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a b s t r a c t
In order to reduce silica nanoparticles (SiO2 NPs) agglomeration, improve the dispersity of SiO2 
NPs in the matrix of polyethersulfone (PES) composite membrane, the poly (acrylic acid) grafted 
SiO2 NPs (SiO2-g-PAA NPs) are beforehand synthesized via surface-initiated activators regener-
ated by electron transfer atom transfer radical polymerization (ARGET ATRP). PES/SiO2-g-PAA 
organic-inorganic composite membranes are convenient fabricated by blending PES matrix with 
the as-synthesized SiO2-g-PAA NPs via the non-solvent induced phase separation (NIPS) process. 
The attenuated total reflectance Fourier-transform infrared spectroscopy and surface scanning elec-
tron microscope (SEM) results confirm that the well dispersed SiO2-g-PAA NPs tend to migrate 
toward the membrane top surfaces. As a result, the composite membrane exhibited the highest pure 
water flux and oil flux around 233.72 and 97.29 L/m2h, which equal to 3.6 times and 8.8 times of 
unmodified PES membrane respectively. The flux recovery rate increased from 45.74% to 77.12%, 
suggesting the fouling-resistance of the composite membranes was greatly improved. Furthermore, 
the SiO2-g-PAA NPs exhibit excellent stability in the membrane matrix benefit from the interac-
tion between PAA polymer chains and PES. In addition, the reactive PAA chains on the membrane 
surface provide a platform for further functionalization.

Keywords:  Organic–inorganic composite membrane; Surface-initiated ARGET ATRP; Antifouling; 
SiO2-g-PAA; Oil-in-water emulsion

1. Introduction

With the rapid development of industry, a large amount 
of oily wastewater are generated by many industrial pro-
cesses [1,2], resulting in terrible environmental pollution. 
Hence, efficient advanced separation technologies must be 
developed to treating oily wastewater, especially surfac-
tant-stabilized oil-in-water emulsion.

The application of membrane separation technology 
for treating oil-in-water emulsion has attracted consider-
able attention over the past decennia [3–7]. The advantages 
of membrane separation technology are that low energy 
requirement, easy to handle, negligible environmental 
pollution and works without addition of toxic chemicals.  

Some hydrophobic polymer materials, including polysul-
fone (PS), polyethersulfone (PES), polyvinylidene fluoride 
(PVDF) and polyacrylonitrile (PAN) were increasingly used 
to prepare microfiltration or ultrafiltration membranes 
[3–7]. Their extensive application was a result of outstand-
ing physicochemical property and the excellent mem-
brane-forming property. However, hydrophobic membrane 
materials are prone to suffer from serious foul because 
of adsorption and pore plugging by oil droplets, which 
results in a quick decline of permeation [4,6]. Accordingly, 
numerous approaches including physical blending, sur-
face coating, surface grafting and chemical modification of 
membrane bulk material had been carried out to improve 
hydrophilicity of the polymeric membrane for addressing 
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the membrane foul [8–16]. Masuelli et al. [15] prepared 
PVDF-g-(PGMAS-co-PEDMA) membranes which exhibited 
enhanced anti-fouling property via surface grafting. Chen 
et al. [16] synthesized CA-g-PAN membrane via chemical 
modification of membrane bulk material, the pure water 
flux of CA-g-PAN was almost 100 times of unmodified CA 
membrane, the flux recovery rate reached 100%, suggest-
ing the fouling-resistance of the composite membranes was 
greatly enhanced. Compared to other modification meth-
ods, physical blending becoming a research hotspot ben-
efit from its facile preparation procedure and can achieve 
three-dimensional modification [17–19]. The inchoate blend-
ing modification was to directly blend hydrophilic polymer 
with membrane matrix. Marchese et al. [17] used polyvin-
ylpyrrolidone (PVP) as a hydrophilic additive, blending 
with PES to prepare composite membrane with improved 
permeation flux and anti-fouling property, but the hydro-
philic PVP inclined to spillage during membrane separation 
progress. Subsequently, several publications reported that 
hydrophilic modification of membrane via blending with 
amphiphilic copolymers were successful since the perma-
nent modification effect [18,19].

Recently, incorporating nano-materials such as SiO2 
[20–22], hydrous manganese dioxide [23], phosphorylated 
TiO2-SiO2 [24], and TiO2 coated MWCNTs [25] with mem-
brane matrix to prepare composite membrane has received 
widespread concerns due to the considerable improve-
ment of the membrane properties such as hydrophilicity, 
permeability, mechanical strength and antifouling ability. 
Among the aforementioned nano-materials, SiO2 NPs has 
became a prevalent material because of its easy preparation 
and outstanding chemical stability. However, if SiO2 NPs 
without surface modification are directly blended with the 
hydrophobic membrane matrix, the miscibility is unsat-
isfactory due to the poor interfacial interaction between 
the hydrophobic membrane and hydrophilic SiO2 [20–22]. 
Therefore, SiO2 must be modified before incorporating into 
membrane matrix with the purpose to improve the com-
patibility between organic phase and inorganic phase. Yin 
and Zhou [7] used SiO2-g-(PDMAEMA-co-PDMAPS) NPs 
as additive to fabricate PES composite membrane, which 
exhibited higher flux recovery and better anti-fouling 
property. Zhu et al. [26] first synthesized SiO2-g-PHEMA 
NPs via surface- initiated RAFT polymerization, then the 
PES/SiO2-g-PHEMA composite membrane with excellent 
anti-fouling property was fabricated.

In this work, highly hydrophilic SiO2-g-PAA NPs are 
designed as modifier, has been synthesized by grafting 
hydrophilic PAA onto the SiO2 NPs via surface-initiated 
ARGET ATRP. Then the PES/SiO2-g-PAA composite mem-
branes were fabricated by NIPS process. The effects of SiO2-
g-PAA NPs concentration on membranes performances, 
including porosity, permeation, hydrophilicity and antifoul-
ing ability of were comprehensive analyzed.

2. Experimental

2.1. Materials

PES (Mw = 150,000 g/mol) was purchased from Jida 
High Performance Materials Co., Ltd. Trifluoroacetic acid 

(TFA, 99%), N,N,N’,N’’,N’’-pentamethyldiethylenetriamine 
(PMDETA, 99%), copper (II) bromide (CuBr2, 99.99%), 
sodium dodecyl sulfate (SDS, 99%), L-ascorbic acid (AA, 
99%), 2-bromo-2-methylpropionylbromide (BiBB, 98%), 
3-aminopropyltriethoxysilane (APTES, 99%), and N,N-
dimethylacetamide (DMAc) were provided by Aladdin and 
used without purification. t-Butyl acrylate (t-BA, 98%) was 
supplied by Aldrich and passed through column chromatog-
raphy of basic alumina oxide to remove the inhibitor. The 
toluene, tetrahydrofuran (THF) and dichloromethane used 
in this work were purified by distillation from CaH2. The 
remaining chemical reagents were commercially analytical 
grade, and obtained from local chemical suppliers.

2.2. Synthesis of SiO2-g-PAA NPs

The synthetic routes of SiO2-g-PAA NPs are presented 
in Fig. 1 and described in the following steps.

2.2.1. Synthesis of 3-(2-bromoisobutyramido)
propyl(triethoxy)-silane (APTES-BIBB)

The initiator, 3-(2-bromoisobutyramido)propyl (triethoxy)- 
silane, denoted as APTES-BIBB was synthesized as reported 
[7]. Yield 86%. 1H NMR (300 MHz, CDCl3, δ): 6.89 (s, 1H, –
NH–CO–), 3.79–3.86 (q, 6H, (CH3–CH2–O)3Si–), 3.24–3.30 (m, 
2H, –CH2–NHCO–), 1.95 (s, 6H, –C(CH3)2–Br), 1.61–1.73(m, 
2H, –CH2–CH2–NH–), 1.21–1.26 (t, 9H, (CH3–CH2–O)3Si–), 
0.62–0.68 (t, 2H, Si–CH2–CH2–).

2.2.2. Synthesis of SiO2-Br NPs

Monodispersed SiO2 NPs were easily synthesized via 
Stöber sol-gel process [26]. In this work, the average size 
of the as-synthesized SiO2 NPs was about 73 nm. Then, 
the initiator-immobilized SiO2 NPs (SiO2-Br) were synthe-
sized via the condensation reaction of the triethoxysilane 
groups in APTES-BIBB with hydroxyl groups of SiO2 NPs. 
Namely, 2 g of SiO2 were dispersed into 200 mL toluene 
and sonicated for 2 h to produce a homogeneous suspen-
sion, 1.6 g of APTES-BIBB was added. Then the mixture 
was refluxed under nitrogen atmosphere for 12 h. After 
cooled to room temperature, the SiO2-Br NPs were collected 
by centrifugation and washed with abundant toluene, 
dichloromethane and methanol to remove excess APTES-
BIBB. Finally, the SiO2-Br NPs were dispersed in methanol 
for subsequent polymerization.

2.2.3. Synthesis of SiO2-g-PAA NPs

In this work, PAA coated SiO2 NPs were synthesized 
via surface-initiated ARGET ATRP of t-butyl acrylate (tBA), 
followed by acid-catalyzed hydrolysis of t-butyl groups. 
Typically, in a round-bottomed flask, the SiO2-Br NPs were 
dispersed in methanol and sonicated for 0.5 h to produce 
a homogeneous suspension. The resulting suspension was 
degassed by bubbling with nitrogen for 0.5 h. Degassed 
methanol solution containing PMDETA, tBA and CuBr2 
were then quickly added. The mixture was degassed by 
bubbling with nitrogen for 0.5 h. Finally, AA was intro-
duced to activate polymerization (the molar ratio of tBA/
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CuBr2/PMDETA/AA was set as 4,000:1:10:10). The reaction 
was conducted at 50°C for 12 h with fierce stirring. After 
the polymerization, the SiO2-g-PtBA NPs were collected by 
centrifugation, and washed with abundant dichloromethane 
and methanol. At last, the SiO2-g-PtBA NPs were dispersed 
into methanol for subsequent acid-catalyzed hydrolysis 
reaction. Briefly, 5 mL TFA was added into aforementioned 
dispersion solution to conduct the hydrolysis reaction. 
After 24 h, the SiO2-g-PAA NPs were collected, and washed 
with THF and methanol. At last, the SiO2-g-PAA NPs were 
dispersed in DMAc for subsequent membrane fabrication.

2.3. Organic–inorganic composite membrane preparation [27]

The composite membranes were fabricated via the NIPS 
process. First, SiO2-g-PAA NPs were dispersed into DMAc, 
after sonication for 0.5 h, PES was added to the solution. 
Then, the mixture was mechanically stirred for 24 h to 
obtain a homogeneous casting suspension. After removed 
bubbles, the casting solution was cast on a clean glass plate 
with 250 µm gap, exposed to air for 30 s and immediately 
immersed into a coagulation bath (deionized water) at 25°C. 
After the membrane was detached from the glass plate, the 
resultant membrane was thoroughly washed with deion-
ized water before ultrafiltration. All of the membranes 
were fabricated under environmental humidity of 60% and 
temperature of 25°C. The fabricated PES/SiO2-g-PAA mem-
branes were named as PES/Si-A0.5, PES/Si-A1 and PES/Si-A2 
according to the weight percentage of SiO2-g-PAA NPs rel-
ative to the weight of casting solution. Similarly, the PES/
SiO2 composite membranes were also prepared, named as 
PES/Si0.5, PES/Si1 and PES/Si2, respectively. The PES blank 
membrane without NPs was fabricated named as PES. The 
compositions of the casting solution are shown in Table 1.

2.4. Characterization of SiO2-g-PAA NPs 
and the fabricated membranes

1H NMR spectra of the APTES-BIBB was recorded on an 
INOVA 300 MHz nuclear magnetic resonance instrument 
using CDCl3. The surface chemical composition of NPs 
was surveyed by the Fourier transform infrared spectrom-
eter (FITR, Bruker Tensor 27). Thermo gravimetric analysis 
(TGA, TA Q-600) was performed from 50°C to 800°C under 
N2 atmosphere. The morphologies and particle sizes of SiO2 
NPs and SiO2-g-PAA NPs were characterized by transmis-
sion electron microscopy (TEM, Hitachi H-600). The top 

surface and cross-sectional morphologies of the fabricated 
membranes were analyzed by SEM (Nova Nano SEM 430, 
FEI, USA).

The water contact angle instrument (JC-2000C1) was 
uesed to estimate the surface hydrophilicity of the fabri-
cated membranes. Deionized water was dropped randomly 
on the surface of the tested membrane sample at five loca-
tions, and the average value was obtained. The membrane 
porosity (ε, %) was measured according to Eq. (1) [7,24]:

ε
ρ

=
−( )

×
m m
AL
w d 100%  (1)

where mw (g), md (g), A (cm2), L (cm) and ρ (g/cm3) were the 
wet membrane weight, the dry membrane weight, the wet 
membrane effective area, the wet membrane thickness, 
and the pure water density, respectively. All measurements 
were repeated at least three times to minimize experimental 
error and the average values were acquired.

The Guerout–Elford–Ferry equation based on the flux 
and porosity data was used to calculate the mean pore 
size (rm, nm) of membrane surface according to Eq. (2) [7,24]:
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where η (8.9 × 10–4 Pa s), Q (m3/s), l (m), and ΔP (0.1 MPa) 
were the pure water viscosity, the volume of permeated 
pure water per unit time, the wet membrane thickness, and 
the operational pressure, respectively.

2.5. Permeability and antifouling performance of 
the fabricated membranes

The permeability and antifouling performance of the 
fabricated membranes were tested in accordance with the 
reported procedure [7]. The ultrafiltration was performed 
with a dead-end stirred cell filtration system (CB-380, 
45.3 cm2) at 25°C ± 1°C under a stirring speed of 400 rpm. 
Generally, four steps were included in one complete cycle. 
First, each membrane was initially pressurized at 1.6 bar 
with pure water until a steady flux was reached. After that, 
the pure water flux (PWF) was measured as Jw1 at the 1.0 bar 
operation pressure. Next, oil-in-water emulsion (0.9 g/L, SDS 
as emulsifier) was used as the feed solution to permeating 

Table 1
The compositions of the casting solution

Membranes PES (wt.%) Nanoparticle (wt.%) DMAc (wt.%)

PES 15.0 0.0 85.0
PES/Si0.5 15.0 0.5 SiO2 84.5
PES/Si1 15.0 1.0 SiO2 84.0
PES/Si2 15.0 2.0 SiO2 83.0
PES/Si-A0.5 15.0 0.5 SiO2-g-PAA 84.5
PES/Si-A1 15.0 1.0 SiO2-g-PAA 84.0
PES/Si-A2 15.0 2.0 SiO2-g-PAA 83.0
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through the membrane and stable oil water flux was acquired 
as Joil. After 1 h of filtration, the fouled membrane was thor-
oughly rinsed with deionized water. Finally, the stable 
PWF of cleaned membrane was obtained as Jw2. The steady 
Jw1, Joil, Jw2 (L/m2 h) were calculated according to Eq. (3):

J V
At

=  (3)

where V (L), t (h), A (m2) were the volume of permeated 
water, the filtration time, and the effective membrane area, 
respectively. The oil rejection (r) was calculated by Eq. (4):

r
C
C
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= −
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where Cp and Cf were the oil concentration of permeate and 
feed solutions, which were tested by UV-spectrophotometer 
(UV-9200).

The flux recovery ratios (FRR) was calculated using 
Eq. (5):

FRR = ×
J
J
w

w

2

1

100%  (5)

To evaluate the antifouling ability of membranes in 
detail, the flux loss caused by reversible fouling (Rr), irrevers-
ible fouling (Rir) and total fouling (Rt) can be calculated as 
follows [7,24]:
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3. Results and discussions

3.1. Characterization of the SiO2-g-PAA NPs

Fig. 1 depicts the preparation route of SiO2-g-PAA NPs. 
To conduct surface-initiated ARGET ATRP from SiO2 NPs, 
APTES-BIBB, a molecule containing an ARGET ATRP initi-
ating site was beforehand synthesized via amidation reac-
tion between APTES and BIBB, followed by silanization 
of triethoxysilane of APTES-BIBB on SiO2 NPs surface, the 
SiO2 NPs used in this study were synthesized by classi-
cal Stöber sol–gel process and the average diameter was 
about 73 nm (as shown in Fig. 6a). At last, the SiO2-g-PAA 
NPs were synthesized via surface-initiated ARGET ATRP 
of tBA, followed by acid-catalyzed hydrolysis of t-butyl  
groups.

The structure of the APTES-BIBB was confirmed by 1H 
NMR spectroscopy (as shown in Fig. 2). The integral ratio 
of signals at 6.89, 1.95 and 1.23 ppm were determined to be 
1:6:9, indicating a quantitative transformation.

Fig. 3 represents the Fourier-transform infrared spec-
troscopy (FTIR) spectra of SiO2, SiO2-Br, SiO2-g-PtBA and 
SiO2-g-PAA NPs. Compared with the unmodified SiO2 
NPs, SiO2-Br NPs exhibited two new absorption peaks at 
2,918 and 2,860 cm–1, which was attributed to C–H stretch-
ing of the CHx (CH3 and CH2) groups in the APTES-BIBB, 
implying the initiator has been successfully immobilized 

Fig. 1. Reaction procedure for preparation of SiO2-g-PAA NPs.
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onto the surface of SiO2 NPs. In Fig. 3c the peak ascribed 
to C–H stretching of CHx groups significantly enhanced. 
Additionally, absorption peaks at 1,730 and 1,380 cm–1 
appeared, which are attributed to the C=O stretching vibra-
tion and bending vibration of CH3 in the tert-butyl groups 
[28]. Compared with SiO2-g-PtBA NPs, the absorption peak 
at 1,380 cm–1, representing the CH3 in tert-butyl side chains 
almost complete disappeared after treatment with TFA, and 
the broad absorption peak between 3,300 and 2,700 cm–1 
was appeared, which ascribed to the hydroxyl group in –
COOH [28]. Furthermore, the C=O stretching vibration peak 
shifted from 1,730 to 1,710 cm–1, indicating the successful 
grafted the PAA chains onto the SiO2 NPs surface.

In order to further verified the surface modification 
of SiO2 NPs, TGA curves of SiO2, SiO2-Br, SiO2-g-PtBA and 
SiO2-g-PAA NPs are depicted in Fig. 4. The weight losses of 
SiO2, SiO2-Br, SiO2-g-PtBA, and SiO2-g-PAA NPs were 4.13%, 

9.18%, 80.03% and 62.68%, respectively. After the hydro-
lysis of SiO2-g-PtBA NPs with the trifluoroacetic acid, per-
cent of organic components in the case of SiO2-g-PAA NPs 
significantly dropped due to the removal of t-BA groups  
(Fig. 4d).

TEM images of the bare unmodified SiO2 and SiO2-g-PAA 
NPs are depicted in Fig. 5. Clearly, the SiO2 NPs aggregated 
seriously and difficult to distinguished one particle from 
the other. After the introduction of PAA shell, the dispers-
ibility of the SiO2-g-PAA NPs improved remarkably (Fig. 5b). 
Furthermore, the high magnification TEM images of indi-
vidual SiO2-g-PAA NPs illustrated that a stable and dense 
polymer shell was directly coated on the surface of the 
SiO2 NPs (Fig. 5d) and the diameter of the NPs was around 
77 nm, which was larger than unmodified SiO2 NPs (73 nm). 
Combined with the analysis of FTIR, TGA and TEM, it was 
reasonable to assume that the core-shell structured SiO2-g-
PAA NPs had been successfully synthesized.

3.2. Surface enrichment behavior of SiO2-g-PAA NPs 
during membrane formation process

To investigate surface chemical structures of the syn-
thesized membranes, ATR-FTIR spectra are provided in 
Fig. 6. Cleanly, the PES/Si-A1 composite membrane pre-
sented very similar spectra compared with the PES blank 
membrane, except the distinct peak at about 1,720 cm–1, 
which was attributed to the stretching vibration of car-
boxyl group in PAA chain of SiO2-g-PAA NPs, indicating 
the existence of SiO2-g-PAA NPs in the near surface of the 
composite membrane. The surface enrichment of SiO2-g-
PAA NPs during membrane formation process is schemed 
in Fig. 7. In membrane formation process, PES coagulated 
promptly to form the membrane matrix and the hydrophilic 
SiO2-g-PAA NPs migrated spontaneously to the membrane 
surface to reduce interfacial energy, the similar phenom-
enon was reported in other literature [7,26]. In addition, 
the surface enrichment behavior of SiO2-g-PAA NPs was 

Fig. 2. 1H-NMR spectra of APTES-BIBB in CDCl3. Fig. 4. TGA curves of (a) SiO2, (b) SiO2-Br, (c) SiO2-g-PtBA, 
and (d) SiO2-g-PAA.

Fig. 3. FTIR spectra of (a) SiO2, (b) SiO2-Br, (c) SiO2-g-PtBA, and 
(d) SiO2-g-PAA.
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also confirmed by SEM (as shown in Fig. 8f), which was 
discussed in the section 3.3 in detail.

3.3. Morphologies of membranes

The surface and cross-section morphologies of PES blank 
membrane, PES/Si1 and PES/Si-A1 composite mem branes 
were observed. As shown in Fig. 8, there was no apprecia-
ble cross-sectional morphological variation bet ween the 
unmodified PES blank membrane and the modified com-
posite membrane, all tested membranes exhibited asymmet-
ric structures, including a wafery dense top-layer, a porous 
finger-like sub-layer and fully developed macrovoid, which 
were similar to our early report [7]. The composite mem-
branes had higher porosity and larger surface pore size than 
PES blank membrane (Fig. 9). Clearly, the unmodified PES 
membrane had conspicuous macrovoids structure in the sub-
layer. It is generally recognized that the macrovoids structure 
were regularly existed in the membrane which had a dense 
skin layer [29]. The unmodified PES membrane had the 
smallest surface pore size, which hindered water diffusing 
into the sublayer and resulted in the formation of the mac-
rovoids structure [7,29]. Compared with PES membrane, the 

Fig. 5. TEM images of NPs dispersed in DMAc: SiO2 (a) and SiO2-g-PAA (b–d).

Fig. 6. ATR-FTIR spectra of PES membrane and PES/Si-A1 
membrane.
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cross-section morphologies of PES/Si-A1 composite mem-
branes exhibited that macrovoids structure were suppressed 
and the finger-like pores became longer. Since the PES/Si-A1 
composite membrane had larger surface pore size compare 
to the PES membrane, water molecules could diffuse eas-
ier into the sublayer, which induced many nuclei forma-
tion and suppressed the formation of macrovoids structure 
[7,29]. Clearly, as shown in Fig. 8d, the PES/Si1 membrane 
surface contained a small amount of agglomerated SiO2 
NPs. By contrast, the well-dispersed SiO2-g-PAA NPs were 
easier to migrate onto the membrane surface and distributed 
evenly, agglomerated NPs almost unobservable (Fig. 8f).

3.4. Porosity, mean pore size, hydrophilicity and mechanical 
properties of the composite membranes

The porosity and mean pore size of the PES blank mem-
brane, PES/Si and PES/Si-A composite membranes were 

quantitatively calculated and depicted in Fig. 9. Obviously, 
the porosity and mean pore size of the composite mem-
branes (PES/Si and PES/Si-A) were remarkably higher than 
PES blank membrane. Moreover, with increasing concen-
tration of SiO2 NPs and SiO2-g-PAA NPs, the composite 
membranes porosity and mean pore size increased initially, 
reached to the maximum when the NPs concentration was 
1.0 wt.%. After that, they decreased with the further increas-
ing of NPs concentration. The variation trend was similar to 
other studies [30] and could be interpreted as follows. Firstly, 
the introduction of NPs to the casting solution enhanced the 
thermodynamic instability of the system, which promoted 
phase separation happen at a low polymer concentration 
[24], resulting in the formation of large surface pore size and 
high surface porosity. Secondly, during the NIPS process, 
the hydrophilic NPs spontaneously migrated to the mem-
brane top surfaces in order to minimization the interfacial 
energy between membrane and coagulation bath [7,26].  

Fig. 7. Schematic illustration for the surface enrichment behavior of SiO2-g-PAA NPs during membrane formation and antifouling 
performance of the PES/Si-A composite membrane.
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Meanwhile, a little of NPs acted as pore-forming agent 
leached out from membrane matrix, resulting in the mem-
brane have high porosity and large surface pore size [7]. 
Lastly, with increasing the NPs concentration, the viscos-
ity of the casting solution system notably increased, which 
resulted in a delayed demixing. As a result, the mem-
brane with low porosity and small mean pore size would 

formation. Compared to the PES/Si composite membranes, 
the PES/Si-A membranes had higher porosity and larger sur-
face pore size.

The membrane surface hydrophilicity has crucial effect 
on permeation and antifouling property of membranes. 
In present study, the static water contact angle was measured 
to evaluate the membrane hydrophilicity and the results 

Fig. 8. Surface morphologies of the tested membranes: (b) PES, (d) PES/Si1, (f) PES/Si-A1; Cross-sectional morphologies of the 
tested membranes: (a) PES, (c) PES/Si1, (e) PES/Si-A1.
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are depicted in Fig. 10. The lower contact angle indicates 
the higher hydrophilic property of the membrane. Clearly, 
the PES blank membrane had the highest water contact 
angle around 84.5°, representing poor hydrophilicity. With 
increasing the NPs concentration, the contact angles of the 
membranes decreased gradually. As for the PES/Si compos-
ite membranes, the contact angle slightly decreased relative 
to the PES blank membrane, implying that the addition of 
unmodified SiO2 NPs restricted improvement hydrophilicity. 
Comparatively, the PES/Si-A composite membranes exhib-
ited better hydrophilicity, the contact angle decreased to 72.8° 
when the concentration of SiO2-g-PAA NPs was 2.0 wt.%. 
It can be interpreted by three aspects. Firstly, SiO2-g-PAA 
NPs had considerable hydrophilic PAA groups, resulting 
in the PES/Si-A membranes surface more hydrophilic than 
the PES/Si membranes. Secondly, the serious aggregation 
of the unmodified SiO2 NPs, which significantly reduced 
the effective surface of the NPs, resulting in the decrease of 
the hydrophilic hydroxyl groups on the surface of PES/Si 
membranes [31]. Lastly, compared to the unmodified SiO2, 
the well-dispersed SiO2-g-PAA NPs were easier to migrate 
onto the membrane surface, endowing the PES/Si-A com-
posite membranes better hydrophilicity. Furthermore, the 
surface free energy was frequently determined by the con-
tact angles of probe liquids on the membrane surface. The 
total surface energy of the unmodified PES membrane was 
lowest, around 37.6 mJ/m2. The total surface energies of the 
PES/Si and PES/Si-A composite membranes were increased 
after addition the NPs (SiO2 and SiO2-g-PAA), because 
of the spontaneous surface segregation of the hydrophlic 

NPs onto the surface (Figs. 6 and 8), and finally reached a 
max value of 46.9 mJ/m2 (PES/Si-A2 membrane).

The mechanical strength of unmodified PES membrane 
and modified composite membranes are listed in Table 2. As 
shown in Table 2, the mechanical strength of composite mem-
branes increased firstly and then decreased and all higher 
than that of PES membrane. Among the fabricated composite 
membranes, the mechanical strength of PES/Si-A membrane 
were superior to those of PES/Si membrane. Compared to the 
unmodified SiO2 NPs, SiO2-g-PAA NPs were more likely to 
form hydrogen bonds with PES due to carboxylic groups on 
the surface (–COOH with S=O), which might make the PES 
molecular chains tighter and improve mechanical property 
of the composite membranes.

3.5. Separation and antifouling performance of the composite 
membranes

The effect of SiO2 NPs and SiO2-g-PAA NPs concentra-
tion on PWF, oil flux, oil rejection of PES/Si and PES/Si-A 
composite membranes are shown in Fig. 11. Obviously, 
the oil rejection of the PES blank membrane and compos-
ite membranes were 100%, indicating excellent oil removal 
efficiency. As depicted in Fig. 11a, the PES blank membrane 
had the lowest PWF around 64.10 L/m2h. After introduc-
tion of the NPs, the PWF was dramatically changed, it 
increased at first and reached to the maximum when the 
NPs concentration was 1.0 wt.%. Subsequently, the value 
decreased with higher NPs concentration (2.0 wt.%) in the 
casting solution. Similar results were reported in previous 

Table 2
Tensile strength of unmodified PES and modified composite membranes

PES PES/Si0.5 PES/Si1 PES/Si2 PES/Si-A0.5 PES/Si-A1 PES/Si-A2

Tensile strength (MPa) 2.21 2.65 2.87 2.73 2.79 3.12 2.97

Fig. 9. Effect of NPs concentration on porosity and mean pore 
size of PES/Si and PES/Si-A composite membranes. Data were 
means ± SD (n = 3).

Fig. 10. Effect of NPs concentration on static water contact 
angle of PES/Si and PES/Si-A composite membranes. Data were 
means ± SD (n = 3).



J. Yin et al. / Desalination and Water Treatment 249 (2022) 33–4642

literature [7]. The change of oil water flux maintained the 
same trend with PWF. It is widely accepted that the per-
meation flux is determined by the porosity, mean pore size 
and hydrophilicity of the membrane [7,26]. The synergetic 
effect of porosity and hydrophilicity should be consid-
ered. When NPs concentration was 1.0 wt.%, the PES/Si1 
and PES/Si-A1 membranes had highest porosity (as shown 
in Fig. 9) and medium hydrophilicity (as shown in Fig. 
10), which exhibited the highest pure water flux and oil 
water flux (182.37 and 58.22 L/m2 h for PES/Si1 membrane, 
233.72 and 97.29 L/m2 h for PES/Si-A1 membrane). When 
2.0 wt.% NPs were added into the casting solution, the 
hydrophilicity of PES/Si2 and PES/Si-A2 membranes were 
higher than that of PES/Si1 and PES/Si-A1 membranes. 
Theoretically, the enhanced hydrophilicity can reduce 
effectively the resistance between water molecules and 
the membrane pores, which enhanced the permeation flux 
of membrane [32]. However, the PES/Si2 and PES/Si-A2 
membranes had the decreased permeation flux, which 
might be result from the influence of the porosity was more  
significant.

Fig. 12 presents time-dependent fluxes of PES, PES/
Si and PES/Si-A membranes of the complete ultrafiltration 
experiment. In the initial stage (1 h pure water filtration), 
the Jw1 of composite membranes (PES/Si, PES/Si-A) were 
higher than PES blank membrane because of the increased 
surface porosity and improved hydrophilicity. Then, the 
Joil attenuated sharply at few minutes of filtration, which 
was attributed to the oil droplets blocked the membrane 
pores. Subsequently, the Joil kept stable due to the adsorp-
tion and diffusion of oil droplets reached dynamic bal-
ance [5]. After washing the fouled membranes, the Jw2 was 
obtained, then FRR was calculated according to Eq. (5) and 
the results are presented in Fig. 13. It can be seen that the 
FRR of PES/Si-A membranes (64.20%, 68.34%, 77.12% for 
the PES/Si-A0.5, PES/Si-A1, PES/Si-A2, respectively) were 
higher compared to the PES/Si membranes (57.99%, 61.19%, 
73.23% for the PES/Si0.5, PES/Si1, PES/Si2, respectively) and 
PES blank membrane (45.75%). It is widely recognized that 
higher FRR mean lower tendency to be fouled. The results 
indicated that the antifouling performance of PES/Si-A 

composite membranes was significantly enhanced com-
pared to the PES blank membrane.

Furthermore, based on the fluxes (Jw1, Joil, Jw2), Rr, Rir and 
Rt were quantitatively calculated to analyze the membrane 
fouling in detail. The values of Rr, Rir and Rt are presented 
in Fig. 14. Clearly, the PES blank membrane had high-
est Rt value, around 82.70%, indicating that the PES blank 
membrane underwent serious fouling. As for the PES/Si 
composite membranes, the Rt reduced to 69.15% (PES/Si0.5), 
68.01% (PES/Si1), and 64.68% (PES/Si2), implying lower 
total flux loss. By contrast, the PES/Si-A membranes pre-
sented lower Rt and Rir, which proved that membrane foul-
ing caused by oil adsorption could be effectively restricted 
by incorporation of the hydrophilic SiO2-g-PAA NPs on 
PES membrane surface. At the same time, the percentage 
of reversible fouling in total fouling (Rr/Rt) increased with 

Fig. 11. Effect of NPs concentration on Jw1, Joil, and oil rejection of the PES/Si (a) and PES/Si-A membranes (b), data were 
means ± SD (n = 3).

Fig. 12. Time-dependent fluxes of tested membranes during 
the complete ultrafiltration. The process includes four steps: 
pure water flux ultrafiltration (0–60 min), oil-in-water emul-
sions ultrafiltration (60–120 min), water washing (not shown), 
and pure water flux ultrafiltration of the cleaned membranes 
(120–180 min).
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the increasing NPs concentration (as shown in Fig. 14c). 
Especially, when the concentration of SiO2-g-PAA NPs 
was 2 wt.%, the Rr/Rt value reached 58.97%, which was 
notably higher than that of PES blank membrane (34.40%). 
Therefore, the flux of PES/Si-A composite membranes 
can be recovered effective just by simple water cleaning.

Furthermore, the PES membrane and modified PES/
Si-A1 composite membrane were subjected to three cycles 
of complete filtration test. The initial PWF of the PES 
membrane was 64.10 L/m2h, and after three cycles of fil-
tration, it decreased to 17.1 L/m2h. The initial PWF of the 
PES/Si-A1 composite membrane was around 233.72 L/m2h, 
and it was still as high as 175.8 L/m2h after three cycles of 
filtration, the flux recovery rates were 77.12%, 75.39%, and 
75.21%, respectively, suggesting excellent stability.

Table 3 lists the pure water flux, oil/water flux and 
flux recovery rate of the PES/Si-A1 composite membrane 
prepared in this work and PES-based composite mem-
brane reported in other literature. Compared with other 
PES base composite membranes, PES/Si-A1composite 
membrane had excellent permeation flux and anti-foul-
ing performance, and provided theoretical guidance for 
the development of high-performance anti-fouling organ-
ic-inorganic composite membrane.

3.6. Stability of the SiO2-g-PAA NPs in the composite membranes

The stability of NPs in the organic-inorganic compos-
ite membrane matrix is crucial in the practical application 
of oil-in-water emulsion ultrafiltration, if the NPs leak 
out from the membrane matrix, the membrane perfor-
mances that including oil rejection, hydrophilicity and 
antifouling ability will decline inevitably. In this study, the  

Fig. 13. Effect of NPs content on FRR of PES/Si and PES/Si-A 
membranes. Data were means ± SD (n = 3).

Fig. 14. Summary of the Rt, Rir and Rr for (a) PES/Si and (b) PES/Si-A composite membrane. The ratio of Rr and Rir to the Rt for 
(c) PES/Si and (d) PES/Si-A composite membrane. Data were means ± SD (n = 3).
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PES/Si1 and PES/Si-A1 membranes were chosen, which 
were continuously shaken at 50°C for different time span 
(2, 4, 6, 8, 10 d). During the shaking, deionized water as 
the solvent was replaced every day. Then, the membranes 
were detected by water contact angle. In addition, surface 
SEM and ATR-FTIR of the membranes were also used to 
evaluate the stability of the NPs.

Fig. 15 presents the surface SEM images of the original 
PES/Si-A1 membrane and the membrane after washing for 
10 d. As depicted in Fig. 15a, the SiO2-g-PAA NPs distrib-
uted evenly on the surface of the membrane, after washing 
for 10 d, the number of the SiO2-g-PAA NPs on the surface 
of the membrane almost unchanged, indicated the SiO2-g-
PAA NPs can stably entrap in the PES matrix. In addition, 
the ATR-FTIR presented in Fig. 16a was also employed to 
investigate the SiO2-g-PAA NPs stability. As discussed in 
the section 3.3, the peak at about 1,720 cm–1 was attributed 
to the stretching vibration of carboxyl group in PAA chain 
of SiO2-g-PAA NPs. Compared with the original PES/Si-A1 
membrane, the intensity of the peak was almost unchanged, 
showing tiny SiO2-g-PAA NPs leaked from the PES matrix. 
As presented in Fig. 16b, the test membranes surface con-
tact angle gradually increased with the increasing of the 
shaking time. The contact angle of the original PES/Si1 
membrane was about 78.4°, it increased 13.1% and reached 
to 88.7° after shaking for 10 d. As for PES/Si-A1 membrane, 
the contact angle after washing for 10 d (77.2°) was slightly 

higher than that of the original membrane (74.3°), it only 
increased 3.9%. It is reasonable that the poor interaction 
between the hydrophobic PES and the hydrophilic NPs 
make the NPs be liable to leach out from the membrane 
during shaking. Compared to the unmodified SiO2 NPs, 
the PAA chains of SiO2-g-PAA NPs entangled and inter-
acted with PES strongly, which make the SiO2-g-PAA NPs 
stably entrap in the composite membrane in the practical 
ultrafiltration.

4. Conclusions

In this work, the well dispersed SiO2-g-PAA NPs were 
successfully prepared via Si-ARGET ATRP. Then, a conve-
nient strategy for fabricating organic-inorganic compos-
ite membranes was established by the NIPS process. The 
porosity, mean pore size, pure water flux and oil flux of 
membrane increased initially by incorporation of low 
amount of SiO2 NPs and SiO2-g-PAA NPs. Then, they 
reached maximum when the NPs dosage was 1.0 wt.%, and 
decreased with continuous increasing of NPs concentration, 
which could be attributed to the synergetic effect between 
the thermodynamic enhancement and the rheological hin-
drance. In membrane formation process, the hydrophilic 
SiO2-g-PAA NPs migrated spontaneously to the membrane 
surface to minimize interfacial energy. Thus, the hydro-
philicity, permeability and antifouling property of PES/

Table 3
Comparison of PES/Si-A1 membrane with other PES membranes on pure water flux, oil–water flux and the flux recovery ratio

Membrane Pure water flux (L/m2h) Oil/water flux (L/m2h) FRR (%) References

PES/SiO2-g-PHEMA 208.68 86.86 78.32 [34]
PES/SiO2-g-(PDMAEMA-co-PDMAPS) 172.30 79.83 84.26 [7]
PES/Pluronic F127 130.20 82.98 63.40 [5]
F3-PDA/PES 40.20 46.10 93.40 [33]
PES/Si-A1 233.72 97.29 77.12 This work

Fig. 15. SEM images of the original PES/Si-A1 (a) and washing for 10 d (b) in a pure water bath under shaking (100 rpm) at 50°C.
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Si-A composite membrane were significantly improved. 
Moreover, the SiO2-g-PAA NPs had better dispersibility 
in comparison with the unmodified SiO2 NPs. At the same 
time, the interaction of PAA and PES improved the bond-
ing ability between the SiO2-g-PAA NPs and the PES mem-
brane matrix, which made the NPs stably entrapped in the 
PES membrane, exhibiting excellent durability. More inter-
estingly, the highly reactive PAA chains on the NPs provide 
a platform for further membrane surface functionalization, 
the next, we will grafting the amphiphilic block copolymer 
on the surface of the membrane to endow the antifouling 
and self-cleaning properties of composite membrane.
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