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ABSTRACT

Ultrafiltration (UF) has become one of the best technologies in the surface water treatment
due to the increasing strict regulations for drinking water quality. However, the low rejec-
tion for the natural organic matter (NOM) and the membrane fouling restrict its wider
application. In this study, polyethersulfone (PES) UF membranes modified by mesoporous
silica (MS) particles were fabricated by phase inversion process and their surfaces were
further negatively charged. The separation properties and antifouling performances of the
modified membranes were investigated. Results indicated that the negatively charged
modification could be an effective way for better removal of NOM and reduction of the
membrane fouling. The foulant amount on the pure PES membrane after filtration of the
raw water could reach to 0.032 mg/cm2, however, it decreased to 0.011 mg/cm2 for nPES/
MS membrane. The raw water purification experiments exhibit that the membrane could
maintain a relative high flux and the rejection for the NOM over 99% throughout the whole
experiment, which indicates that the nPES/MS membranes could be successfully applied in
the raw water filtration.
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1. Introduction

Ultrafiltration (UF) has been widely used in the
water and wastewater treatment due to its wide range
of advantages compared to traditional separation
methods [1,2]. The membrane material properties play
an important role in the membrane process. Polyether-
sulfone (PES), one of the most popular membrane
materials, has been widely used to fabricate UF
membrane due to its excellent chemical, thermal, and
mechanical stabilities [3,4]. PES membranes exhibit

some advantages such as broad operating tempera-
ture, wide pH value, and the ability to maintain
their mechanical properties in the harsh environment.
However, PES membrane is prone to be fouled during
the filtration process because of their hydrophobic
nature, leading to the gradual decrease of permeation
flux and frequent membrane cleaning, which increase
the operation cost and shorten the membrane life.

Hydrophilic membrane surface encounters less
organic and biological fouling caused by substances
such as proteins, natural organic matters (NOM), and
bacteria [5,6]. Extensive studies have focused on
making hydrophilic, brush, or hydrogel structures on
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membrane surfaces to alleviate initial fouling [7,8]. In
spite of the improvement in both hydrophilicity and
fouling resistance of the modified membrane, most
of the techniques have their shortage. For example,
surface grafting involves high degree of process
complexity and cost, improving the membrane surface
hydrophilicity as well as the membrane flux is not easy
to achieve. Coating may reduce the membrane
performance with the unavoidable accumulation of the
coated layer on the pore surface and the coated layer
may also be removed after a long usage of the
membranes [9].

Blending with hydrophilic nanoparticles is a more
effective approach to cope with membrane fouling;
beneficial effects of nanoparticles-based membranes
on the mitigation of membrane fouling have been
reported recently from many researchers [10–12]. A
variety of inorganic fillers such as titanium dioxide
(TiO2), alumina (Al2O3), zirconium (ZrO2), carbon
nanotubes (CNTs), silica (SiO2), and Fe3O4 have been
used to fabricate inorganic polymer composite
membranes [9,12]. Among them, silica has received
significant interest for its high hydrophilicity, chemi-
cal stability, and easy preparation. Compared to solid
silica, MS materials possess special properties such as
higher specific surface area, large pore volume,
tunable pore structures, and well-defined surface
property for modification; they usually have uniform
pore channels with a diameter range of 2–10 nm and
can be modified in various ways. Many researchers
investigated the effect of MS on the membrane
performance and the results indicated that the
modified membranes showed improved antifouling
property, especially for the protein separation.
However, rare study focuses on the study of the
antifouling performance of this novel membrane for
raw surface water filtration.

NOM is commonly found in surface and ground
waters and considered as the most important foulant
due to the interaction between membrane surface and
NOM [13,14]. Recent studies have shown that charged
UF membranes had a higher NOM rejection and less
fouling tendency than the neutral membrane. Wei
et al. modified the PES membrane by electrophoresis-
UV grafting treatment, and the modified membrane
surfaces exhibited more hydrophilic and negatively
charged features, which can improve NOM retention
and present lower fouling tendency than the unmodi-
fied membrane [15].

In this study, the PES/MS silica UF membranes
were fabricated according to our previous method [16],
and the PES/MS membrane surface was further nega-
tively charged modified. The separation and antifouling

properties of the modified membranes in the raw water
filtration were investigated systematically.

2. Materials and methods

2.1. Materials

Pure PES membrane and PES/MS nanocomposite
membrane with 2% of MS were fabricated according
to our previous report [16]. Bovine serum albumin
(BSA 67,000 g/mol), 3-bromopropanesulfonic acid
sodium salt, NaOH, and NaCl were purchased from
Sigma–Aldrich Co. All other chemicals used in the
experiments were commercially analytical grade. Raw
water used in this study was obtained in Oujiang
River, Lishui, Zhejiang Province, China. Quality of
raw water and treated water in this study was
shown in Table 1. The source water was pretreated
using a 0.45-μm microfiltration membrane to remove
colloid, particles, and other suspended substance
before all the UF tests. Water quality was analyzed
according to the methods reported in GB/T5750.3-
2006, China.

2.2. Modification of PES membranes

To obtain a negatively charged PES/MS mem-
brane, the original membrane was first equilibrated
with 0.1 M NaOH and then immersed in a 2 M solu-
tion of 3-bromopropanesulfonic acid sodium salt in
0.1 M NaOH for 48 h. The membranes were then
washed with 0.1 M NaOH and deionized water [17].

2.3. Characterization of membranes

Surface hydrophilicity of the unmodified and
modified membranes was investigated by contact
angle value using a contact angle goniometer
(CAM200, KSV Instruments Ltd). The membrane
porosity ε (%) and surface mean pore radius rm (μm)
were calculated by the following equations,
respectively [18].

e ð%Þ ¼ ðWw �WdÞ=Dw

ðWw �WdÞ=Dw þ ðWd=DpÞ � 100% (1)

where, P is the porosity of membrane (%), Ww is the
wet sample weight (g), Wd is the dry sample weight (g),
Dw (0.998 g/cm−3), and Dp (0.37 g/cm−3) is the density
of the water and polymer, respectively. Three samples
for each membrane were calculated and the average
value was reported.
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rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:9–1:75eð Þ � 8glQ

e� A� DP

r
(2)

where, η is the water viscosity (8.9 × 10−4 Pa s), l is the
membrane thickness (m), Q is the volume of the
permeate water per unit time (m3 s−1), A is the effec-
tive area of the membrane (m2), and ΔP is the
transmembrane pressure (Pa).

The surface charge property of the unmodified and
modified UF membrane was examined using a device
constructed from two Plexiglas chambers with
Ag/AgCl electrodes inserted at each end. Data were
obtained using 10 mM KCl at pH 7, with the fluid
flow directed through the membrane pores. All results
in this study are reported in terms of apparent zeta
potential data as calculated by the equation reported
in the literatures [19].

2.4. Filtration and separation experiments

A cross flow filtration apparatus was used to mea-
sure pure water flux, raw water and BSA separation
of pure PES, and modified PES UF membranes. The
raw water was prefiltered by 0.45-μm microfiltration
membrane to remove the inorganic particles. Each
membrane was initially compacted for 1 h at 400 kPa
to get a steady flux, and then the flux was recorded at
100 kPa. All the experiments were performed at room
temperature (25 ± 1˚C). At least five samples were
measured for each type of membrane, and the average
data were reported. The protein solutions were pre-
pared by dissolving it in phosphate (1 g/L, pH 7.0).
The flux recovery ratio (FRR) was calculated using the
following equation:

FRR ¼ Jw1
Jw0

� 100% (3)

where Jw1 is water flux of the polluted membrane after
cleaning, Jw0 is water flux of initial membrane.

Solute rejection was measured at 100 kPa in the
same apparatus with aqueous solutions of BSA pre-
pared by dissolving it in phosphate (1 g/L, pH 7.0).
The BSA concentration in the feed and permeate sam-
ples were determined by a UV–vis spectrophotometer
(Spectra Max M2, Molecular) at 280 nm, and the rejec-
tion of proteins (R) was calculated by the following
equation:

R ¼ 1� Cp

Cf

� �
� 100 (4)

where, Cp and Cf is the permeate concentration and
the feed concentration, respectively.

To evaluate the fouling performance of the
membranes, foulants amount on the membrane
surface was measured after the filtration of raw water.
The fouled membranes were soaked in NaOH solution
and stirred periodically for one day to dissolve the
foulants from the membranes. Then, the dissolved
organic carbon was measured by a TOC analyzer
(TOCVCPH, Shimadzu) to calculate the mass of
foulant [20].

3. Results and discussion

3.1. Membrane characterization

The morphologies of the membrane surface and
cross section were examined using a scanning electron
microscope (SEM, JSM-6300F, JEOL). The membrane
samples were frozen and fractured in liquid nitrogen,
and both the surface and cross section of the samples
were gold sputtered for observation. Fig. 1 shows the
surface and cross section morphologies of the pure
PES membrane and the PES/MS membrane. Com-
pared to pure PES membrane, some nanoparticles
could be observed on the surface of PES/MS hybrid
membrane. To reduce the interfacial energy between
the casting solution and the water bath, the hydrophi-
lic MS particles would migrate from PES matrix
toward water bath during the exchange of the solvent

Table 1
Water quality of raw water and treated water

Items Raw water Treated water Water standard

Colority 11.00 7.00 15
Turbidity 3.20 0.06 1
pH 7.8 7.7 6.5–8.5
COD (mgL−1) 12.21 5.31 50
NH3-N (mgL−1) 1.32 1.01 –
Total bacterial count (mL−1) 109 0 –
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and nonsolvent, which lead to the aggregation of the
MS particles on the membrane surface. The MS parti-
cles on the membrane surface would improve the
hydrophilicity of the PES membrane, which was con-
firmed by the contact angle data. As shown in Table 2,
the contact angle of the PES membrane decreased
from 68˚ to 56˚, when the MS loading increased from
0 to 2%, the nPES/MS exhibited similar hydrophilicity
as that of PES/MS membrane. As can be seen in
Fig. 1, an evident boundary between sub-layer and
bottom layer can be observed in the pure PES mem-
brane. However, the finger-like microvoids of the
PES/MS membrane enlarged across the membrane

thickness, and become wider close to the back side of
the membrane. The improved pore connectivity could
reduce the filtration resistance and further decrease
the membrane fouling.

The modified membranes also show higher poros-
ity than that of the pure PES membrane as can be seen
in Table 2. The reason could be the increase in the
pore size and the pore number due to the addition of
the MS particles, as observed from the cross section
images of the membranes. The addition of the MS
particles does not have any significant effect on the
surface pore size of the membrane and all the
membranes have a similar pore radius.

Fig. 1. The SEM pictures of the surface and cross section of pure PES membrane (a,c) and PES/MS (b,d) membrane.

Table 2
Performances of unmodified and modified membranes

Membrane
Contact angle
(˚)

Pure water flux
(L/m2h)

Mean pore radius
(nm)

Porosity
（ε）

BSA rejection
(%)

Zeta potential
(mv)

PES 68 ± 1.2 88 ± 2.2 12.9 ± 0.9 69.2 ± 0.9 97 −6.24 ± 0.9
PES/MS 56 ± 1.3 110 ± 2.6 14.6 ± 1.1 75.9 ± 1.1 98 −6.31 ± 0.8
nPES/MS 57 ± 1.8 106 ± 4.7 12.8 ± 1.2 75.2 ± 1.3 99 −13.25 ± 1.2
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Stable flux of the modified membranes is 110 and
106 L/m2 h, respectively, which is much higher than
that of the pure PES membrane, 88 L/m2 h. The
reason maybe that the hydrophilicity of the mem-
branes increased as the MS particles was incorporated
and the interconnectivity throughout the membrane
thickness improved, which, decreased the membrane
hydraulic resistance and increased water flux.

3.2. Flux decline in UF experiments

Fig. 2 shows the normalized filtrate flux ratio (J/J0)
during the constant pressure (100 kPa) filtration of the
raw water by unmodified and modified PES mem-
branes. J/J0 is the ratio of flux during the filtration
process over the flux at the beginning of the filtration
for each individual membrane. It can be seen that flux
of the pure PES membrane declined rapidly during
the first 40 min filtration and the flux declined by 55%
after 120 min of filtration. However, the flux decline
ratio is only 30% for PES/MS membrane, and the
negatively charged nPES/MS membrane had the low-
est decline ratio of 23%, implying the good antifouling
performance of the modified membrane. Surface water
is known to contain three potential membrane fouling
categories, namely microbial content (bacterial,
viruses, etc.), organic content, NOM, and inorganic
content. As the inorganic particles and bacterial could
be removed easily during the prefiltration process, the
main mechanisms responsible for the fouling in the
UF filtration are the interactions between the NOM
and the membrane surfaces. A major fraction of NOM
present in surface or ground waters is composed of
humic acid [21], which is strongly negatively charged

at a pH greater than 4.7 [22]. Due to the electrostatic
repulsion between the negatively charged humic acid
and the negatively charged membrane, nPES/MS
membrane with zeta potential of −13.25 mV would
reject more HA compared to pure PES and PES/MS
membranes. It should be noted that the pure PES
membrane has the similar negative charge as that of
PES/MS membrane, but has the most serious fouling
among three kinds of membranes. This is due to that
the pure PES membrane is more hydrophobic com-
pared to the modified PES membranes, and HA is
prone to depositing on the membrane surface, pure
PES membrane experienced the worst flux decline.
These results indicated that negative charge and
hydrophilicity of the membrane surface both play
important roles in the fouling control; nPES/MS has
excellent hydrophilicity and most negative charge on
the membrane surface, which makes it have the best
antifouling performance.

3.3. Antifouling performance

In order to further verify the better performance
for the modified membrane, the water (FRR) after
cleaning was analyzed for pure PES membrane and
modified PES membrane. Fig. 3 shows that the modi-
fied PES membranes have higher water FRR than that
of the pure PES membrane, and nPES/MS membrane
has the highest FRR value. The reason may be that
higher membrane hydrophilicity and more negative
charge on the membrane surface would alleviate the
interaction between membrane surface and the pollu-
tants, thus, the pollutants sorption content on the
membrane surface and membrane pore decreases.
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The flux decline observed during the raw water
filtration is due to the combined effects of NOM
adsorption on or within the membrane pores, and
NOM concentration polarization. To further investi-
gate the performance of the modified PES membranes
during the raw water filtration, a resistance-in-series
model was applied to evaluate the various hydraulic
resistances involved in UF, consisting of total
hydraulic resistance.

J ¼ DP
gRt

(5)

where J is the permeation flux (L/m2 h), ΔP is the
operation pressure (Pa), η is the viscosity of permeate
(Pa s), and Rt is the total hydraulic resistance (m−1).

It is assumed that total hydraulic resistance is the
sum of intrinsic membrane resistance (Rm), internal
fouling resistance (Rc), and fouling resistance (Rf),
which can be calculated based on the experimental
data [23]. Table 3 shows that the total hydraulic resis-
tance of pure PES membrane was 0.721 × 1013 m−1.
However, the total hydraulic resistance of the modi-
fied membrane was dramatically improved, which is
only 0.225 × 1013 and 0.208 × 1013 m−1, respectively.
Furthermore, the fouling resistance accounted for
22.2% of the total resistance for pure PES membrane.
The contribution from the deposit or adsorption of
NOM for PES/MS and nPES/MS membrane is much
lower than that of the unmodified membrane. This
attributed to the electrostatic repulsion between the
same charged HA and nPES/MS membrane and the
improvement of membrane hydrophilicity. This result
indicated that the hydrophilicity and negatively
charge property of the membrane have significant
effect on the membrane fouling control.

Fig. 4 shows the mass of the foulant on the
membrane surface after the filtration of raw water.
The amount of the organic foulant on the pure
PES membranes surface is largest, which could reach
to 0.032 mg/cm2. It decreased dramatically to
0.016 mg/cm2 for the PES/MS membrane, revealing
that the increase in membrane hydrophilicity could
lead to less NOM adsorption. Similar phenomenon

had also been reported by Violleau et al. [24]. It
should be noted that when the PES/MS was further
negatively charged, the foulant amount on the mem-
brane further decreased to 0.011 mg/cm2, implying
that the membrane surface charge could aleve the
fouling of the membrane. These results verified that
antifouling capability of the modified membranes
was better than that of the pure PES membrane.

3.4. Membrane separation performance for raw water

The filtration performance of modified and
unmodified membranes was studied with Oujiang
river surface water at 0.1 MPa at room temperature.
The membrane was washed with pure water after
every 3 h operation. Fig. 5 shows the variation of the
permeate flux and organic matter rejection for raw
water for four rounds during 12 h operation. The
results show that the flux of all the membrane
decreased as the experiment went on in each round of
experiment. This is due to the adsorption of the NOM
on the membrane surface over time, forming a cake
layer, increasing the resistance to permeate. At last,
for the nPES/MS membrane, the end flux of the last
round was 65.9 L/m2 h, which decreased 26.1% com-
paring to the initial flux of the first round. However,

Table 3
Resistance analysis on PES, PES/MS, and nPES/MS membranes (R: × 1011 m−1)

Membranes Rt (×10
13 m−1) Rm (×1013 m−1) Rc (×10

13 m−1) Rf (×10
13 m−1) Rf/Rt (%)

PES 0.721 0.489 0.072 0.16 22.2
PES/MS 0.225 0.181 0.015 0.029 12.9
nPES/MS 0.208 0.179 0.012 0.017 8.2
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0.03

nPES/MSPES/MS
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Fig. 4. Mass of the foulant on per unit of the membrane
surface.
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for the PES/MS and pure PES membranes, the end
flux of the last round was 55.8 and 28.3 L/m2 h, which
decreased to 32.6 and 59.7%, respectively. Pure PES
membrane encountered most serious fouling due to its
hydrophobic surface and less negative charge. It is
evident from Fig. 5 that nPES/MS membrane has the
highest rejection for the organic matter and kept stable
above 82% during the 12 h operation. On the contrary,
PES/MS and pure PES exhibit lower organic matter
removal. It is interesting that the organic matter rejec-
tion for pure PES membrane slightly increased during
the filtration. The reason maybe that the pure PES
membrane is prone to be fouled, and the pollutant on
the membrane surface preventing the passage of
organic matter molecular, which increase the rejection
coefficient. The relative stability of the flux and rejec-
tion during the experiment could partly indicate the
stability of the nPES/MS membrane for raw water
purification.

4. Conclusion

The flux evolution and rejection performance of
modified PES UF membranes for surface water was
systematically investigated to understand the effect of
hydrophilicity and charge on the membrane surface
on the permeate quality and flux. The following con-
clusions can be drawn from this study.

(1) The presence of nanoparticles in the composite
membrane increased the surface hydrophilicity
of the membrane, and further enhanced the
antifouling capability of PES/MS membrane.

(2) Surface charge modification could be an effec-
tive way to achieve higher NOM removal and
lower membrane fouling simultaneously. The
nPES/MS membrane exhibited higher FRR
value than that of the pure PES membrane,
while the foulants amount on the membrane
surface is only 0.011 mg/cm2 after the raw
water filtration.

(3) The raw water flux did not decrease too much
and the rejection for the organic matter could
be kept stable above 82% during the 12 h
operation. The nPES/MS membrane could be
successfully applied in the surface water treat-
ment.
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