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A non-solvent induced phase separation (NIPS) process was used to fabricate a series of sulfonated
polyethersulfone (SPES) membranes blending with different concentrations of SBA-15-g-PSPA with the
applications in the ultrafiltration (UF) process. SBA-15 was modified with 3-methacrylate-propyltrime
thoxysilane (MPS) to form SBA-15-g-MPS. It was further modified with the charge tailorable polymer
chains by reacting with 3-sulfopropyl methacrylate potassium salt. The nanoparticles were uniformly
dispersed and finger-like channels were developed within the membrane. The adding of surface modified
SBA-15-g-PSPA nanoparticles has significantly improved membrane water permeability, hydrophilicity,
and antifouling properties. The pure water fluxes of the composite SPES membranes were significantly
higher than the pristine SPES membrane. For the membrane containing 5% (mass) of SBA-15-g-PSPA
(MSSPA5), the pure water flux was increased dramatically to 402.15 L�m�2�h�1, which is �1.5 times that
of MSSPA0 (268.0 L�m�2�h�1). The high flux rate was achieved with 3% (mass) of SBA-15 nanoparticles
with retained high rejection ratio 98% for natural organic matter. The results indicate that the fashioned
composite membrane comprising SBA-15-g-PSPA nanoparticles have a promising future in ultrafiltration
applications.
� 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction originated from attractive columbic intermolecular force between
Water demand has risen significantly in recent years as a result
of population and economic growth, resulting in extreme freshwa-
ter shortages. Since humans can only utilize 0.007% of the water on
earth, water recycling is now one of the most pressing concerns [1].
As a result, membrane technology has progressed rapidly in the
sector of water separation and cleaning. Due to its eco-
friendliness, low-energy consumption, low chemical consumption,
reduced secondary contamination, and simplicity of use, the ultra-
filtration (UF) membrane technique is commonly applied as a
green wastewater-regeneration and treatment technique [2–5].
Polymer-based UF membranes with easily engineered unique mor-
phology, internal structures, and surface properties play a signifi-
cant role in ultrafiltration technology. Membrane fouling is
the organic pollutants and the membrane surface. Hence,
polymer-based UF membranes with antifouling property can be
developed by controlling the surface property [6,7]. Hydrophilic
membranes will be less exposed to the fouling by natural organic
matter (NOM) due to reduced adhesion of the hydrophobic foulant
and the hydrophilic surface of the membrane. A functionalized
membrane with a hydrophilic surface and large surface tension
can also improve the hydrogen bond formation with the surround-
ing water molecules. Such a layer of water helps to minimize and
inhibit foulants accumulate on the membrane surface [8–10]. The
surface sulfonation technique was frequently used to modify poly-
mer membrane surfaces, primarily because the sulfonic acid moi-
ety is hydrophilic and the coupling reaction process is simple
[11–15]. However, with more sulfonic acid groups incorporated
into the polymers matrix, the mechanical strength and the thermal
stability of the membranes will decrease. Large sulfonic acid
groups can induce extreme swelling, which would affect mem-
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brane rejection [16]. Hence, delicate control in the improving of the
membrane’s hydrophilicity without sacrificing other characteris-
tics, particularly rejection, has become a major challenge. Surface
coating [17–25], grafting [26], and blending [27] are the most com-
mon methods used for chemically modifying the surface property
of a membrane. While the efficiency of the membranes can be
enhanced without losing their intrinsic mechanical properties,
those surface modifications can also result in a reduction in perme-
ability, which should be addressed. Alternatively, the adding of
inorganic and metallic nanoparticles in the surface coating could
help to maintain the permeability. Different nanoparticles, such
as metallic silver [28–30], graphene oxide [31,32], TiO2 [33], and
zinc oxide [34], were utilized as the membrane fillers. For example,
Zhang et al. [35] synthesized polyethersulfone (PES) UF mem-
branes with added composite nanoparticles of SiO2/hydrolyzed
polyacrylonitrile, achieving a water flux of 354 L�m�2�h�1 and
bovine serum albumin (BSA) rejection ratio of 94%.

Mesoporous materials were commonly used in adsorption, sep-
aration, and catalysis [36]. SBA-15 is highly ordered 2-D hexagonal
mesoporous silica. Due to its strong mechanical and thermal stabil-
ity, high density surface silanol moieties (SiOH), large surface area,
and narrow pore size distribution [37], it is one of the most inten-
sively studied materials. For instance, Martín et al. [38] fabricated
the PES/SBA-15 composite with increased water permeation while
maintaining membrane selectivity. Although increasing the mem-
brane’s hydrophilicity will increase its antifouling and permeabil-
ity, the lack of compatibility between polymers and nanoparticles
remains a challenge for developing high quality, stable and homo-
geneous distributed composite materials [39–43].

This study aims to prepare polymer chains-grafted SBA-15 to
enhance the interaction with polymer matrix and prevent nanofil-
ler aggregation, resulting in high permeability hybrid UF porous
membranes. In this work, a charge-controllable polymer-silica
composite (SBA-15-g-PSPA) was fabricated via the reaction of 3-
sulfopropyl methacrylate potassium salt with 3-methacrylate-pro
pyltrimethoxysilane (MPS) functionalized SBA-15 (SBA-15-g-
MPS). The SBA-15-g-PSPA was added to the sulfonated PES to form
the composite material for the UF membrane. The strong columbic
interaction helps to enhance the coupling between the inorganic
nanoparticles and the PES polymer matrix. Meanwhile, the mem-
brane hydrophilicity was significantly enhanced with the introduc-
tion of sulfonic acid moieties, which is favourable to the membrane
rejection ratio and permeability. Furthermore, the effects of SBA-
15 addition on the membrane mechanical property, hydrophilicity,
morphologies, permeability, and antifouling characteristics were
systematically investigated.
2. Experimental

2.1. Materials

Polyethersulfone (PES, Mw 58000 g�mol�1) was obtained from
Goodfellow, USA. Pluronic surfactant (P-123, average Mw

� 5800 g�mol�1), tetraethyl orthosilicate (TEOS, 98%), ethanol
(99%), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH,
�98%), 3-sulfopropyl acrylate potassium salt (SPA),
polyvinylpyrrolidone (PVP), ethylene glycol dimethacrylate
(EGDMA, 98%), azobisisobutyronitrile (AIBN, 98%), 3-methacry
late-propyltrimethoxysily (MPS, 98%), calcium chloride (CaCl2�2H2-
O, 98%), sodium chloride (NaCl, �99.5%), bovine serum albumin
(BSA, �98%), N-methyl-2-pyrrolidinone (NMP, �99%), N,N-
dimethylformamide (DMF, �99.5%), humic acid (HA), and alginic
acid sodium salt (SA, �99.5%) were procured from Sigma-Aldrich
Co., USA. H2SO4 (96%) used for sulphonation of PES was obtained
from Fisher Scientific. All chemicals were used as obtained
together with ultra-pure water, provided by a Millipore Milli-Q
Direct 8 purification system (Millipore, France). The NOM solution
was prepared according to the literature [44]. The solution con-
tains 10 mg�L�1 (each) of BSA, SA, and HA, 1 mmol�L�1 CaCl2 and
7 mmol�L�1 NaCl in DI water.
2.2. Materials fabrication

2.2.1. SBA-15 synthesis
Silica SBA-15 was synthesized with the standard sol–gel

method employing TEOS as the silica source and Pluronic P123
as structure directing agent (SDA) [37]. Good quality meso-silica
of SBA-15 was obtained after calcined for 6 h at 550 �C to remove
the SDA.
2.2.2. Synthesis of modified SBA-15 (SBA-15-g-MPS)
To prepare the modified SBA-15, 1.5 ml MPS and 10 mg SBA-15

were evenly dispersed in 10 ml ethanol with 60 min sonication,
followed by 16 h vigorous stirring at 50 �C. The precipitate was
rinsed with ethanol several times before centrifuged. The collected
SBA-15-g-MPS powder was dried at 30 �C under vacuum (Fig. 1).
2.2.3. Synthesis of SBA-15-g-PSPA
Using the free-radical polymerization approach, the SBA-15-g-

PSPA was prepared using AIBN as the initiator and EGDMA as the
cross-linker. A 500 ml 2-neck round bottom flask was connected
with a reflux condenser, which contained 40 mg SBA-15-g-MPS
dispersed in 100 ml acetonitrile. The mixture was sonicated for
30 min before 0.5 g EGDMA, 0.5 g SPA, and 20 mg AIBN were intro-
duced into the dispersed solution. To complete the free-radical
polymerization, the solution was refluxed for 2 h at 95 �C. The pro-
duct, SBA-15-g-PSPA, was washed with water and ethanol. The
sample was collected via centrifugation followed by drying at
80 �C under vacuum for 24 h (Fig. 1).
2.2.4. Fabrication of SPES/SBA-15-g-PSPA composite membrane
A nonsolvent induced phase separation (NIPS) method was

adopted for the fabrication of the UF membranes. The detailed pro-
cess is shown in Fig. 2. Typically, SBA-15-g-PSPA composite was
dispersed in NMP by sonication for 60 min until a homogenous
suspension was obtained. Subsequently, SPES (sulfonated
polyethersulfone, 18% (mass)) and PVP (2% (mass)) (The method
for the synthesis of SPES is described in the Supplementary Mate-
rial) were introduced into the SBA-15-g-PSPA suspension slowly
under continuous stirring at 350 r�min�1 at 50 �C for 3 h. PVP
was introduced to the casting solutions as a hydrophilic additive.
In order to achieve a good composite dispersion, the mixture was
stirred for another 24 h at similar temperature. Before casting
the membrane, the polymer solution was sonicated for 20 min
and kept standstill to remove air bubbles. The solution was cast
on a clean glass using a casting knife with a film thickness of
250 lm. The sample was then dried in air for 20 s before being set-
tled by soaking the support plate with the polymer film into a pre-
cipitation bath of water as the nonsolvent. The samples were left in
the nonsolvent bath for few minutes to achieve a full exchange of
solvent and nonsolvent, which resulted in the membrane detach-
ing from the glass support. The obtained membrane was rinsed
with deionized water to remove the residual solvent. The mem-
brane mass composition with 1%, 3%, and 5% SBA-15-g-PSPA
donate as MSSPA1, MSSPA3, and MSSPA5 respectively (Table 1).
For comparison, a pristine membrane (MSSPA0) without SBA-15-
g-PSPA was also prepared.
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Fig. 1. Schematic illustration for the synthesis of SBA-15-g-PSPA.
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2.3. Composite membranes characterization

Fourier transform infrared spectroscopy (FT-IR) was collected
on IR Tracer-100 FTIR spectrophotometer (Shimadzu, Japan) with
a scan range from 4000 to 400 cm�1. The crystal structures were
studied with a powder X-ray diffractometer (XRD, Optima7000,
Shimadzu) using the Cu Ka radiation (k = 0.15406 nm). Thermal
gravimetric analysis (TGA, STA-449F3, Shimadzu) was performed
in N2 gas from 50 to 600 �C at a heating rate of 10 �C�min�1. The
29Si NMR spectra were collected from an NMR instrument (RESO-
NANCE, JEOL, Japan). The top surface and cross-section morpholo-
gies of the fabricated membranes were investigated by field
emission scanning electron microscopy (FESEM, Thermo Scientific
Quattro ESEM, Thermo Fisher, USA). Tensile assessment was con-
ducted using a tensile tester Shimadzu EZ-S. The membrane
hydrophilicity was assessed by measuring the water contact angles
using a SCA20 Goniometer (Data Physics, USA) fitted with a digital
camera. The zeta potential was evaluated employing an electroki-
netic analyzer for solid surface analysis (SurPASS, Anton
PaarGmbH, Austria).

The porosity (e) of the fabricated membrane was performed as
follows. Membrane sheets (2 cm2) were weighted, they have been
submerged in deionized water at ambient temperature for 24 h.
The wet membrane sheets were vacuum dried at 60 �C for 12 h
before being weighted. The porosity (e) of the membrane was cal-
culated using Eq. (1):
e ¼ W1 �W2

Athq
ð1Þ
where W1 and W2 are the mass of the wet and dry membranes,
respectively. A is the membrane area; th is the thickness and q is
the water density.

The mean pore radius (rm) was determined using the Guerout–
Elford–Ferry via Eq. (2):
rm ¼ 2:9� 1:75eð Þ8lthQ
eADP

ð2Þ
where l is the viscosity of water (8.9 � 10 Pa�s), th is the mem-
brane thickness, Q is the permeate pure water volume (m3�s�1)
and DP is the applied pressure.



Fig. 2. Schematic illustration for the casting processes of the membrane.

Table 1
The mass composition of casting solutions

Membrane SPES/% PVP/% SBA-15-g-PSPA①/% NMP/%

MSSPA0 18 2 0 80.00
MSSPA1 18 2 1 79.64
MSSPA3 18 2 3 79.28
MSSPA5 18 2 5 79.10

① The percentage of SBA-15-g-PSPA is based on the total fraction of SPES polymer
in the casting solution.
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2.4. Ultrafiltration experiments

The UF experiments have been tested using a stirred dead-end
UF cell (Amicon 8050; Millipore). Each membrane was pre-tested
with deionized water at 2 � 105 Pa for 30 min to make sure no
cracks or leakages. The ultrafiltration tests were run at 105 Pa.
The mass of permeate in 30 min was measured. Eq. (3) was utilized
to assess the pure water flux, Jw:

Jw ¼ m
qAt

ð3Þ

where m is the permeate mass, A is the membrane area, and t is the
permeation time. The water flux measured from a pristine mem-
brane is defined as Jw1. Subsequently, the prepared foulant solutions
(100 lg�g�1 of SA, HA, and BSA, and authentic NOM) [45] were
introduced at 105 Pa. The permeation flux of the foulants solutions
(JF) was also estimated using Eq. (3). The foulant rejection ratio (R)
was calculated by following Eq. (4):

R ¼ 1� Ct
permeate

Co
feed

 !
� 100% ð4Þ

where Cofeed and Ctpermeate are the concentrations of foulant in the
feed and permeate. After the measurement, the membrane was
washed with DI water and 0.02 mol�L�1 NaOH solution to remove
the adsorbed foulants. The pure water flux of the washed membrane
(Jw2) was evaluated for another 30 min. To emphasize the antifouling
efficiency, flux recovery ratio (FRR), the total fouling ratio (Rt), rever-
sible fouling ratio (Rr) and irreversible fouling ratio (Rir) were calcu-
lated via Eqs. (5)–(8).
FRR ¼ Jw2

Jw1
� 100% ð5Þ

Rt ¼ Jw1 � JF
Jw1

� 100% ð6Þ

Rr ¼ Jw2 � JF
Jw1

� 100% ð7Þ

Rir ¼ Jw1 � Jw2

Jw1
� 100% ð8Þ

The foulant concentrations in water were measured with a UV–
vis spectrometer (Cary 60, Agilent, USA). The adsorption capacity
per unit area of the membrane (q) was evaluated using Eq. (9)
[27–29].

q ¼ Co � Ctð ÞV
A

ð9Þ

where V and A are the solution volume and the actual membrane
area used in the adsorption experiments; Co and Ct are the foulant
concentrations at the beginning and the end of the filtration.

3. Results and Discussion

3.1. Characterization of SBA-15 and SBA-15-g-PSPA

Fig. 3(a) reveals the FT-IR spectra of the prepared SBA-15 (inset)
and SBA-15-g-PSPA composite. For the pristine SBA-15 sample, the
symmetric and asymmetric stretching bands of SiAOASi modes at
806 and 1083 cm�1 was observed [37,46,47]. The characteristics
band at 470 cm�1 is attributed to the bending mode of the
SiAOASi, while the band at 967 cm�1 is associated with the asym-
metry mode of the surface SiAOH moieties. The absorption band at
1631 cm�1 is due to the bending modes of the SiAOHmoieties. The
strong and broad absorption band 3441 cm�1, is assigned to the
stretching vibration of surface OH moieties. The FTIR spectrum of
the bare SPES is described in the Supplementary Material.

Compared to the pristine SBA-15, the intensity of bands related
to SiAOH and AOH were reduced significantly in SBA-15-g-PSPA.
Besides, new absorption bands were observed at 1044, 1165,
1395, 1454, 1725, 2340, and 2948 cm�1, assigned to symmetric



Fig. 3. (a) FTIR spectra, (b) low angle XRD, (c) solid state 29Si NMR, of pure SBA-15 (inset) and functionalized SBA-15, and (d) HRTEM of SBA-15, the synthesized SBA-15-g-
PSPA composite (inset), (e) Nitrogen isotherms at�196 �C, and (f) pore size distribution of SBA-15-g-PSPA composite.

E.H. Alosaimi et al. / Chinese Journal of Chemical Engineering 53 (2023) 89–100 93
O@S@O stretching, asymmetric O@S@O stretching, ACH2A vibra-
tion,ACH3 moieties, C@O stretching, andACH2 moieties stretching
vibration. The change of the FTIR spectrum affirms the successful
modification of the SBA-15 surface through the grafting of EGDMA
with MPS.

The low-angle XRD patterns for SBA-15 and SBA-15-g-PSPA
composite are displayed in Fig. 3(b). Both samples presented sim-
ilar diffraction patterns with three diffraction peaks associated
with the (1 0 0), (1 1 0), and (2 0 0) crystal planes of P6mm hexag-
onal symmetry of the silica framework. It confirms that the long-
order mesoporous hexagonal structure was maintained after the
surface functionalization [46].

The solid state 29Si NMR for SBA-15 and SBA-15-g-PSPA com-
posite are depicted in Fig. 3(c). The spectrum of SBA-15 (inset in
Fig. 3(c)) displays three distinct resonance at d �86, �94, and
�110 assigned to geminal silanol (Q2), single silanol (Q3), and silox-
ane (Q4) sites of the silica matrix, respectively [28,29]. Upon the
SBA-15 functionalization, the Q2 signal vanished and the Q3 signal
weakened, while the Q4 signal became stronger. Furthermore, a
new peak at d�75.15 was appeared, which is ascribed to the T3 sig-
nal, which indicates the successful incorporation of organic func-
tionalities. The incorporation of the functionality into SBA-15
materials happens by grafting between silica surface silanol groups
and 3-methacrylate-propyltrimethoxysily. These findings sug-
gested that the isolated and geminal SiAOH groups were con-
sumed during the functionalization process. Furthermore, it’s
obvious that the fabricated SBA-15-g-PSPA nanoparticle displayed
well-ordered mesoporous structures (inset in Fig. 3(d)). Besides,
the morphology of the SBA-15 nanofiller was remained unchanged
after the modification process. FESEM (Supplementary Material)
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and HRTEM investigations confirm that the SBA-15 have the same
morphology after the modification process.

As displayed in Fig. 3(e), based on IUPAC classification, the N2

adsorption–desorption isotherms of SBA-15 possess a type IV iso-
therm. An obvious hysteresis loop of mesoporous materials is
obtained. The BET surface area was 880.23 m2�g�1, and the total
pore volume was 1.58 cm3�g�1 with narrow pore size distribution
centred at 6.3 nm in Fig. 3(f). A similar test of SBA-15-g-PSPA
was carried out. In Fig. 3(e) and (f), SBA-15-g-PSPA has a typical
mesoporous structure and its pore size of the adsorption branch
was 6.2 nm with a narrow pore size distribution. The BET surface
area was 650.14 m2�g�1, and the total pore volume was 1.34 cm3�g�1.
Because the functionalization of SBA-15 caused partial pore col-
lapsed, made BET surface area and pore volume became smaller.
3.2. Membrane characterization

The FTIR spectra of membrane samples with different SBA-15
contents are displayed in Fig. 4(a). The characteristics peaks at
867 and 1020 cm�1 are accredited to the OASi stretching vibra-
Fig. 4. (a) ART-FTIR spectra, (b) wide angle XRD, and (c) TGA profiles in the
temperature range from 30 to 600 �C of the synthesized membranes.
tions, respectively. The bands at 1095 and 1156 cm are assigned
to O@S@O stretching vibration. The absorption band at 1243 cm�1

is ascribed to the vibration of –O-moiety. The vibration peaks asso-
ciated with the aromatic rings are assigned to the characteristics
bands at 1485 and 1575 cm�1. The peak at 1677 cm�1 is assigned
to the C@O stretching and the band at 2965 cm�1 is related to CAH
stretching. Thus, the FTIR confirms the successful fabrication of
SPES/SBA-15-g-PSPA composite membranes.

XRD was also used to investigate the incorporation of inorganic
nano-filler in the polymer matrix, shown in Fig. 4(b). The MSSPA0
shows a broad diffraction peak at 26.1�, which is typical for SPES
membrane. By adding SBA-15-g-PSPA, an additional peak at 18.2�
appeared which is overlapped with the diffraction peak from SPES,
due to their peak broadness. With the increase in the SBA-15-g-
PSPA contents, the peaks have a much smaller intensity after the
addition of silica nanofiller to the polymer matrix, suggesting a dis-
ordered meso structure and a clear diverse impact of SPES on the
nanofiller. Moreover, a small intense peak was also observed at
42.2� due to the grafting of mesoporous silica within the polymer
matrix.

TGA was used to measure the membrane thermal stability,
shown in Fig. 4(c). All the materials showed a two-stage mass loss
process: (i) a mass-loss stage observed at a temperature below
180 �C related to the loss of physiosorbed water. (ii) a peak in
the temperature range of 200–414 �C, which attributed to the
degradation of carboxyl moieties. The remaining organic compo-
nents, including the residual polymer main chain, decomposed as
the temperature increased. With the addition of SBA-15-g-PSPA,
the leading decomposition temperature is greater than the pristine
membrane, suggesting an enhancement in the thermal stability
with incorporating mesoporous silica.
3.3. Membrane surface charge

The membrane surface charge was determined by testing the
surface potential (f) at pH equal to 7, shown in Fig. 5. Negative sur-
face f-potentials were observed for all the membrane samples, due
to the existence of a large concentration of ASO3H moieties in the
SPES polymer. The measured surface f-potentials are listed in
Table 2. With the increase of the added SBA-15-g-PSPA, the surface
f-potentials became more negative, depicted in Fig. 5, due to the
improvement in the negatively charged hydroxide (AOH) moieties
in the membrane matrix. The greatest negative surface f-potential
Fig. 5. The surface f potential of hybrid membranes with varied content of SBA-15-
g-PSPA at pH = 7.



Table 2
The surface potential, f; the porosity, e; water uptake, u; mean pore radius, rm; and mechanical properties mean of the fabricated hybrid membranes

Membrane f/mV e/% u/% rm/nm Tensile strength/MPa Young’s modulus/GPa Elongation/%

MSSPA0 �10.1 ± 0.1 70.3 ± 0.5 65.9 ± 0.3 8.12 ± 0.1 39.1 ± 0.1 8.6 ± 0.3 3.2 ± 0.2
MSSPA1 �20.0 ± 0.1 77.6 ± 0.3 71.1 ± 0.2 14.4 ± 0.1 40.2 ± 0.3 9.2 ± 0.2 3.9 ± 0.1
MSSPA3 �25.2 ± 0.2 82.3 ± 0.2 75.1 ± 0.1 15.7 ± 0.2 42.4 ± 0.2 9.7 ± 0.1 4.6 ± 0.2
MSSPA5 �33.3 ± 0.1 81.4 ± 0.7 78.6 ± 0.2 13.6 ± 0.2 45.8 ± 0.1 10.2 ± 0.2 5.4 ± 0.2
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of �33 mV was achieved with the highest contents of SBA-15-g-
PSPA (MSSPA5). The monotonic trend of the surface f-potential
as a function of the SBA-15-g-PSPA contents indicates that the
hybrid membranes surface charge could be quantitatively con-
trolled by adjusting the quantity of the SBA-15-g-PSPA component
in the polymeric solutions.
Fig. 6. The surface and cross-sectional FESEM images of the hybrid me
3.4. Membrane morphology and structural properties

FESEM was employed to examine the membrane morphologies,
with representative surface and cross-sectional images, illustrated
in Fig. 6. The top surfaces (left images) of the membranes displayed
a compact and smooth morphology with no visible defects. The
mbranes: (a) MSSPA0; (b) MSSPA2; (c) MSSPA4; and (d) MSSPA5.
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most of the filler nanoparticles were distributed evenly on the top
surface of the fabricated membrane, which is essential for improv-
ing the membranes rejection efficiency. The pores density over the
surface of the membrane increases with the mass content of SBA-
15-g-PSPA up to 3%, then declines at 5% loading. The cross-section
SEM images (right images) depict the typical irregular structure
with a dense porous layer and finger-like pores on the top. The
cross-sectional sublayer structure of the membrane altered after
loading the SBA-15-g-PSPA to the polymer matrix. In contrast to
the pristine membrane MSSPA0, the composite membranes
(MSSPA1 and MSSPA3) have larger finger-like pores. Due to the
thicker skin layer, it is expected that the pristine membranes have
lower permeability with a higher rejection ratio during the ultrafil-
tration process. Meanwhile, the average pore sizes of the compos-
ite membranes are greater than that of the pristine membrane.
This could be attributed to the fast mass transfer between the cast-
ing solution and the nonsolvent, which results in the rapid break-
down of the casting solution during the development of the
membrane. This will create large groove structures within the
membranes. The creation of ‘‘voids” that enable water molecules
to move through is promoted by these formed finger-like chan-
neled structures. All membranes with the addition of SBA-15-g-
PSPA had higher porosities with larger pore radius relative to the
pristine SPES membrane, shown in Table 2. This confirms that
SBA-15-g-PSPA can accelerate the phase separation process, which
is responsible for producing larger pores within the SPES, resulting
in expected higher permeability and higher quantity of water
uptake. The high hydrophilicity of SBA-15-g-PSPA is likely to be
the driving force for the acceleration of the exchange between
the organic solvent and nonsolvent (water) during the NIPS pro-
cess. It could also weaken the stacking ordering of the SPES chains,
allowing more available pores to form within the matrix of the
membrane. The quantitative results are summarized in Table 2.
The maximum porosity and mean pore radius of the synthesized
membranes was achieved with the addition of 3% (mass) of SBA-
15-g-PSPA. By further increase the SBA-15-g-PSPA mass loading
to 5% (MSSPA5), the porosity was reduced. This is most likely
due to a large increase in the casting solution’s viscosity, which
inhibits the solvent and nonsolvent exchange. Such findings were
supported by the FESEM studies, shown in Fig. 6. With the addition
of SBA-15-g-PSPA, the water uptake was increased with respect to
that of the pristine membrane (MSSPA0), due to the hydrophilicity
enhancement as well as the membrane porosity. The improved
surface hydrophilicity of the UF membrane is important for a good
water flux while maintaining a good rejection ratio.
Fig. 7. (a) Dynamic and (b) static contact angles and surface free energy of the
3.5. Membrane hydrophilicity

To verify the influence of SBA-15-g-PSPA on the surface charac-
ter of the SPES membrane, the hydrophilicity of the membrane was
directly evaluated by measuring the dynamic and static contact
angle, displayed in Fig. 7(a) and (b). When the amount of SBA-
15-g-PSPA was increased, the dynamic contact angle of the hybrid
membranes decreased monotonically, shown in Fig. 7(a), suggest-
ing the membrane surface became more hydrophilic. Meanwhile,
the static water contact angles, shown in Fig. 7(b), declined from
68� of MSSPA0 to 59.6� of MSSPA1. The smallest static contact
angle of 40.23� was attained for the MSSPA5 membrane, with the
greatest quantity of SBA-15-g-PSPA. The increase in the
hydrophilicity with the increased concentration of SBA-15-g-
PSPA is due to the two combined effects: 1) SBA-15-g-PSPA was
distributed homogeneously in the membrane composite. With
the increase in the SBA-15-g-PSPA concentration, its surface con-
centration will also increase. 2) The density of the surface sulfonic
group will increase, which is hydrophilic. These groups have a
great capability to uptake water molecules through dipole–dipole
attractive interactions and hydrogen bonds. Hence, the
hydrophilicity of the membrane surface, as well as the wall of
the pore structure, will increase when the concentration of SBA-
15-g-PSPA increases. As a result, the surface free energy (�DGSL)
of the membranes was improved [48].

3.6. Mechanical properties

Different mechanical parameters, comprising tensile strength,
Young’s modulus and elongation, of the synthesized membranes
using various SBA-15-g-PSPA concentrations, are shown in Fig. 8
and presented in Table 2. The results emphasize that tensile
strength, Young’s modulus and elongation, improved significantly
with increased SBA-15-g-PSPA concentration. These increased
mechanical strengths can be due to the reinforcement interaction
effect of the finely distributed SBA-15-g-PSPA in the polymer
matrix as a result of the interaction between SPES and SBA-15-g-
PSPA. The heavy interaction improves both distribution and inter-
facial adhesion, significantly improving the mechanical properties
of the matrix. Besides, as displayed in Table 2, it is clearly observed
that the values of Young’s modulus, elongation (%) and tensile
strength for all synthesized membranes were greater than that
obtained for the pristine membrane MSSPA0. The ability of the
SBA-15-g-PSPA to disperse within the SPES matrix and the strong
columbic interaction between them are responsible for the
pristine and hybrid membranes with various contents of SBA-15-g-PSPA.
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improved mechanical properties of the fabricated membrane. Con-
sequently, SBA-15 functionalization has responsible to changes in
the mechanical characteristics.

3.7. Membrane permeability

Fig. 9(a) and (b) display the measured UF efficiency of the fab-
ricated membranes. It can be seen that by loading 5% (mass) of
SBA-15-g-PSPA (MSSPA5), the pure water flux was increased dra-
matically to 402.15 L�m�2�h�1, which is �1.5 times that of MSSPA0
(268.0 L�m�2�h�1), as shown in Fig. 9(a). Such significantly
improved membrane UF efficiency can be determined by (i) the
presence of hydroxyl and sulfonic moieties on the membrane sur-
face and water channels resulted in membranes with high
hydrophilicity, which is advantageous to water flux; (ii) the mem-
brane porosity was improved with the loading of SBA-15-g-PSPA,
which is also advantageous for improved water flux [49].

BSA and HA were chosen as model foulants in this research to
evaluate the antifouling and filtration efficiency of composite
membranes. The flux of foulant solution (BSA or HA) was smaller
than the flux of pure water, shown in Fig. 9(b). This could be attrib-
uted to the accumulation of foulant on the membrane surface or
inside the pores during the UF process at 105 Pa pressure [50]. Nev-
ertheless, with the increasing content of SBA-15-g-PSPA, the flux of
foulant solution was increased monotonically. The aggregation of
Fig. 8. Stress–strain curves for the pristine and hybrid membranes with various
SBA-15-g-PSPA contents.

Fig. 9. (a) Pure water and (b) 100 lg�g�1 foulant (BSA and HA) s
foulants over the membrane surface MSSPA5 could be inhibited
by the strong hydration layer of adsorbed water molecules. The
BSA solution flux was less than HA solution flux under identical
experimental conditions, possibly due to the higher fouling ability
of BSA. For BSA, the highest foulant solution flux was achieved
from the MSSPA3 composite membrane, which has the highest
porosity and pore radius. Hence, the reduction in the BSA flux is
likely associated with the accumulation of BSA within the pores.
For HA, the highest foulant solution flux was achieved from the
MSSPA5 composite membrane, although it has lower porosity
and smaller pore radius with respect to MSSPA3. Hence, by
increase the quantity of SBA-15-g-PSPA to a certain level, the pore
diameter was increased so much that it is no longer affecting the
HA solution flux. Meanwhile, the surface potential and surface
hydrophilicity were increased further from MSSPA3 to MSSPA5.
Therefore, the increased HA foulant solution flux was likely deter-
mined by these surface properties, rather than the pore structures.
For different membrane, the rates of rejection (R, %) for HA, BSA,
and SA foulants were quantitatively measured, summarized in
Table 3. The pristine membrane (MSSPA0) exhibited the highest
rejection ratio in comparison with the composite membranes. This
is related to its lower porosity and smaller pore radius, which
improves the rejection through the exclusion mechanism of vari-
ous molecular size, but at the expense of a smaller flux [51].

3.8. Membrane antifouling efficiency

The quantity of foulant adsorbed over the membrane surface is
an important parameter that determines the service life of themem-
brane, since the performance of the membrane will suffer from the
foulant adsorption. By the increase of SBA-15-g-PSPA content, the
adsorptions of BSA, HA and SA foulants were all reduced monotoni-
cally as shown in Fig. 10(a). For the MSSPA5 membrane, the lowest
adsorbed foulant amount was observed (BSA: 59 lg�cm�2, HA: 48
lg�cm�2, and SA: 21 lg�cm�2). This could be attributed to (i) the
greatest hydrophilicity of the fabricated membranes allowing the
formation of hydration layers, which reduced the adsorption and
adhesion of foulants, (ii) the columbic repulsion between the nega-
tively charged foulant species and the increased negative surface
potential of the composite membranes [12]. Furthermore, due to
the enhanced degree of electrostatic repulsion and the development
of a robust hydration layer, the very hydrophilic and effectively neg-
atively charged MSSPA5 membrane (–33 mV) inhibits foulant (BSA,
HA, or SA) deposition to a greater extent than the othermembranes.
The FRR is a parameter indicating the recovery of the UFmembrane.
As a function of SBA-15-g-PSPA amount, the FRR of all membranes
were measured (Fig. 10(b)). All the hybrid membranes showed
olution flux of the hybrid membranes at pH = 7 and 105 Pa.



Table 3
Rejection rate (%) for pristine and fabricated hybrid membranes applied in solution
(100 lg�g�1) of HA, BSA, and SA

Membrane RHA/% RBSA/% RSA/%

MSSPA0 98.3 ± 0.3 93.3 ± 0.4 91.9 ± 0.4
MSSPA1 98.1 ± 0.5 92.8 ± 0.5 91.3 ± 0.5
MSSPA3 97.9 ± 0.4 93.5 ± 0.6 89.5 ± 0.4
MSSPA5 97.5 ± 0.3 92.6 ± 0.3 89.6 ± 0.4
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much better recovery than that of the pristine membrane. The FRR
values increased monotonically with the increase of the SBA-15-g-
PSPA concentration. ThemaximumFRR for BSA of 85%was achieved
from the MSSPA5 membrane, increased from 53.3% from the
Fig. 10. (a) Adsorbed amount of BSA, HA, and SA per unit area of different membr

Fig. 11. (a) Pure water, NOM, and water flux after 30 min washing with DI water and 0.0
of the membrane (inset represents a NOM solution image before and after UF).
MSSPA0membrane. A similar trend was observed for HA. However,
due to theweaker adhesionofHAon themembranes, higher FRRval-
ueswere recorded, as shown in Fig. 10(b). This indicates that in gen-
eral, foulants were weakly adsorbed on the highly hydrophilic
composite membranes modified with SBA-15-g-PSPA. The mem-
brane UF performance can be easily recovered by washing with dis-
tilled water and NaOH (0.02 mol�L�1), and the water flux was
recovered after washing.

The membranes fouling resistance was also examined applying
a feed solution consist of a mixture of NOMs. The tests were con-
ducted via UF experiments for 2 h, then the membranes were
washed with the alternating of DI water and NaOH (0.02 mol�L�1)
for 30 min. From Fig. 11(a), the NOM solution flux was significantly
anes and (b) flux recovery ratio (FRR) of the pristine and hybrid membranes.

2 mol�L�1 NaOH solution, (b) FFR, (c) Rr and Rir values, and (d) rejection performance



Table 4
Efficient comparison of MSSPA5 membrane and other types of UF membrane

Membranes Water flux/
L�m�2�h�1

Rejection/
%

FRR/
%

Rir/
%

Rr/% Reference

PES-1.5 192 92 82.4 17.6 42.9 [40]
MSP1 272 97 94 – – [41]
PES/HANTs-

DATA
315 87 78 22 47 [52]

PSF 116 95 70 30 34 [53]
PS 118 85 70 30 21 [54]
MSAPSF-7 277 96 78 24 49 [55]
SPPSU-SC20 380 91 92 29 5 [56]
MSSPA5 402 98 94 6.7 46 This work
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smaller than that of pure water flux. This may due to the adsorp-
tion of NOM foulant components on the outer surface and inside
pores of the membranes. However, the NOM flux did increase as
the loading of SBA-15-g-PSPA increases up to 3% (mass) in the
membrane. Further increase of the quantity of SBA-15-g-PSPA
caused a small drop in NOM flux. Since the hydrophilicity and pore
radius increase as the SBA-15-g-PSPA, both can be responsible for
the improved flux. However, from MSSPA3 to MSSPA5, although
the hydrophilicity was further increased, the pore radius was
reduced. Hence, the decrease of NOM flux from MSSPA5 suggests
that the pore size, rather than the hydrophilicity, is responsible
for the NOM flux behavior. From Fig. 11(b), the FRR raised from
63% for MSSPA0 to 97% for MSSPA5. This indicates that the binding
of NOM on MSSPA5 was much weaker than the binding on
MSSPA0, hence the NOM is easier to be washed off from the
MSSPA5 membrane. This confirms that the increased hydrophilic
character of the SBA-15-g-PSPA filling offered a significant
improvement in the fouling resistance to the solution of NOM. Rr,
and Rir parameters were also calculated from pure water flux, fou-
lants flux, and post-washing pure water flux of the prepared mem-
branes to high light the antifouling characteristics (Fig. 11(c)). The
same trend behavior of Rr values and the reversed trend of Rir val-
ues as the FRR further confirm the reversible and weak adsorption
of NOM. The rejection ratio for the NOM by the composite mem-
brane is shown in Fig. 11(d). It confirms that all of the synthesized
SPES membranes were able to successfully remove the NOM from
the aquatic solution, with the best rejection performance exceed-
ing 98% by the composite membrane with 3% (mass) SBA-15-g-
PSPA. The photograph in (inset in Fig. 9(d)) shows the color of
the NOM solution prior and post the UF process utilizing the mem-
brane MSSPA5, visually demonstrating the effectiveness of the pre-
pared membranes of removing NOM from the authentic solution
with a rejection performance increasing 98%.

The membranes MSSPA5 was selected for reusability assess-
ment that include fouling with the NOM and washing with DI
water. In the first run, the FRR of MSSPA5 membrane was 96.5%.
More notably, the FRR of MSSPA5 membrane was still sustained
at 93.1% and 89.4% following the second and third fouling and
cleaning runs, respectively. For further meaningful comparison,
the performance acquired by various membranes are reported in
Table 4. As displayed in this Table, the fabricated membrane in
the present study has a substantial performance when compared
to other membranes [40,41,52–56].
4. Conclusions

In our study, the NIPS approach was successfully used to fabri-
cate novel composite UF SPES membranes with different concen-
trations of SBA-15-g-PSPA additives. The composite membranes
offer increased porosity with increased pore radius. The addition
of SBA-15-g-PSPA also improved the surface hydrophilicity of the
membranes. The large pores and high hydrophilicity are responsi-
ble for the much improved UF efficiency than the pristine SPES
membrane. With the increased amounts of SBA-15-g-PSPA, the
surface hydrophilicity, the surface charge, and water uptake were
all improved, which results in the dramatic increase in the pure
water flux with a maximal pure water flux of 402 L�m�2�h�1 from
the MSSPA5 membrane. Antifouling efficiency of the composite
membranes in the UF of BSA or HA foulants is also drastically
improved. Moreover, an excellent rejection ratio of 98% is achieved
in the removal of NOM by the composite membranes modified
with 3% (mass) of SBA-15-g-PSPA. To sum up, this research demon-
strates an approach for increasing the hydrophilicity and antifoul-
ing efficiency of the hybrid UF membranes without sacrificing their
selectivity. This process may also be used to create other hybrid
membranes utilizing various different membrane-based polymers
and SBA-15 as a nanofiller.
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