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ABSTRACT

In this study, novel hybrid ultrafiltration (UF) membranes were developed using polyethersulfone (PES), poly-
sulfone (PS), and their sulfonated counterparts (SPES and SPS) to enhance water flux and antifouling properties.
FTIR and XRD analyses validated the successful incorporation of sulfonate groups and structural changes, while
SEM images revealed more porous and uniform membrane structures. Thermogravimetric analysis (TGA) showed
enhanced thermal stability for the sulfonated membranes. Mechanical property evaluations demonstrated that
the sulfonated membranes maintained good tensile strength and flexibility. Water uptake and porosity mea-
surements indicated increased hydrophilicity and porosity for SPES and SPS membranes compared to their
pristine forms. The pure water flux of SPES (130 L/mz-h) is significantly higher compared to PES (110 L/mz-h).
The sulfonated membranes (SPS and SPES) exhibit significantly enhanced antifouling properties, as demon-
strated by the improved flux recovery ratios (FRR) for SA, BSA, and HA compared to their non-sulfonated
counterparts (PS and PES), reaching up to 75 % for SPES. The rejection performance for BSA, HA, and SA so-
lutions showed that SPES membranes achieved 95 %, 90 %, and 92 % rejection rates, respectively, compared to
80 %, 75 %, and 70 % for PS membranes. Fouling resistance tests using BSA, HA, and SA solutions showed that

SPES and SPS membranes had significantly higher flux and lower fouling tendencies.

1. Introduction

Water shortage is a critical global issue affecting billions of people
worldwide, driven by population growth, climate change, over-
extraction of groundwater, pollution, and inefficient water manage-
ment. The increasing demand for water strains existing supplies, espe-
cially in regions already facing scarcity (Baker, 2023; Mekonnen and
Hoekstra, 2024). Membrane-based systems, such as nanofiltration,
reverse osmosis, microfiltration, and ultrafiltration, are highly effective
in removing a wide range of impurities, including salts, organic com-
pounds, pathogens, and particulate matter(Dharupaneedi et al., 2019).
The ultrafiltration process is a critical membrane-based separation
technology for water purification and wastewater treatment. Materials
commonly used in ultrafiltration membranes include polymers like PES
(Alsohaimi et al., 2023), polyvinylidene fluoride (PVDF) (Aldawsari
et al., 2022), and PS (Alshahrani et al., 2022), which offer superior
chemical and thermal durability, and mechanical strength. Ultrafiltra-
tion is highly efficient in removing contaminants, energy-efficient,
scalable, and resistant to various chemicals. It is a versatile and effec-
tive solution for producing clean water in various applications (Shi et al.,
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2014). PES is a high-performance polymer widely employed in ultra-
filtration membranes for water purification and industrial applications
due to its excellent mechanical strength, thermal stability, and chemical
resistance. PES membranes face several challenges: (i) Fouling, which
reduces performance and increases costs, can be mitigated by surface
modifications like hydrophilic polymer grafting. (ii) PES’s hydrophobic
nature leads to lower water flux and higher fouling, which can be
addressed by blending with hydrophilic polymers or applying coatings.
(iii) Mechanical stability is compromised under repeated stress and
pressure fluctuations. Designing robust support structures and opti-
mizing module configurations can enhance stability and longevity (Celik
Madenli et al., 2021; Guo and Kim, 2017; Kheirieh et al., 2018; Koch-
kodan et al., 2008; Ma et al., 2007; Serbanescu et al., 2020; Shannon
et al., 2008; Shen et al., 2011; V. B. et al., 2020; Venault et al., 2017;
Wang et al., 2020, 2019; Yi et al.,, 2012; Zhang et al., 2018). One
effective method to mitigate fouling in PES and PS membranes is
through sulfonation. Sulfonation introduces hydrophilic sulfonic acid
(—SO3H) groups onto the polymer, boosting hydrophilicity and reducing
fouling. This process enhances membrane performance by increasing
water affinity, ion exchange capacity, and permeability while lowering

Received 2 September 2024; Received in revised form 23 November 2024; Accepted 29 November 2024

Available online 30 November 2024

1018-3647/© 2024 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:ehalshaimi@ju.edu.sa
www.sciencedirect.com/science/journal/10183647
https://www.sciencedirect.com
https://doi.org/10.1016/j.jksus.2024.103576
https://doi.org/10.1016/j.jksus.2024.103576
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2024.103576&domain=pdf
http://creativecommons.org/licenses/by/4.0/

LH. Alsohaimi

water contact angles. These changes result in a more interconnected
porous structure, improved antifouling properties, and greater water
uptake, making sulfonated membranes ideal for water purification and
gas separation applications (Sadare and Daramola, 2021; Van der
Bruggen, 2009; Zhao et al., 2013).

In this work, I fabricated a membrane by introducing PS, PES, and
their sulfonated forms to enhance antifouling behavior and rejection
efficiency. The integration of PS, PES, and their sulfonated variants
seeks to boost the permeability and antifouling features by utilizing the
excellent surface energy of the sulfonated products. These fabricated
polymer membranes were assessed for antifouling tests through mea-
surements of water flux, sodium alginate (SA), humic acid (HA), and
bovine serum albumin (BSA).

2. Materials and methods

Detailed information on the materials used in this work is provided
in the Supporting Information.

2.1. Membrane fabrication

UF membrane preparation procedure utilized the Non-Solvent
Induced Phase Separation (NIPS) method, as described in previous
publications by the same research group [9-11]. In this process, 18 wt%
of PES, PS, SPES, or SPS, along with 2 wt% polyvinylpyrrolidone (PVP),
were gradually added to N-methyl-2-pyrrolidone (NMP) while stirring at
350 rpm at 40 °C for 3 h. The mixture was sonicated for 60 min to form a
homogeneous suspension, stirred for 24 h, sonicated again, and allowed
to rest to eliminate air bubbles. The casting solution was spread onto a
clean glass plate to a thickness of 200 pm. After a 20-second air-drying
period, the membrane was immersed in a water bath and rinsed with
deionized water to remove residual solvent. The membranes were
labeled PES, SPES, PS, and SPS.

2.2. Permeability and antifouling performance

The permeability and UF performance of the synthesized membranes
were assessed using a stirred dead-end UF cell (Amicon-8050). Detailed
information on the antifouling variables is provided in the Supporting
Information (S5).
3. Results and discussion

3.1. Characterization of the fabricated membrane

The ATR-FTIR spectra of PES, PS, and their sulfonated products
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(SPES and SPS) are depicted in Fig. 1(a). The FTIR spectrum of PS re-
veals characteristic peaks, such as a broad O-H stretching vibration at
3350 cm™! (Alosaimi et al., 2022; El-Sayed et al.,, 2023) and C-H
stretching at 2966 cm™. Peaks at 1583 cm™! and 1486 cm™ indicate C =
C stretching in aromatic rings, while asymmetric and symmetric C-H
bending vibrations are observed at 1406 cm™ and 1368 em™, respec-
tively. Other notable peaks include C = C stretching at 1323 cm™, S = O
asymmetric stretching at 1289 cm™, and C-O-C stretching at 1236 cm™!
and 1102 cm™. The S = O symmetric stretching at 1149 cm™ and C-H
bending at 832 cm™" further characterize PS. For PES, the FTIR spectrum
shows O-H stretching at 3350 cm™ and C = C stretching at 1583 cm™!
and 1486 cm™, similar to PS. However, PES presents distinct peaks at
1402 cm™! for asymmetric C-H bending and a strong S = O symmetric
stretching band at 1139 cm™), indicating the presence of sulfone groups.
Additionally, C-O-C stretching is observed at 1100 cm™, highlighting
the ether linkages in PES. These spectral differences demonstrate the
structural variations and functional group presence between PS and PES,
emphasizing the sulfone and ether groups in PES that are less prominent
in PS (Mannan et al., 2015). Upon sulfonation, less notable changes in
the FTIR spectra of SPES and SPS are observed. The similarity in FTIR
spectra before and after modification might occur because the functional
groups introduced during modification, such as sulfonation, do not
produce significant shifts in the overall absorption bands. This means
that the main backbone structure of the polymers (PS and PES) remains
unchanged, with only slight changes observed for specific functional
groups.

The XRD patterns of pristine PES, PS, and their sulfonated products
(SPES and SPS) are presented in Fig. 1(b). The XRD pattern of PES ex-
hibits a broad peak centered around 26 = 18°, which is indicative of its
amorphous nature. This broad peak suggests that PES lacks a long-range
crystalline order. Similarly, the XRD pattern of PS depicts a broad peak
around 26 = 20°, also indicative of its amorphous structure. The absence
of sharp diffraction peaks in PES and PS confirms their non-crystalline
nature. Upon sulfonation, the XRD patterns of SPES and SPS display
significant changes. For SPES, the broad peak around 26 = 18° becomes
more intense and slightly shifts, suggesting some degree of structural
reorganization and potential partial crystallinity induced by the pres-
ence of sulfonic acid groups. In SPS, the broad peak around 26 = 20° also
shows an increase in intensity, indicating similar structural modifica-
tions due to sulfonation. These XRD results align with the FTIR findings,
which confirm the successful introduction of sulfonic acid groups into
the polymer matrix.

The Thermogravimetric Analysis (TGA) profiles of pristine PS, SPS,
and SPES membranes are depicted in Fig. 2. The TGA plots provide in-
sights into these membranes’ thermal stability and decomposition
behavior. The TGA profile of pristine PS shows a gradual weight-loss up
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Fig. 1. (a) ATR-FTIR spectra, and (b) XRD patterns of pristine PES, PS and their sulfonation products (SPES and SPS) membranes.
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Fig. 2. TGA profiles of pristine PS, SPS and SPES membranes.

to around 500 °C, after which a sharp decline is observed. The initial
weight loss up to 100 °C is minimal, indicating the loss of adsorbed
moisture. The significant weight loss occurs between 400 °C and 500 °C,
which can be related to the thermal degradation of the PS polymer
backbone. The onset of significant decomposition starts at approxi-
mately 420 °C, and the maximum decomposition rate is observed
around 480 °C. The TGA curve for SPS displays a different thermal
behavior compared to pristine PS. The initial weight loss up to 100 °C is
again minimal, primarily due to moisture loss. However, the onset of

(a)

(d)
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significant decomposition for SPS starts earlier, around 350 °C. This
earlier decomposition onset can be attributed to the presence of sulfonic
acid moieties, which decrease the thermal stability of the polymer. The
significant weight loss occurs between 350 °C and 500 °C, with the
maximum decomposition rate observed around 450 °C. This indicates
that sulfonation reduces the thermal stability of PS. The TGA profile for
SPES shows a similar trend to SPS, with some differences in the thermal
degradation pattern. The initial weight loss due to moisture is minimal.
The onset of significant decomposition for SPES is observed around
360 °C, slightly higher than SPS but still lower than pristine PS. The
significant weight loss occurs between 360 °C and 520 °C, with the
maximum decomposition rate around 470 °C. The presence of sulfonic
acid groups in SPES also reduces the thermal stability compared to the
pristine PES. The TGA analysis reveals that sulfonation impacts the
thermal stability of both PS and PES (Liu et al., 2010; Wu et al., 2006).
The pristine PS offers the highest thermal durability among the three,
with significant weight loss only starting around 420 °C. Sulfonation
introduces sulfonic acid groups into the polymer matrix, which act as
sites for thermal degradation, thereby reducing the overall thermal
stability. The reduction in thermal stability upon sulfonation is consis-
tent with the structure of the sulfonated polymers (Liu et al., 2010; Wu
et al., 2006).

The Scanning Electron Microscopy (SEM) images in Fig. 3 provide a
detailed examination of the top surface and cross-sectional morphology
of PES, PS, and their sulfonated counterparts (SPES and SPS) mem-
branes. The top surface images for all membranes (PS, SPS, PES, and
SPES) exhibit smooth surfaces without visible pores, indicating a dense
top layer structure typical of NIPS membranes. The PS membranes
(Fig. 3 a) display a smooth top surface with no visible pores, and the
cross-sectional images reveal an asymmetric structure characterized by
a dense top layer and a sublayer with finger-like pores. This morphology

Fig. 3. The topography (Left) and cross-sectional (Middel and Right) SEM images of (a) PS, (b) SPS, (c) PES, and (d) SPES membranes.
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aligns with the characteristics expected from a NIPS process. For the SPS
membranes (Fig. 3b), the top surface remains smooth, while the cross-
sectional images show a more pronounced finger-like pore structure
compared to the neat PS membrane. The sulfonation of PS likely en-
hances the hydrophilicity of the membrane, facilitating a faster solvent/
non-solvent exchange rate during phase separation, resulting in a more
defined porous sublayer. The PES membranes (Fig. 3c¢) also show
smooth top surfaces with non-visible pores. The cross-sectional images
reveal an asymmetric structure with a dense top layer and a sublayer
featuring broader and more extended finger-like pores compared to the
PS membranes. This broader finger-like pore structure in PES mem-
branes suggests a more efficient phase separation process, potentially
due to the inherent properties of PES. For the SPES membranes (Fig. 3d),
the top surface remains smooth without visible pores, similar to the
other membranes. The cross-sectional images indicate a dense top layer
with a sublayer having even more pronounced and extensive finger-like
pores compared to the PES membrane. The presence of sulfonic acid
groups in SPES enhances its hydrophilicity, accelerating the solvent/
non-solvent exchange rate during membrane formation, which results
in a more open and porous structure in the sublayer. The SEM analysis
demonstrates that sulfonation significantly influences the morphology
of the membranes, with both SPES and SPS exhibiting more defined and
extensive finger-like pore structures in the sublayer compared to their
non-sulfonated counterparts (PES and PS) (Rahimpour et al., 2010). This
enhancement in pore structure is attributed to the increased hydrophi-
licity due to sulfonation, which facilitates a faster phase separation
process.

The tensile stress—strain analysis of neat PES, PS, and their sulfonated
products (SPES and SPS) membranes reveals significant insights into
their mechanical properties (Fig. 4). Neat PES exhibits a high maximum
stress of approximately 4.5 MPa and a moderate strain at break around
0.12 mm/mm, indicating good mechanical strength and elasticity. Neat
PS, while slightly lower in maximum stress at about 4.2 MPa, shows
greater elasticity with a strain at break of approximately 0.3 mm/mm.
Upon sulfonation, both SPES and SPS display reduced mechanical
properties. SPES shows a maximum stress of around 3.2 MPa and a strain
at break of 0.1 mm/mm, while SPS exhibits a maximum stress of about
3.5 MPa and a strain at break of 0.15 mm/mm. The insertion of sulfonic
acid moieties disrupts the polymer framework, reducing both tensile
strength and elasticity(Fang et al., 2017). However, the trade-off in-
cludes enhanced hydrophilicity and antifouling behavior, which are
crucial for membrane applications in water treatment. Despite the
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Fig. 4. The mechanical strength graphs for the pristine PES, PS and their sul-
fonation products (SPES and SPS) membranes.
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decrease in mechanical robustness, SPES and SPS membranes offer
significant advantages in surface properties, making them suitable for
applications requiring improved hydrophilicity and antifouling, thereby
guiding the optimization of membrane materials for diverse industrial
uses. The data presented in Fig. 5 highlights critical aspects of the
membrane properties, specifically focusing on water uptake, porosity,
contact angle, and surface free energy of the pristine and sulfonated PES
and PS membranes. The pore size and distribution play a critical role in
determining the overall performance of sulfonated membranes. The
sulfonation process typically leads to changes in pore size due to the
introduction of hydrophilic sulfonic acid groups, which can modify the
interaction between the polymer chains and solvent during membrane
fabrication. This results in an increase in pore size and improved uni-
formity in distribution. Larger and well-distributed pores enhance water
permeability and reduce resistance to flow, contributing to higher flux
values. Additionally, the increased hydrophilicity of the sulfonated
membrane surfaces helps prevent pore blockage, improving antifouling
properties. In Fig. 5(a), the water uptake and porosity percentages are
compared across the PS, SPS, PES, and SPES membranes. It is evident
that the water uptake increases from PS to SPS and from PES to SPES,
with the sulfonated membranes (SPS and SPES) showing significantly
higher water uptake compared to their non-sulfonated counterparts.
This increase in water uptake due to the hydrophilic nature of the SOsH
moieties introduced during the sulfonation process, which enhances the
membranes’ ability to absorb water. Similarly, the porosity of the
membranes also follows an upward trend, with SPES exhibiting the
highest porosity. The role of PVP as a pore-forming agent is crucial
during membrane fabrication. When incorporated into the polymer
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Fig. 5. (a) Porosity (%) as well as water uptake and (b) Contact angle and
surface free energy of the pristine PES, PS and their sulfonation products (SPES
and SPS) membranes.
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matrix, PVP disrupts the uniform structure, leading to the formation of
voids and enhanced porosity. During the phase inversion process, PVP
dissolves, leaving behind pores that contribute to a highly inter-
connected porous network (Al Malek et al., 2012; Ho and Su, 2022). The
enhanced porosity in sulfonated membranes is consistent with the SEM
observations that revealed more pronounced and extensive finger-like
pore structures, facilitating higher water uptake and increased perme-
ability(Pereira et al., 2015). Fig. 5(b) illustrates the water contact angle
and surface free energy of the same set of membranes. The PS membrane
shows the highest contact angle (84.6°), indicating a more hydrophobic
surface with lower surface free energy. Conversely, SPES exhibits the
lowest contact angle (63.3°), suggesting a significant enhancement in
hydrophilicity and surface energy compared to other membranes. The
decrease in the contact angle from PES (79.8°) to SPES (63.3°) can be
primarily attributed to the sulfonation process, which introduces more
hydrophilic functional groups (—SOsH) on the membrane surface. The
reduced contact angles in SPES and SPS are indicative of enhanced
surface wettability, which is crucial for antifouling properties. The dif-
ference in water contact angles between PES (79°) and SPES (63°) in-
dicates an increase in surface hydrophilicity due to sulfonation.
However, the water uptake values in Fig. 5(a) may not show a signifi-
cant difference because water uptake is influenced by the overall
porosity and internal structure of the membrane, not just surface prop-
erties. The sulfonic acid groups in SPES primarily enhance surface hy-
drophilicity without drastically altering the bulk porosity or internal
water absorption capacity, resulting in minimal change in water uptake
values. Additionally, the surface free energy values increase from PS to
SPS and from PES to SPES, correlating with the higher hydrophilicity
imparted by the sulfonation process. The increased surface free energy
contributes to the improved linking between the surface of the mem-
brane and water molecules, facilitating better water flow and reducing
fouling tendencies (Khorsand-Ghayeni et al., 2017).

3.2. Membrane flux and antifouling assessment

3.2.1. Membrane flux

The data illustrated in Fig. 6 illustrate the influence of sulfonation on
the pure water flux and the flux of foulants (BSA, HA, and SA) through
the membranes. Fig. 6(a) shows the pure water flux (Jw) for PS, SPS,
PES, and SPES membranes, while Fig. 6(b) displays the flux of foulant
solutions through the same set of membranes. In Fig. 6(a), it is evident
that the pure water flux rises from PS to SPS and from PES to SPES.
Specifically, the pure water flux for PS is around 100 L/m?h, while SPS
shows an increased flux of approximately 120 L/m2h. For PES, the pure
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water flux is around 110 L/m?-h, which further increases to about 130 L/
m?h for SPES. This enhancement in water flux can be due to the boosted
hydrophilicity and porosity of the sulfonated membranes (SPS and
SPES), as previously discussed (Aldawsari et al., 2022; Alshahrani et al.,
2022; Alsohaimi et al., 2023). The sulfonation process introduces hy-
drophilic sulfonic acid groups, which improve water uptake and surface
wettability, as evidenced by the lower contact angles and higher surface
free energy values. Fig. 6(b) presents the flux values for foulant solutions
of BSA, HA, and SA through the membranes. For PS, the fluxes are
approximately 30 L/m?2h for BSA, 50 L/m?h for HA, and 70 L/m? h for
SA. In comparison, SPS shows improved fluxes of around 50 L/m?h for
BSA, 70 L/m?h for HA, and 90 L/m?h for SA. Similarly, PES exhibits
fluxes of about 40 L/m>h for BSA, 60 L/m?2-h for HA, and 80 L/m?h for
SA, which increase to approximately 60 L/m?h for BSA, 80 L/m?h for
HA, and 100 L/m?h for SA in the SPES membranes. Variations in flux for
BSA, HA, and SA are due to differences in molecular weight, structure,
and charge. BSA’s high molecular weight causes pore blocking and
adsorption, reducing flux. HA forms a dense fouling layer, further
lowering flux. SA creates a gel-like layer that blocks pores and increases
resistance to flow, leading to flux variations (Myat et al., 2014; Zhao
et al., 2015). Additionally, the enhanced flux values for the sulfonated
membranes can be correlated with their increased hydrophilicity and
porosity, which facilitate better water and foulant permeation. The
higher porosity of the sulfonated membranes, as shown in Fig. 5(a), also
contributes to the increased flux by providing more pathways for water
and foulant molecules to pass through.

3.2.2. Antifouling assessment

The Flux Recovery Ratio (FRR) of the bare PES, PS, and their sulfo-
nated products (SPES and SPS) membranes for the foulants SA, BSA, and
HA is depicted in Fig. 7. This figure highlights the membranes’ ability to
recover their flux after fouling, a critical parameter for assessing anti-
fouling performance (Zhang et al., 2021). The FRR values for PS mem-
branes show lower recovery, with FRR values around 45 %, 40 %, and
50 % for SA, BSA, and HA, respectively. Sulfonation of PS to SPS
significantly enhances the FRR, with values increasing to approximately
60 %, 55 %, and 65 % for SA, BSA, and HA, respectively. Similarly, PES
membranes exhibit FRR values of around 55 %, 50 %, and 60 % for SA,
BSA, and HA, respectively. Upon sulfonation to SPES, the FRR values
further improve to approximately 70 %, 65 %, and 75 % for SA, BSA, and
HA, respectively. The enhanced FRR in sulfonated membranes (SPS and
SPES) indicates a superior antifouling property compared to their non-
sulfonated counterparts (PS and PES). The increased hydrophilicity
and higher surface free energy of the sulfonated membranes, as observed
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Fig. 6. (a) Water flux and (b) (HA, SA, and BSA) foulants solution flux performed at 1 bar of the neat PES, PS and their sulfonation products (SPES and

SPS) membranes.
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products (SPES and SPS) membranes.

from the contact angle measurements and surface energy analysis,
contribute to this improvement. These properties facilitate easier
removal of foulants from the membrane surface, leading to better flux
recovery. Additionally, the enhanced porosity of the sulfonated mem-
branes, as indicated by the water uptake and porosity measurements,
aids in maintaining higher flux after fouling.

Fig. 8 presents the fouling resistance (Rr and Rir) of the neat PES, PS,
and their sulfonated products (SPES and SPS) membranes during the
ultrafiltration (UF) of different foulants: (a) BSA, (b) HA, and (c) SA. The
reversible resistance (Rr) and irreversible resistance (Rir) provide
insight into the fouling behavior and cleaning efficiency of the

(a)

204
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membranes. For BSA (Fig. 8a), the PS membrane exhibits the lowest Rr
(~5%) and the highest Rir (~60 %), indicating substantial fouling that is
difficult to clean. Sulfonation of PS to SPS significantly increases the Rr
to ~ 10 %, while decreasing the Rir to ~ 40 %, suggesting better
cleanability. The PES membrane shows an Rr of ~ 15 % and an Rir of ~
40 %, indicating improved fouling resistance compared to PS. Sulfona-
tion to SPES further enhances the performance, with the highest Rr
(~20 %) and lowest Rir (~35 %), reflecting the superior antifouling
properties and easier cleaning of the SPES membrane. For HA (Fig. 8b),
the PS membrane shows an Rr of ~ 25 % and a Rir of ~ 40 %. The SPS
membrane improves the Rr to ~ 20 % and reduces the Rir to ~ 35 %.
The PES membrane demonstrates an Rr of ~ 25 % and an Rir of ~ 38 %,
while the SPES membrane exhibits the highest Rr (~30 %) and the
lowest Rir (~32 %). This indicates that sulfonation significantly en-
hances the antifouling properties and cleanability of the membranes,
especially for SPES. For SA (Fig. 8c), the PS membrane has an Rr of ~ 2
% and a Rir of ~ 45 %, indicating severe fouling. The SPS membrane
shows a marked improvement with an Rr of ~ 4 % and an Rir of ~ 38 %.
The PES membrane has an Rr of ~ 5 % and an Rir of ~ 35 %, while the
SPES membrane exhibits the highest Rr (~6%) and the lowest Rir (~30
%), demonstrating excellent antifouling properties and ease of cleaning.

Fig. 9 illustrates the rejection assessment and adsorbed quantity of
the neat PES, PS, and their sulfonated products (SPES and SPS) during
UF of different foulants: (a) BSA, (b) HA, and (c) SA. The rejection
percentage indicates the membrane’s ability to retain foulants, while the
adsorbed amount provides insight into the extent of fouling on the
membrane surface. In Fig. 9a, for BSA, the neat PS membrane shows a
rejection of ~ 70 % and an adsorbed amount of ~ 92 pg/cm?, indicating
significant fouling. The sulfonation of PS to SPS slightly improves the
rejection to ~ 75 %, while the adsorbed amount remains nearly the
same. The PES membrane demonstrates a rejection of ~ 80 % and a
lower adsorbed amount of ~ 88 pg/cm?, indicating better antifouling
properties. The SPES membrane exhibits the highest rejection of ~ 90 %
and the lowest adsorbed amount of ~ 85 ug/cm? reflecting superior
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Fig. 8. Fouling resistance (R, and R;,) of the neat PES, PS and their sulfonation products (SPES and SPS) membranes using different foulants (a) BSA, (b) HA, and
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Fig. 9. Rejection assessment and adsorbed quantity of the neat PES, PS and their sulfonation products (SPES and SPS) using various foulants (a) BSA, (b) HA, and

(c) SA.

performance due to increased hydrophilicity and reduced fouling. For
HA (Fig. 9b), the PS membrane shows a rejection of ~ 60 % and an
adsorbed amount of ~ 95 pg/cm2. The SPS membrane improves the
rejection to ~ 65 %, with a slightly lower adsorbed amount of ~ 93 pg/
cm2. The PES membrane has a rejection of ~ 70 % and an adsorbed
amount of ~ 90 ug/cm2, while the SPES membrane exhibits the highest
rejection of ~ 80 % and the lowest adsorbed amount of ~ 85 pg/cm2.
This demonstrates that sulfonation improves the membrane’s capability
to reject HA and reduces fouling. In Fig. 9¢, for SA, the PS membrane has
the lowest rejection of ~ 30 % and the highest adsorbed amount of ~ 40
ug/cm2, indicating severe fouling. The SPS membrane shows a signifi-
cant improvement in rejection to ~ 50 %, with a reduced adsorbed
amount of ~ 35 pg/cm2. The PES membrane has a rejection of ~ 70 %
and an adsorbed amount of ~ 30 pg/cm2, while the SPES membrane
exhibits the highest rejection of ~ 80 % and the lowest adsorbed amount
of ~ 25 pg/cm2. The results indicate that sulfonation greatly enhances
SA’s antifouling properties and rejection performance. These findings
correlate well with the findings obtained from the XRD, SEM, and con-
tact angle analyses.

4. Conclusion

The incorporation of PES, PS, and their sulfonated forms (SPES and
SPS) into hybrid UF membranes significantly improved water flux,

antifouling properties, and overall performance. Sulfonation increased
hydrophilicity, porosity, and thermal stability, with SPES achieving a
higher pure water flux (130 L/m?h) compared to PS (100 L/m2h).
Enhanced rejection rates and antifouling performance were observed,
with SPES exhibiting higher flux recovery ratios (85 % vs. 60 % for PS).
These results demonstrate that sulfonated membranes offer superior
permeability and fouling resistance, making them ideal for advanced
wastewater treatment applications.
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