and explosion. Then, 15 g of KMnO4 was carefully
added to the mixture over a 2 h interval and the mixture's tem-
perature was raised to 35 °C and maintained for 1 h at the same
temperature. Progressively, 230 ml of deionized water was added
to the mixture, causing a significant increase in temperature that
should be maintained below 100 °C by controlling the rate of water
dilution. The mixture was stirred for another 1 h, after which 300
ml of distilled water was added. To ensure the completion of the
reaction, 10 ml of H,0, was added to the mixture causing the
mixture to exhibit a vibrant yellow colour signifying the reduction
of all KMnO4. The product was cleaned with HCl and water
respectively before being filtered and freeze-dried, GO sheets were
thus obtained.

2.3. Synthesis of GO-SiO»-PEI

2.3.1. Synthesis of GO-SiO,

The synthesized GO was functionalized with SiO,, according to
the procedure described by Dan et al. [49]. For this purpose, 125 ml
alcohol-water solution was prepared by blending 25 ml of water
and 100 ml of ethanol, followed by the addition of 0.6 ml TEOS. The
mixture was maintained at a pH value of 4 using an acidic solution
previously prepared by mixing 2 ml of acetic acid with 100 ml of
water, added dropwise to the ethanol and TEOS mixture. In parallel,
GO mixture solution was prepared by adding 0.125 g of GO to 150
ml of ethanol and maintained at a pH of 9 using an alkaline solution
formulated by adding 2 ml of ammonia to 100 ml of water. The
prepared alkaline aqueous solution was added dropwise to the GO-
ethanol mixture until a pH of 9 was reached. Finally, the acidic and
alkaline solutions were mixed and continuously stirred for 24 h.

The GO-SiO, was extracted from the solution by vacuum cleaning
multiple times to ensure maximum separation. Finally, the
extracted nanoparticle was freeze-dried.

2.3.2. Synthesis of GO-SiO-PEI

Following the approach described by Wang and Ge [50], GO-
SiO, was further functionalized with PEI 0.0888 g of GO-SiO; was
dispersed in 100 ml ethanol under continuous sonication to ensure
its homogeneous dispersion, then, 4 ml of APTES was added to the
sonicated mixture and kept at 50 °C under reflux for 24 h to allow
completion of the reaction. The APTES-GO-SiO, nanoparticle was
then extracted from the solution by vacuum cleaning followed by
its dispersion in 100 ml of water under stirring. Subsequently, 0.5
ml of PEI was added dropwise to the mixture, to which another 6 ml
of formaldehyde was added and left at 40 °C under reflux for 12 h.
After completion of the functionalization process, GO-SiO,-PEI
nanoparticles were cleaned with ethanol and water respectively
followed by freeze-drying. A brief schematic diagram of the syn-
thesis procedure is illustrated in Fig. 1.

2.4. Fabrication of membranes

In this work, a total of six polysulfone-based membranes with
different nanoparticle compositions were synthesized using phase
inversion technique [51]. The synthesis process started with dis-
solving 6.14 g of polysulfone pellets in 25 ml NMP solvent. The
mixture was maintained at 70 °C and continuously stirred at 300
r-min~! using magnetic stirrer until complete dissolution of the PSF
in the solvent. In parallel, 6.14 mg of the prepared nanoparticles
were dissolved in 5 ml NMP solution and continuously sonicated for
30 min. Then, both prepared solutions containing polysulfone and
nanoparticles were mixed together and left under gentle stirring for
48 h. Using a filmography doctor blade 360099003 (Braive Instru-
ment, Germany), approximately 10 ml of the ultrasonicated solution
was uniformly spread onto a glass plate. After that, the glass plate
was dipped in deionized water bath where the film solidified, and
the membrane was formed. Compositions of synthesized mem-
branes are represented in Table 2.

2.5. Characterization of the nanoparticles

Synthesized nanoparticles were characterized using surface and
bulk characterization techniques such as XPS, RAMAN, XRD and

Fig. 1. Synthesis procedures of GO, GO-SiO,, and GO-SiO,-PEI nanocomposites.
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Table 2
Compositions of the casting solutions.
NMP/% (mass)  PSF/% (mass)  NP/% (mass)®  PSF: NMP: GPS

GPS-00 83 17 0.0 1:4.8:000
GPS-0.1 83 17 0.1 1:4.8:001
GPS-03 83 17 0.3 1:4.8:003
GPS-05 83 17 0.5 1:4.8:005
GPS-1.0 83 17 1.0 1:4.8:010
GPS-1.3 83 17 13 1:4.8:013

@ (Calculated based on the solid mass in the solution.

FTIR analyses. To identify the crystallinity of synthesized nano-
particles, XRD patterns were obtained using a PAN analytical X-ray
diffractometer (Model: EMPYREAN), operated at 40 kV using a Cu
Ko radiation (4 = 0.15406 nm) within a range of 5° to 90°. The FT-IR
spectra were recorded using Thermo Scientific Nicolet iS10 in a
wavelength range of 4000—500 cm™! in transmittance mode at
room temperature. To identifying the surface composition on the
nanocomposite, X-ray photoelectron spectrometer model AXIS
Ultra DLD, KRATOS XPS apparatus was used. To illustrate the
structural changes of the GO and to confirm its functionalization
with SiO, and PEI, RAMAN analysis was performed for the three
nanoparticles using Thermo Fisher Scientific DXR Raman micro-
scope with a wavelength of 532 nm, 40 times scanning, and the
laser power used is 10 mW using 50x microscope objectives.

2.6. Characterization of fabricated membranes

2.6.1. Porosity and pore size tests

Using the gravimetric approach, the porosity of the membranes
was characterized by weighing the same membrane sample at wet
and dry conditions using an analytical balance having an uncer-
tainty of 0.10%. The porosity (&) was calculated using the following
equation [24]:

W —
TAx I xdy

In this case, w1 and w; stand for the masses of wet and dry
membranes in grams, respectively. | represents the membrane
thickness in centimeters, d,y symbolizes the density of water, spe-
cifically 0.998 g-cm 2.

The membranes’ pore radius was calculated using the Guerout-
Elford-Ferry equation as follows:

&

(1)

29 -1.756)831Q
Tm= e x A x AP (2)

where the variables 7, Q, and AP stand for the viscosity of water (8.9
x 1074 Pa-s), the volume of pure water permeated per unit time
(m3-s71), and the operating pressure (Pa).

2.6.2. Analysis of contact angle, cross-sectional morphology, and
surface roughness

The morphology and surface roughness of the membranes were
examined using atomic force microscopy (AFM). The surface
roughness of the modified and pristine membranes were assessed
using a multimode AFM with Nanoscope Illa controller (Veeco,
USA) and tapping mode with TESP cantilevers (Bruker AXS). The
hydrophilicity of the membrane was examined using contact angle
with the help of the DataPhysics contact angle analyzer (OCA15 Pro,
Germany) by dropping DI water onto the membrane.

2.6.3. 0il rejection, flux, and fouling tests
Flux tests were conducted to examine the membranes’ perme-
ation using a dead-end cell (Sterlitech HP4750) maintaining the

operating pressure at 6 bars supplied by compressed nitrogen.
Membrane samples in circular shapes with areas of 14.6 cm? each
were cut and placed inside the dead-end cell. Continuous stirring
was provided in the dead-end cell to avoid concentration polari-
zation. The permeate was collected in a beaker placed on a balance
connected to a data acquisition system. Prior to any test, the
membrane was compressed for 1 h before measuring the flux that
was calculated using this equation [24]:

_ Wt_WQ
J_A><dw><At ()

In this equation, w, represents the initial mass of permeate
water, while w; represents the mass of permeate water at time ¢ in
grams. The letter A denotes the surface area of the membrane in
square centimeters, d,, symbolizes the density of water and At
denotes the duration of filtration in seconds.

Using protein BSA solution as a model foulant, the membranes'
fouling tendency were tested using the same set up under similar
conditions described earlier. The protein foulant solution was pre-
pared by dissolving 1 g of BSA in 1 L of DI water. The procedure
consists of measuring the DI water flux for 10 min according to Eq.
(3) followed by measuring BSA solution flux for 90 min under the
same operating conditions. Following the BSA fouling test, the
membrane was cleaned with DI water, and a new record of DI water
flux was taken for 10 min. Using the acquired fluxes data, the total
fouling ratio (Ry), flux recovery ratio (FRR), reversible fouling ratio
(Ry), and irreversible fouling ratio (Rj;) were calculated using the
following equations:

Re _Jwo =Jwt | 400y (4)
jWO
_Jwt 8
FRR =2"! » 100% (5)
]WO
R; _Jwi —Jwr « 100% (6)
]wO
Ri; _Jwo—Jw1 « 100% (7)
]wO

where, Jwo represents the initial DI water flux, Jwf is the BSA
permeate flux after 90 min, Jy is DI water flux after cleaning.

2.6.4. Hermia's model: modeling of fouling mechanisms

The different fouling mechanism occurring on membrane sur-
face was determined using Hermia's model, shown by the following
mathematical equation [44]:

2 n
£9)-4&
dv2 dv
where k is the resistance coefficient, and n is the characteristic
model constant.
Depending on the fouling model determined, the value of n can
be 0, 1, 1.5, and 2, representing cake layer formation, intermediate
pore blocking, standard pore blocking, and complete pore blocking,

respectively. The differential equation can be linearized in the
following manner [44]:

1 1
=gt (9)

Uve)* (vo)?

n=0,



208 H. Ben Youssef et al. / Chinese Journal of Chemical Engineering 87 (2025) 204—219

1 1

n=1, E:;—O—sit (10)

n=15 L1 (11)
T Ve Ve

n=2, In(Jyt) = In(Jyo) — ect (12)

2.7. Leaching study

Leaching tests were carried out to check the integrity of GO-
SiO,-PEI membranes by measuring the leached amounts of nano-
composites from the polymeric membrane. The methodology
described by Zhang et al. [52] was followed. A membrane in a cir-
cular form having a cross-sectional area of 14.6 cm? was cut and
immersed in 50 ml DI water in a sample tube. The sample tube was
maintained for 7 days, and then it was tested for the presence of
nanoparticles, whose concentration was identified by testing the
total organic compounds in the water sample with the help of TOC
analyzer.

3. Results and Discussion
3.1. Characterization and analysis of the nanocomposites

3.1.1. RAMAN spectra

To illustrate the structural changes of the GO and to confirm its
functionalization with SiO, and PEI, RAMAN analysis was per-
formed for the three nanoparticles as presented in Fig. 2. The pre-
sented GO spectrum exhibited the highest intensity situated at
1343 cm~! and 1584 cm™! which correspond to G and D bands
respectively. The G band relates to the carbon atoms while D band is
due to the structural irregularities on the GO sheets. These results
are well aligned with those obtained by Liu et al. [53] and close to
those obtained by Ning et al. [54] who reported GO and GO-SiO,
characteristic peaks at 1337 cm~! and 1595 cm™! respectively. The
functionalization of GO by SiO; resulted in the same peaks situated
at 1340 cm~! and 1585 cm ™! but at a depleted position as shown in
Fig. 2. The functionalization of SiO, onto GO caused a decrease in
the peak intensity in GO-SiO, compared to GO attributed to the
decreased number of GO sheets in GO-SiO; [54]. Moreover, the ratio

Fig. 2. RAMAN spectra of GO, GO-SiO, and GO-SiO,-PEIL

of 0.88 between the D and G bands Ip/I for GO decreased to a value
of 0.99 in the case of GO-SiO. Further functionalization of GO-SiO,
with PEI resulted in characteristic peaks positioned similarly to the
previous spectra but at ominously lower intensities. The G band
and D bands at GO-SiO,-PEI spectra are positioned at 1325 cm™!
and 1603 cm~ . In addition, the ratio between the D band and G
band Ip/Ig in GO-SiO,-PEI spectra increased compared to the ratio
exhibited in the GO spectra, which is in accordance with the find-
ings of Zidtkowski et al. [55]. The peak depletion is attributed to the
disappearance and the reduction of the existing GO sheets.

3.1.2. XPS analysis

To examine the surface composition of the prepared nano-
composites, X-ray photoelectron spectrometer (XPS, model
KRATOS-AXIS Ultra DLD) was used by conducting a surface
elemental analysis of the nanocomposites which were examined
for carbon, silicon, and oxygen elements. The GO spectra shown in
Fig. 3 reveal intense peaks at binding energies of carbon (C 1s) at
283 eV and oxygen (O 1s) at 529 eV, which is coherent with the
chemical composition of GO. Upon functionalization with SiO,,
additional peaks appear representing the element silicon (Si 2s)
and (Si 2p) at binding peaks of 99 eV and 149 eV respectively as
seen in the red curve. The peaks are not evident as the analysis
shows the surface composition only. The results obtained in this
work align with the findings given by Dong et al. [56], where the
peaks lie at the same energy bindings with similar intensities. The
polymer PEI has amine (—NH;) functional groups, hence the further
functionalization with PEI exhibited additional nitrogen (N 1s) peak
as illustrated in the blue curve. In a study conducted by Xing et al.
[57], the XPS spectra attained for GO-PEI@PAN membrane exhibi-
ted observable nitrogen, oxygen, and carbon peaks similar to those
reported for GO-SiO,-PEI, where both spectra had N 1s appeared at
binding energy of 400 eV, confirming the compatibility with our
findings.

3.1.3. XRD analysis

The synthesized nanoparticles GO, GO-SiO,, and GO-SiO,-PEI
were analyzed using X-ray diffraction (XRD) apparatus for their
morphology's analyses. The typical XRD pattern for GO is shown in
Fig. 4, which shows a strong and crisp diffraction peak at 26 =
10.28° with an interlayer distance of 0.86 nm signifying a high
crystalline degree [58]. Li et al. [59] reported that the XRD spectrum
characteristic peak of graphite was typically observed at ~25°, this

Fig. 3. XPS spectra for GO, GO-SiO, and GO-SiO,-PEIL
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Fig. 4. XRD spectra for GO, GO-SiO, and GO-SiO,-PEIL

decrease in the peak intensity can be attributed to the oxygen
groups attached to the carbon. The functionalization of SiO, onto
GO altered the GO peak and revealed a new peak attributed to the
presence of SiO,. The XRD spectra showed a shorter characteristic
peak in the range of 10°—11° indicating a decrease in the crystal-
linity of the material which has become more amorphous as a
result of GO functionalization with SiO,. Moreover, a new broad
peak observed in the range of 23°—25¢° attributed to the presence of
SiO, which is in line with the XRD spectra reported by Kocyigit et al.
[60]. Further addition of the functional groups of PEI causes a shift
in the characteristic peak at a lower angle, where the peak lies
between 5° and 7°. This is an indication that a functional group has
been attached to GO leading to a decrease in crystallinity [61].

3.1.4. FTIR analysis

The FTIR spectra of GO, GO-SiO;, and GO-SiO,-PEI are presented
in Fig. 5. The GO spectra exhibited multiple absorption bands at
approximately 1220, 1640, 1710, and 3450 cm™!, corresponding to
the C—O atoms in carboxy and epoxy groups, the C=C atom in
carboxyl groups, the C=O atom in carboxyl groups, and the
stretching vibration of the —OH group, respectively. Furthermore,
the fluctuations between 750 and 1050 cm™! prove the presence of
C=C with evident vibrational changes in the C=C bonds in the
absorption bands spanning in the same range which agree with the
results of the GO spectra reported by Surekha et al. [62]. Func-
tionalization of GO with SiO, resulted in the appearance of more
absorption peaks proving that the functionalization step was

Fig. 5. FTIR spectra of synthesized nanoparticles.

successful. The bands allocated at 580 and 1058 cm ™! represent the
stretching vibration of the O—Si—O, due to the asymmetric
stretching vibrations of Si—O—C/Si—O—Si [63], while the band
located at 971 cm ™ is due to the stretching vibrations of Si—OH as
reported by Du et al. [64]. Finally, GO-SiO,-PEI spectra showed
additional bands in the range of 3200 to 3500 cm~! with a peak
located at 3392 cm~! corresponding to stretching vibrations of NH,
bond [53].

3.2. Characterization of membrane morphology and performance

3.2.1. Pore size, porosity, and contact angle test

The synthesized membranes were characterized by examining
their pore sizes, porosity and their contact angles using SEM im-
aging. The pristine PSF membrane had a porosity of 51.38%, while
the GO—SiO-—PEI modified membranes exhibited higher porosity
values ranging from 55.57% up to 73.99% depending on the nano-
particle loading as illustrated in Fig. 6. Silicon dioxide, used as nano-
filler, has a high surface area-to-volume ratio and a strong inter-
facial contact between the nanoparticles and the surrounding
polymer that causes the formation of larger pores [65]. The addition
of nanoparticles to the membrane increased the membrane's
porosity to a certain extent, however, beyond 1% concentration of
the nanoparticles in the membrane a less significant impact on the
porosity was observed. This increased concentration facilitated the
movement of solvent out of the polymer matrix, resulting in the
development of a more porous substructure and wider finger-like

Fig. 6. Porosities for each membrane.
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pores, resulting in membranes with higher nanocomposite loading
exhibiting increased permeability. However, beyond 1.0% (mass)
nanocomposite, excessive bulk led to nanoparticle agglomeration,
causing slight pore blockage and a reduction in flux. This phe-
nomenon has also been seen in a previous study by Yasir et al. [66].

The hydrophilicity of the membrane was examined by
measuring its contact angle which indicates the membranes' af-
finity to water in a way that the membrane's contact angle de-
creases with increased membrane's affinity to water. The resulting
contact angles for all membranes are shown in Fig. 7. With the
addition of nanocomposite in the membrane's composition, the
contact angle of the membrane decreased from 72° for pristine PSF
to 63° for the membrane (GPS-0.1) containing 0.1% GO-SiO,-PEL A
similar trend was observed for the remaining functionalized
membranes. This is expected as the number of hydrophilic func-
tional groups in the membrane increased and hence the hydro-
philicity of the membrane increases.

The pore radius of the membrane was estimated and analyzed.
The pristine PSF membrane's pore radius is estimated to be 6.09 nm
as illustrated in Fig. 8. The incorporation of a minimum 0.1%
nanocomposite in the membrane increased the pore radius to 7.69
nm. The trendline indicates that as the concentration of the GO-
SiO,-PEI increases, there is a corresponding enlargement in the
pore radius until a maximum radius obtained with 0.5% nano-
composite, beyond which further addition of nanocomposite has
no effect on the pore radius. The functional groups present in the

Fig. 7. Contact angles for each membrane.

Fig. 8. Pore radius of synthesized membranes.

nanocomposite such as the epoxy group (—O) in GO, the functional
group (—Si—OH) in SiO;, and the amino group in PEI all exhibit
hydrophilic behavior towards the aqueous phase. Hence, during
phase inversion, the nanocomposites migrate towards the aqueous
phase from the organic phase creating hydrodynamic instability,
resulting in formation of larger pores. Similar behavior has been
observed in previous studies by Yasir et al. [66], Elhamarnah et al.
[67], Alkhouzaam et al. [68].

3.2.2. Surface morphological structure

The surface morphology of the membranes was investigated by
obtaining SEM images using a scanning electron microscope (SEM;
JSM-5610LV, JEOL, Tokyo, Japan). The membrane was submersed in
ethanol for about 10 min and then immersed in nitrogen for 5—10
min with the help of tweezers. The dry rigid membrane was frac-
tured into a smaller sample-sized piece. The sample was placed on
a metal holder and different micrographs were taken. The SEM
images of all membranes are shown in Fig. 9. The SEM images' top
cross-sectional view shows a dense layer with tube-like pores in an
unstructured manner that extends to the bottom layer. The hy-
drophilic functional groups in the nanocomposite GO-SiO,-PEI such
as the epoxy group (—O0) in GO, (—Si—OH) in SiO,, and the amino
group in PEI migrate towards the aqueous layer from the organic
layer during phase inversion, resulting in formation of larger pores.
Consequently, the higher the concentration of the nanocomposite
in the casting solution, the more functional groups are available
which results in larger pores. Moreover, the SEM analysis also
shows the thickness of the membrane to be between 75 and 90 um.
However, altering nanocomposite concentration did not affect the
membrane thickness.

3.2.3. Surface membrane roughness

The membranes' surface roughness was examined using atomic
force microscopy (AFM). It is a non-destructive characterization
technique that is relatively new, which takes a high-resolution
topographic image of the materials’ surface such as nanoparticle
or membranes with a scale of nanometer [69]. Fig. 10 represents the
surface roughness of synthesized membranes while the corre-
sponding numerical values are presented in Table 3.

The surface roughness of pristine PSF membrane is 7.42 nm
while the RMS roughness is 9.92 nm. On the other hand, the
membrane that is incorporated with 1.3% of the nanocomposite has
an average roughness and RMS roughness of 7.73 nm and 10.27 nm
respectively. The direct relationship between the amount of GO-
SiO,-PEI and the membrane roughness is logical since the more
nanoparticles the membrane contains, the more functional groups
available that disturb the surface resulting in surface fluctuations
and variability. The trend of increase of the surface roughness pa-
rameters suggest that there's an increase in hydrophilicity as the
nanocomposite percentage increases which in accordance with the
Wenzel equation that related roughness to hydrophilicity [70].
However, as previously stated, the amount of hydrophilic func-
tional groups plays a limiting factor hence the jump is not
significant.

3.3. Membrane performance

3.3.1. Permeation flux of pure water

The obtained results for pure water flux of all synthesized
membranes are summarized in Fig. 11. The polysulfone membrane
resulted in a permeance of 5.54 LMH-bar! while the membrane
that contained 0.1% of GO-SiO,-PEl resulted in a permeance of 11.92
LMH-bar™! which progressively increased as the amount of nano-
composite increased. This is attributed to the increase concentra-
tion of nanocomposite in the membrane that results in bigger pores
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Fig. 9. Cross-sectional morphology of (a) unmodified membrane, (b) GPS-0.1, (c) GPS-0.3, (d) GPS-0.5, (e) GPS-1.0, (f) GPS-1.3.
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Fig. 10. Surface morphology of (a) PSF membrane, (b) GPS-0.1, (c) GPS-0.3, (d) GPS-0.5, (e) GPS-1.0, (f) GPS-1.3.

and higher porosity, hence more permeability as illustrated in Fig.
11. The maximum permeation flux achieved is 44.65 LMH-bar™!
for the membrane containing 1.0% nanocomposite before it de-
creases to 34.38 LMH-bar™! for the membrane containing 1.3%
nanocomposite. This behavior can be explained by the increasing
concentration of nanoparticles, which clogs the pores more
severely and obstructs the water flow.

A relation between membrane's porosity, contact angle and
permeate flux is illustrated as a three-dimensional surface plot
presented in Fig. 12. This figure provides a comprehensive visuali-
zation of how porosity and contact angle interact and influence
simultaneously the membrane's flux. The surface demonstrates a
clear relationship between the porosity, contact angle and the

water flux. As the membrane's porosity increases and contact angle
decreases, the membrane’ water flux increases. This correlation is
evident as the contact angle is an indication of the membrane's
hydrophilicity whose decrease resulted in increased membrane's
permeation flux. Furthermore, considering the membrane's
porosity as the empty volume fraction of the membrane, its in-
crease, prompts water permeation, hence leading to increased
permeation flux.

3.3.2. Oil rejection test

The oil rejection tests were performed on the synthesized
membranes using 1000 mg-L™! of oil-water emulsion, and the re-
sults are summarized in Fig. 13. GPS-0.1 membrane has a rejection
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Table 3

Membranes' roughness parameters.
Membranes Average RMS Max/nm Min/nm

roughness/nm roughness/nm

PSF 742 9.92 55.19 —47.44
GPS-0.1 7.42 11.47 68.64 —65.49
GPS-0.3 7.42 9.66 48.42 —34.89
GPS-0.5 6.30 7.98 25.60 -0.90
GPS-1.0 6.49 9.36 69.49 —80.32
GPS-1.3 7.73 10.28 54.67 —64.51

Fig. 11. Pure water fluxes of produced membranes.

Fig. 12. 3D plot showing the relation between contact angle, porosity, and the flux.

percentage of 99.94% which decreased to 96.93% with increased
percentage of incorporated nanocomposite to 0.3%. The increase of
oil rejection is attributed to the increase amount of silicon in the
membrane, which has an oleophobic property that repels the oil
particles from the surface of the membrane [71]. Furthermore, the
rejection remained consistent in a range between 99% and 97.64%
with negligible fluctuations since the standard deviation is below
0.0, hence the oil rejection is considered to be independent on the
amount of nanocomposite in the membrane. The hydrophilic and
super oleophobic nanocomposite enhanced the water permeability
and provided high oil rejection.

Fig. 13. Oil rejections for pristine polysulfone membrane and nanocomposite incor-
porated membranes.

A three-dimensional plot illustrating the effect of porosity and
contact angle on the oil rejection is presented in Fig. 14. Here,
rejection is represented along the z-axis, porosity along the x-axis,
and contact angle along the y-axis. The membrane's contact angle is
indirectly proportional to its rejection as the ZY plane displays. As
the contact angle decreases, membrane's rejection increases until it
reaches a steady value. This is evident as the membrane's hydro-
philicity increases; it lowers the chances of oil droplets accumu-
lating at the membrane surface. Moreover, in the ZX plane, the
curvature illustrates an increase of rejection with the porosity in-
crease until it reaches a steady value after which further changes in
porosity have no significant effect on oil rejection. This trend can be
explained by the increased amount of SiO; in the membrane ma-
trix, which makes the membrane super oleophobic and repels the
oil droplets from its surface, hence increasing the oil rejection.

The membrane's performance in oil rejection can be further
elucidated through the concept of surface energy, which offers in-
sights into the interactions between fouling particulates and sur-
face membrane. Surface energy is categorized into dispersive (yd)
and polar energy (y?) components which are estimated in accor-
dance to Owens-Wendt-Kaelble (OWK) model. The estimated
dispersive and polar energy components are visualized in Fig. 15.
The pristine PSF membrane yielded a stronger vd compared to v
with values of 58 mJ-m~2, 23 mJ-m~2, respectively. This is due to
the strong interactions between the non-polar droplets and surface
membrane, which is consistent with the lower oil rejection per-
formance as presented in Fig. 13. However, all nanocomposite
incorporated membranes, ¥ is greater than yd. The estimated
are 115mJ-m~2,146 mJ-m~2,226 mJ-m 2,191 mJ-m 2,173 mJ-m 2
for GPS-0.1, GPS-0.3, GPS-0.5, GPS-1.0, GPS-1.3 respectively as
illustrated in Fig. 15. This phenomenon can be attributed to the
reduced polar interactions between the oil particles and membrane
surface, leading to enhanced oil rejection performance as the

Fig. 14. 3D plot showing for contact angle, porosity, and rejection.
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Fig. 15. Surface energies of produced membranes.

amount of nanocomposite increases. As shown in Fig. 13, incorpo-
rating nanocomposites into polymeric membranes resulted in
consistently high oil rejection values, ranging from 97% to 99.9%. In
addition, the dramatic difference between v? and y4 is explained by
the weak interaction between non-polar oil droplets and mem-
brane surface.

3.3.3. Fouling test

The fouling test was carried out on the pristine and nano-
composite incorporated membranes using 1000 mg-L! of BSA in
deionized water. The parameters that have been estimated for each
membrane include total fouling, reversible fouling, irreversible
fouling, and the flux recovery rate. The obtained experimental re-
sults are summarized in Fig. 16. The total fouling for pristine pol-
ysulfone membrane was estimated to be 88.9% which decreases to
61.6% for GPS-0.1 membrane before it increased again to 88.11% for
GPS-0.3 and remained consistent with increased amount of nano-
composite in the membranes.

Fouling is impacted by the membrane characteristics such as
pore size distribution, surface charge, hydrophilicity, and rough-
ness. The distribution of bigger pore sizes affects easily the foulants
to stick onto the membrane surface, which correspondingly affects
the fouling tendency. Membranes with large pores can result in
more noticeable membrane blockage as they offer higher oppor-
tunity for particle accumulation and pore blockage [72]. In addition,
bigger pores have a greater blocking index than smaller ones under
the same filtration operation conditions. This aligns with the results
of this work, the pore size increases with the increase of the

composition of the nanocomposite in the membrane as seen in Fig.
8, which correspondingly increased the total fouling as illustrated
in Fig. 16.

Furthermore, as the composition of the nanocomposite in
membrane increases, the more hydrophilic the membrane surface
is due to the increased number of hydrophilic functional groups as
explained earlier. The hydrophilicity of the membrane resists
fouling tendency by enhancing foulant hydration, which reduces
the adhesion of the particulates onto the membrane surface [72]. In
addition, the hydrophilic functional group on the membrane has
high water affinity which results in a water barrier on the surface
preventing and limiting foulant accumulation. This was confirmed
in this work, as the composition of GO-SiO,-PEI increased, the
irreversible fouling decreased while the reversible fouling
increased as illustrated in Fig. 16. The flux recovery rate increased
with increased nanocomposite composition in the membrane. The
flux recovery rate estimated to be 17% for pristine polysulfone
membrane, and surged to 58% for GPS-0.1. On the other hand, the
irreversible fouling of the pristine polysulfone membrane that was
83% decreased significantly to 42% for GPS-0.1 and continued to
decrease with increased nanocomposite loading.

Surface roughness influences the contact area between foulants
and the membrane, which has a significant impact on the membrane
fouling. The differences in contact areas, caused by the surface
roughness, can have a major influence on the membrane fouling
behavior. The texture on the membrane surface causes the foulants to
get trapped on the surface and enhance the fouling. In this work, the
surface roughness of the membranes remained consistent with the
increase of the nanocomposite as seen in Table 3. Hence the addition
of the nanocomposite did not have effect on surface roughness and
hence it did not cause any additional fouling as illustrated in the total
fouling rate which remained consistent in Fig. 16.

3.3.4. Determination of fouling mechanisms

The various fouling mechanisms occurring on each membrane
surface were evaluated using Hermia's model. The flux rate using
the BSA solution was calculated and used to plot several graphs as
illustrated in Fig. 17 including (a) 1/(J)? vs. time, (b) 1/J vs. time, (c)
In(J) vs. time and (d) 1/+/J vs. time, corresponding to cake forma-
tion, intermediate pore blocking, complete pore blocking, and
standard pore blocking, respectively. Additionally, the chi-squared
value is calculated for each plot evaluating the fit of each fouling
mechanism for the developed membranes, as presented in Table 4.
The highest achieved R? for GPS-0.1 membrane was obtained from

Fig. 16. Estimated fouling parameters for each membrane.
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the pore blockage plot, indicating that complete pore blockage is
the dominant fouling mechanism as the fouling particulates
directly blocks the pores on surface membrane while delaying cake
formation. In contrast, for all the other nanocomposite-
incorporated membranes, the highest R? values were observed in
the cake formation plot indicating that the fouling BSA material
formed a thick cake layer on the membrane surface leading to
significantly reduced water flux rate as well as greatly increasing
the fouling tendency. These results confirm the fouling analysis
findings: the GPS-0.1 membrane exhibited the lowest total fouling
at 62%, while the other membranes experienced total fouling
exceeding 88%. The PSF membrane, with its smaller pore radius,
facilitated complete pore blockage and made cake formation the
dominant fouling mechanism. In contrast, the GPS-0.1 membrane,
with a larger pore radius than the PSF, allowed some BSA particles
to pass through the pores, thereby delaying cake formation.
Meanwhile, the GO-PEI-SiO, nanocomposite imparts a positive
surface charge to the membrane. Increased nanocomposite con-
centration enhanced the attraction between BSA and the mem-
brane surface, promoting foulant agglomeration and making cake
formation the dominant fouling mechanism. Table 5 presents the
fouling coefficient values that indicate the increase in fouling rate.

Analysis of the different fouling mechanisms obtained by plot-
ting the GPS-0.1 membrane flux versus time as acquired by Her-
mia's model, we observe a non-linear curve that can be assimilitaed
to the intersection of two distinct consecutive straight lines sug-
gesting the presence of two distinct fouling mechanisms occurring

Table 4
Chi-squared values for each fouling mechanism for each membrane type.
PSF GPS-0.1 GPS-0.3 GPS-0.5 GPS-1.0 GPS-1.3
Cake 0.991® 0.723 0.984®  0.946® 0.988°  0.982°

Intermediate  0.976 0.767 0.947 0.909 0.988 0.930
Pore 0.933 0.802°  0.882 0.827 0.954 0.867
Standard 0.952 0.785 0.919 0.874 0.976 0.919

@ Maximum chi-squared value indicating the dominant fouling mechanism.

sequentially. The first characteristic linear trendline, from zero to
55 min, indicates that pore blocking is the dominant fouling
mechanism during the early phase of filtration given the chi-
squared value reported in Fig. 18. Beyond 55 min, the second
characteristic trendline illustrates a steeper slope, indicating a
transition from pore blockage to the formation of a cake layer. This
happens as the pores become fully blocked by BSA particulates and
can no longer retain additional particles which accumulate on the
membrane surface, leading to the formation of a cake layer. This
two-phase fouling behavior suggests that the GPS-0.1 membrane is
initially prone to pore blockage but eventually transits to cake
formation as the fouling progresses. This phenomenon did not
occur with membranes doped with higher nanocomposite con-
centration due to the stronger surface interactions (increased y? as
seen in Fig. 15). The same behavior was observed in the remaining
fouling mechanism plots, where each mechanism transitions into
the cake formation phase, as shown in Fig. 18(b), (c), (d).

Fig. 17. Prediction of fouling mechanism using Hermia's model: (a) cake filtration, (b) intermediate pore blockage, (c) pore blockage, (d) standard pore blockage.
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Table 5
Fouling coefficients for each membrane.

Membrane Fouling coefficient
PSF 0.00006
GPS-0.1 0.00220
GPS-0.3 0.00504
GPS-0.5 0.00501
GPS-1.0 0.00664
GPS-1.3 0.00731

3.3.5. Leaching test

As explained in 2.7, leaching tests were performed for one week
using all produced membranes to investigate the stability of GO-
SiO,-PEI nanoparticles in the membrane matrix. The leaching so-
lution was examined for total organic carbon using TOC analyzer.
The final TOC concentrations are summarized in Fig. 19. The GPS-0.1
membrane exhibited a relatively low organic carbon concentration
of 1.014 mg-L!, indicating minimal leaching. The concentration of
leached nanoparticle continued to increase with the highest con-
centration obtained for GPS-1.3 membrane estimated at 6.488
mg-L!, which signifies substantial leaching. The increased leaching
tendency with increased nanocomposite loading can be related to
the higher number of hydrophilic functional groups that have a
strong attraction to water casing them to leach away from the
membrane.

4. Comparative Analysis: GO-SiO-PEI Incorporated
Membranes versus Other GO-Based Membranes

The parameters of the optimally synthesized membrane using
the novel nanocomposite GO-SiO,-PEI were analyzed. It was
concluded that employing 1.0% of the nanocomposite resulted in
one of the highest performances observed, with an impressive flux
enhancement of 806% compared to the pristine PSF membrane.

Fig. 19. Amount of leached nanoparticles for each membrane.

Fig. 18. Hermia's model for GPS-0.1 membranes at two different time durations: (a) cake filtration, (b) intermediate pore blockage, (c) pore blockage, (d) standard pore blockage.
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Table 6
Comparative evaluation of GO-based membranes for enhancement in pure water flux, and oil-in-water separation.
Nanocomposite Permeation Rejection/% Anti-fouling performance Contaminant Reference
flux enhancement
compared to pristine
membrane/%
GO-PEI/PVP 164 >90 Flux decline: Reduced the flux to 80% efficiency. BSA [36]
PVDF-g-PMMA/GO@SiO, 178 95 The permeance reduced by maximum of 0.2 LMH-bar™". Soybean oil (266) [33]
ZIF-8/rGO ~22 95 The flux recovery maintained high after 10 cycles. 0il [74]
A-SEP@TiO,/GO 125 >99.7 The membrane retrieves the flux permeation after n-Hexane [75]
repeated fouling cycles.
GO-PA-Fe**|PVDF 643 >99.5 The membranes flux decreased by 8.6% after 10 cycles Palm cooking [73]
with permeance range 38.2—41.8 LMH-bar™! with
rejection above 99%.
SA/GO/CS 34 99.84 The flux recovery decreased by 9% for CS/GO while SA/ Soybean oil [76]
GO recovery rate increased by 1.63% after 5 uses.
GO-SiO,-PEI 806 >97 Flux recovery rate is 74%, the irreversible fouling rate is Oil This work

26% and the reversible fouling rate is 65%.

Additionally, the membrane achieved a flux recovery rate of 74%
and an oil rejection rate exceeding 97%. Moreover, the membrane
exhibited satisfactory anti-fouling performance, with an irrevers-
ible fouling rate of 26% and reversible rate of 65%. The flux was
easily recovered by rinsing the membrane with DI water. This
work's findings are benchmarked against other GO incorporated
membranes as summarized in Table 6. The studies shown in Table 6
indicated that most of the GO based nanocomposite membranes
had a flux enhancement between 22% and 178%. However, the flux
enhancement obtained by incorporating GO-PA-Fe**/PVDF was
643% [73]. This membrane also exhibited 99.5% palm oil rejection
efficiency. However, a critical analysis is lacking that gives a
comprehensive study on the fouling performance of the membrane
using a standard membrane foulant. The study by Zhang et al. [36]
used BSA as model foulant for their GO-PEI/PVP incorporated
membrane. Incorporation of GO-PEI/PVP resulted in a flux recovery
rate of 80%. However, in this study, the flux enhancement was only
164% and the study lacked oil rejection tests. Membranes from Gu
et al. [74] doped with ZIF-8/rGO nanocomposite showed an oil
rejection efficiency of 95% and the flux recovery rate was also
observed to be consistent after 10 regeneration cycles. However,
the flux enhancement achieved by ZIF-8/GO incorporated mem-
brane was only 22% [33]. In contrast, another study reported in the
table, a A-SEP@TiO,/GO membrane achieved optimal oil rejection
of 99.7%, however, its flux enhancement of 125% only, which falls
short of desired performance. Again, the membrane fouling per-
formance was not examined using a model foulant, it merely stated
that flux was recovered after multiple fouling cycles. Considering
all these factors, the membrane developed in this study by doping
PSF with 1.0% GO-SiO,-PEI nanocomposite is found to be more
suitable for oil treatment processes.

5. Conclusions

In this study, a novel hydrophilic-superoleophobic GO-SiO,-PEI
nanocomposite was synthesized and incorporated into PSF mem-
branes for the treatment of oily wastewater. The functionalization
of GO with SiO, and PEI was confirmed through XRD, FTIR, XPS, and
RAMAN spectroscopy, demonstrating successful surface modifica-
tion. The optimized membrane (GPS-1.0) exhibited a 43.8% increase
in porosity (from 51.38% to 73.88%), a 30.1% reduction in contact
angle (from 72° to 50.3°), an 809% enhancement in pure water flux
(from 5.54 LMH-bar! to 44.65 LMH-bar™!), and a 57% improvement
in flux recovery rate (from 17% to 74%), while maintaining a high oil
rejection of 97.6% and exhibiting low nanocomposite leaching of 5.3
mg-L~!, ensuring structural stability. The fouling resistance of the
membrane significantly improved, with the irreversible fouling rate

decreasing from 83% for pristine PSF to 26% for GPS-1.0, while the
reversible fouling rate increased to 65%, facilitating easier regen-
eration. Hermia's model analysis revealed that the dominant
fouling mechanism transitioned from complete pore blocking in
the pristine PSF membrane to cake layer formation in the
nanocomposite-incorporated membranes, confirming improved
fouling resistance. Furthermore, surface energy analysis using the
Owens-Wendt-Kaelble model demonstrated that the incorporation
of GO-SiO,-PEI increased the membrane's total surface energy,
mainly due to an enhancement in its polar component, further
contributing to the improved hydrophilicity and antifouling prop-
erties. These findings highlight the potential of GO-SiO,-PEI-doped
PSF membranes as an effective solution for treating produced water
and oily wastewater. Future studies should focus on evaluating the
membrane's long-term stability under real-world conditions and
optimizing its regeneration potential over multiple operational
cycles.
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