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ABSTRACT

Pluronic F127-block-poly(2-hydroxyethyl methacrylate) (PHEMA-b-F127-b-PHEMA) was before-
hand synthesized via the RAFT polymerization and used as an additive with polyethersulfone
(PES) matrix to fabricate composite membranes by the phase inversion method. During the
membrane formation process, the highly hydrophilic PHEMA blocks migrate spontaneously
onto the membrane surfaces, which can be verified by the attenuated total reflectance-Fourier
transform infrared spectroscopy. As a result, the composite membrane surface porosity and
hydrophilicity were enhanced compared with the unmodified PES membrane. More impor-
tantly, the water permeability and anti-fouling ability of composite membranes were improved
significantly. Furthermore, the PHEMA blocks enriched on the as-made PES composite mem-
brane surface, which acted as an anchor to immobilize the initiating site. Therefore, a lot of func-
tional polymers were effectively grafted onto the PES composite membranes by surface-initiated
radical polymerization.
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1. Introduction

Every day, a large amount of oily wastewater is gen-
erated by many industrial processes, resulting in terrible
environmental pollution and resource utilization prob-
lems. Hence, cost-effective technologies must be devel-
oped to treating oily wastewater. Conventional treatment
methods including gravity separation and skimming,
photocatalytic treatment, de-emulsification, centrifugation
and dissolved air flotation have been developed for
the application of oily wastewater separation [1-2].
However, there are many drawbacks such as high energy
consumption, low operation efficiency, and secondary
contamination problems [3]. What’s important is that these
traditional methods are not effective for treating the sur-
factant-stabilized oil-in-water emulsions, where oil drop-
lets are stably dispersed in water under the interaction of
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surfactants. Hence, new advanced separation technologies
for oil-in-water emulsion must be developed.

The application of several kinds of membrane separa-
tion technologies for treating oil-in-water emulsion have
increasingly become a viable alternative method due to
their low energy requirement, high operation efficiency
and negligible environmental pollution when compared
to the traditional methods [4-7]. Among the predominant
membrane material used in membrane technology, poly-
ethersulfone (PES) has drawn much attention, which pos-
sesses outstanding membrane-forming properties, as well
as mechanical strength and chemical and thermal stability
[8-10]. However, the PES membrane is typically lacks of
hydrophilicity often causes the adsorption and deposition
of oil droplets on the PES membrane surface, which leads to
serious membrane fouling and rapid decline of permeation
flux in oil-in-water separation. It is generally acknowledged
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that increasing the membrane surface hydrophilicity can
improve remarkably membrane antifouling ability [10].

Accordingly, the commonly used modification meth-
ods such as surface coating, physical blending, surface
grafting, and modification of membrane bulk materials
have been performed to improve the hydrophilicity of PES
membrane [11-18]. Mush researches have been published
about the successes in improving the antifouling property
of PES membranes. Nevertheless, these traditional mod-
ification methods exist various disadvantages. For exam-
ple, in surface coating, the hydrophilic coating susceptible
to leach from the membrane, which reduces the lifespan
of membrane [12]. Chemical modification of bulk mate-
rials often results in a decrease in membrane mechanical
strength. In surface grafting, additional surface treatments
such as plasma excitation, UV or high energy irradiation,
ozone treatment are often applied to obtain reactive sites
on inert membrane surface [14,16,17]. These methods are
difficult to popularize due to the complicated process and
high energy consumption. Therefore, more efficient strate-
gies for hydrophilization modification of PES membranes
are urgently needed.

Very recently, amphiphilic copolymers have been
designed as additives in the fabrication of ultrafiltration
membranes [19-25]. The hydrophobic segments are often
required to be well miscible with the hydrophobic mem-
brane bulk materials, whereas the hydrophilic segments
migrate toward the membrane surface to minimize the
interfacial free energy during the immersion precipita-
tion process. As a result, the hydrophilic chains are tightly
tethered onto the membrane surface by the entanglements
between hydrophobic chains and membrane bulks, which
endow the fabricated membranes with long-term stable
hydrophilicity. Additionally, if the hydrophilic chains in
amphiphilic copolymers contain reactive groups, the com-
posite membrane surface can be further functionalized via
numerous chemical modifications participated by these
reactive groups [19-21].

Inspired by these works, herein a novel block copoly-
mer (PHEMA-b-F127-b-PHEMA) is designed as a hydro-
philic additive, has been successfully synthesized by the
grafting hydrophilic PHEMA chain onto the F127 molec-
ular. Then the composite membranes were fabricated
by wet phase inversion. The effects of additive dose on
membrane properties such as porosity, permeability and
surface hydrophilicity of fabricated membranes were inves-
tigated. Moreover, the antifouling properties and foul-
ing resistances of the membranes were also researched
in detail.

2. Experimental
2.1. Materials

Polyethersulfone (PES Mw = 150,000 g/mol) was sup-
plied by JiDa High Performance Materials Co., Ltd. and
was dried at 100°C for at least 12 h before use. Pluronic
F127 (Mn = 12,600 g/mol) was purchased from Sigma
and recrystallized before use, 2-hydroxyethyl methacry-
late (HEMA, 98%) was brought from Aladdin and passed
through a basic alumina column to remove the inhibitor,

4-dimethylaminopyridine (DMAP), 2,2’-azobisisobutyr-
onitrile (AIBN, 98%), 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDCI), sodium dodecyl sul-
fate (SDS, 99%) used without further purification, dimeth-
ylacetamide (DMAc), 1,4-dioxane and methylene chloride
(DCM) were purified by distillation from CaH,. Engine oil
(20 W—40) was purchased from Exxon Mobil Oil Company.

2.2. Synthesis of PHEMA-b-F127-b-PHEMA

The synthetic routes of PHEMA-b-F127-b-PHEMA
were presented in Fig. 1 and described in the following
steps.

2.2.1. Synthesis of macro RAFT agent
(CPADB-F127-CPADB)

The RAFT agent, (4-cyanopentanoic acid dithioben-
zoate, CPADB) was synthesized using a previously pub-
lished method [26]. Then, Pluronic F127 (8.0 g, 16.8 mmol),
DMAP (27.2 mg, 0.16 mmol), EDCI (230.4 mg, 1.2 mmol),
CPADB (232.0 mg, 0.8 mmol) and 1,4-dioxane (60 mL) were
charged into a round-bottomed flask, which was capped
and degassed with nitrogen for 1 h at 25°C. The solution
was stirred for 24 h at 60°C, and subsequently, the sol-
vent was removed. The viscous product was dissolved in
60 mL of anhydrous DCM, and the solution was extracted
with a saturated NaHCO, solution, followed by water
and saturated NaCl solution and then dried over anhy-
drous MgSO,. After evaporation of the solvent, the final
red viscous product was purified by precipitating from
diethyl ether.

2.2.2. RAFT polymerization of HEMA
with the CPADB-F127-CPADB

For the RAFT polymerization of HEMA, 52 g
(40.0 mmol) of HEMA, 13.2 mg (0.08 mmol) of AIBN, 5.3 g
(0.4 mmol) of CPADB-F127-CPADB and 30 mL 1,4-diox-
ane were introduced to a Schlenk tube. The tube was
subjected to three freeze-pump-thaw cycles to remove
oxygen. The polymerization was carried out in an oil
bath preheated to 60°C for 12 h. Then the polymeriza-
tion was quenched by putting the tube into ice water.
After removal of the 1,4-dioxane, the viscous product
was dialyzed at room temperature using a cellulose mem-
brane (MW 8,000 g/mol) for 48 h.

2.3. PES composite membrane preparation

The composite membranes were prepared with PES
as bulk material, PHEMA-b-F127-b-PHEMA as the blend
additive, DMAc as the solvent, and deionized water
(25°C) as the coagulant, respectively. PHEMA-F127-
PHEMA (2, 5, and 10 wt.% relative to the weight of PES)
and PES were dissolved into DMAc at 50°C for 24 h to
obtain a homogeneous casting suspension, after bub-
ble removal, the blend solution was cast on a clean glass
and quickly immersed into water at 25°C. The fabricated
PES/ PHEMA-b-F127-b-PHEMA membranes were named
as M2, M5, and M10 according to the weight percentage
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Fig. 1. Synthesis route of PHEMA-F127-PHEMA via RAFT polymerization.

of PHEMA-b-F127-b-PHEMA. By contrast, the PES/F127
composite membranes with the same amount of F127 were
also prepared through identical conditions, named as m2,
mb5, and m10 respectively. The neat PES membrane with
0 wt.% additive was fabricated as the blank membrane.

The compositions of the casting solution were shown in
Table 1.

2.4. Characterization of PHEMA-b-F127-b-PHEMA
and membranes

The Fourier transform infrared spectroscopy spectra
(FITR, Bruker Tensor 27) was used to analyze the chemi-
cal composition of F127, F127-CPADB, PHEMA-b-F127-b-
PHEMA. 'H NMR spectra were measured in deuterated
chloroform (CDClL,) for CPADB and deuterated dimethyl
sulfoxide (DMSO-d,) for PHEMA-b-F127-b-PHEMA on
Bruker AV300 MHz. Number-average molecular weights
and the polydispersity indices were measured on PL-GPC
220 system, DMF was used as the mobile phase at a flow
rate of 1 mL min™. The surface chemistry of the fabricated
membranes was confirmed by attenuated total reflec-
tance-Fourier transform infrared spectroscopy (ATR-FTIR).

The membrane porosity was measured by the gravi-
metric method [4,27]. The porosity (g, %) of the membrane
was calculated according to Eq. (1):

(m
w

— K _md) o,
e=—"—""%x100% (1)
ALp

where m , A, L are the wet membrane weight (g), effec-
tive area (cm?) and thickness (cm), m, is the dry mem-
brane weight (g), and p is the pure water density (g/cm?),
respectively. All measurements were repeated three times
and the average values were calculated to minimize exper-
imental error.

The static water contact angle was measured using
a contact angle measurement instrument (JC-2000C1) to
reveal the surface hydrophilicity of fabricated membranes.
Deionized water was dropped randomly on the surface
of the membrane sample at five locations, and the average
value was obtained.

BSA was used as a model protein to evaluate the anti-
fouling ability of fabricated membranes. Each tested mem-
brane was rinsed with buffer solution (0.1 M PBS, pH =7.4).
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Table 1

Composition of casting solutions for preparation of the PES composite membranes

Membrane PES (wt.%) Additive (wt.%) DMAc (wt.%)
PES 15 0 85.00
PES/F2 (m2) 15 0.30 F127 84.70
PES/F5 (m5) 15 0.75 F127 84.25
PES/F10 (m10) 15 1.50 F127 83.50
PES/FH2 (M2) 15 0.30 PHEMA-F127-PHEMA 84.70
PES/FH5 (M5) 15 0.75 PHEMA-F127-PHEMA 84.25
PES/FH10 (M10) 15 1.50 PHEMA-F127-PHEMA 83.50

The treated membrane was immersed into 20 mL of BSA
solution (0.2 g L', pH = 7.4) in an airtight glass bottle
and shaken in darkness at 25°C for 24 h. The amount of
adsorbed BSA was calculated from the concentrations of
BSA in the solution before and after BSA adsorption.

2.5. Oil-in-water emulsion preparation

Engine oil (20 W—40) and SDS were added to deion-
ized water, the mass ratio of oil and SDS was 9:1, and oil
concentration was 0.9 g/L. Then the mixture was dispersed
by a high-shear dispersion homogenizer for 30 min to
obtain a steady oil-in-water emulsion.

2.6. Membrane Performance Characterization

A dead-end stirred cell (CB-380) filtration system
was used to survey the permeate flux of the prepared
membranes. The tests were carried out at 25°C + 1°C with
a stirring speed of 400 rpm. The detailed procedure con-
sisted of the following steps: (1) each test membrane was
initially pressurized at 0.15 MPa for 0.5 h, then, the pres-
sure was decreased to 0.1 MPa and the stable pure water
flux (PWF) was obtained as J,; (2) then, oil-in-water emul-
sion (0.9 g/L) was permeated through the test membrane.
After 1 h of oil-in-water emulsion filtration, the oil flux
was obtained as | ; (3) after that, the fouled membranes
were washed with deionized water for about 30 min; (4)
finally, the pure water flux (J,,) of the cleaned membrane
was obtained according to the first step. The |, .., /., (L/
m?h) were calculated by Eq. (2):

J=— )

where V (L), t (h), A (cm?) are the volume of permeated
water, the filtration time, the effective membrane area,
respectively. The oil concentrations of the permeate solu-
tion (CV) and the feed solution (C) were measured by spec-
trophotometer at 531 nm wavelength. The oil rejection, r
was calculated according to the following expression:

C
r= {1 —”J x100% 3)
C

f

To evaluate the antifouling ability of the as-prepared
membrane, flux recovery ratios (FRR) was calculated by
the following equation [4,27]:

FRR =122 % 100% 4)

wl

The reversible fouling (R), irreversible fouling (R, ) and
total fouling (R,) can be obtained by the following equa-
tions [4,27]:

R = (] w2~ J J x100% ®)
wl
R, = (MJ x100% (6)
wl
R =R +R_= []1_]1] x100% @)
wl

3. Results and discussion

3.1. Characteristics of synthesized polymer additives
PHEMA-b-F127-b-PHEMA

The synthetic route for preparing PHEMA-b-F127-b-
PHEMA is depicted in Fig. 1. As can be seen, the RAFT
agent, CPADB is synthesized using a previously pub-
lished method [26]. Then, the F127-CPADB acting as a
macro chain transfer agent is synthesized via the ester-
ification reaction of CPADB and F127. The PHEMA-b-
F127-b-PHEMA is prepared through reversible addition-
fragmentation chain transfer (RAFT) polymerization.

FT-IR spectra for F127, F127-CPADB and PHEMA-b-
F127-b-PHEMA are exhibited in Fig. 2. In the case of F127
(Fig. 2a), the typical peak associated with CH_ stretch-
ing vibration is visible at around 2,900 cm™. In contrast,
a new weak peak at 1,735 cm™ appears (Fig. 2b), which is
assigned to -C=0O groups, indicating that the CPADB has
been successfully graft to the F127. After RAFT polym-
erization, a strong peak around 3,400 cm™ due to O-H
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stretching is observed which correlated with the struc-
ture of PHEMA, and the characteristic adsorption peak
assigned to carbonyl (C=0O) vibration is clearly visible at
1,735 ecm™, indicating the successful RAFT polymerization
of PHEMA-b-F127-b-PHEMA.

The successful synthesis of CPADB is confirmed by
'H NMR analysis (Fig. 3). As shown in Fig. 3, the chem-
ical shifts at 7.2-7.8 ppm are assigned to aromatic protons
(d, e, f), the chemical shifts at 1.9 ppm could be ascribed to
the protons of -CH_— (c).

\q -OH \ -C=0

| | | ! |
4000 3200 2400 1600 800
Wave number (cm™)

Fig. 2. FT-IR spectra of (a) F127, (b) F127-CPADB, and
(c) PHEMA-F127-PHEMA.
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Fig. 3. "TH-NMR spectra of CPADB in CDCl,

Fig. 4 exhibits the 'H NMR spectra of PHEMA-b-
F127-b-PHEMA. As shown in Fig. 4, the chemical shifts at
3.64, 3.88 and 4.86 ppm are assigned to the adsorption of
-0-CH, (c), -CH,-OH (b) and -OH (a), the chemical shifts
at 1.9 and 0.7 ppm could be ascribed to the protons of —
CH,- (d) and —-CH, (e) at the polymer main chains, indi-
cating the successful synthesis of PHEMA-F127-PHEMA.

The number-average molecular weights (M) and the
polydispersity indices (PDI) of the F127 and PHEMA-b-
F127-b-PHEMA, deduced from GPC are listed in Fig. 5.
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Fig. 4. 'H-NMR spectra of PHEMA-F127-PHEMA in DMSO-dé.
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Fig. 5. GPC spectra for F127 and PHEMA-b-F127-b-PHEMA.
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Clearly, the M of the PHEMA-b-F127-b-PHEMA is deter-
mined to be 24,207 g/mol and molecular weight distri-
butions remained narrow (PDI = 1.25), this indicates a
controlled polymerization. Combined with the analy-
sis of FTIR, 'H NMR and GPC, it is reasonable to assume
that the PHEMA-b-F127-b-PHEMA has been successfully
synthesized.

3.2. Surface-segregation of PHEMA blocks
on the membrane matrix surface

In this work, PPO is designed as the hydrophobic seg-
ments of the amphiphilic additive used for the modification
of PES membranes. The PPO backbones in the PHEMA-
b-F127-b-PHEMA are amalgamated with PES molecular
and act as an anchor of PHEMA chains. The enrichment
of PHEMA chains on the membrane surface is confirmed
by ATR-FTIR analysis. As shown in Fig. 6a, the pure PES
membrane shows no adsorption peaks at 3,400 cm™ (O-H
stretching) and 1,735 cm™ (carbonyl vibrations), while the
signal are clearly visible for the PES/FH composite mem-
brane (M5), and PHEMA is the only source of those adsorp-
tion peaks, indicating the successful surface-segregation of
PHEMA blocks on membrane matrix surface.

3.3. Morphology of the membrane

The surface and cross-section morphologies of PES
blank membrane and M5 composite membranes are
observed. As shown in Fig. 7, all tested membranes exhibit

asymmetric structures, including a wafery dense top-layer,
a porous finger-like sub-layer and fully developed mac-
rovoid. The composite membranes have higher porosity
and larger surface pore size than PES blank membrane.
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Fig. 6. ATR-FTIR spectra of (a) PES and (b) PES/FH5 membranes.

Fig. 7. Surface and cross-sectional morphologies of the PES (a, c) and M5 (b, d) membranes.
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Moreover, quantitative calculation results of porosity are
shown in Fig. 8, which will discuss in detail in the follow-
ing sections. There are no appreciable cross-sectional mor-
phological variations between the PES membrane and M5
composite membrane.

3.4. Porosity and hydrophilicity of as-prepared membrane

The porosity of as-prepared membranes is quantita-
tively calculated and listed in Fig. 8. It could be seen that
the porosity of membranes increases initially with the
addition of a low amount of F127 and PHEMA-b-F127-
b-PHEMA. Then, they reach the maximum when the
F127 and PHEMA-b-F127-b-PHEMA dosage is 5 wt.%.
However, they tend to decrease with the further increase
the additive content, which is similar to other researches
and would be explained by the following reasons: (1)
thermodynamic stability of the casting solution would
decrease after blending with the hydrophilic polymer,
which results in the phase separation is happened at a
relatively low polymer concentration [28]. As a result,
the membrane having high surface porosity; (2) when
the additive content is relatively high, the increased vis-
cosity of the casting solution would significantly slow
the exchange of DMAc and water as well as suppressed
the formation of large pore size. As we know, the ther-
modynamic enhancement and rheological hindrance
have the opposite effect on the porosity of as-prepared
membranes. At a low additive concentration (2 wt.%,
5 wt.%), the thermodynamic enhancement played a dom-
inant role, endowing the membrane high porosity. In
the contrary, at a high additive concentration (10 wt.%),
membranes with low porosity are obtained, which is
attributed to the rheological hindrance that resulted from
the increased viscosity of the casting solution.

Fig. 9 shows the water contact angle of the pristine
PES membrane and PES/F, PES/FH composite membranes.
The contact angle decreases from 84.5° + 1.5° to 77.4° + 2.3°,

—dh— PES/F membrane
80 - —¥—PESIFHmembrane T
_ i
& 70 + L1
2 1 .
8 60 - -
o]
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50 +
1%
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Fig. 8. Effect of additive content on porosity of PES/F and PES/
FH composite membranes. Data were means + SD (1 = 3).

66.4° + 2.2°, and 63.9° + 2.1° respectively with the increase
of F127 dosage, showing the better water affinity after
the addition of the F127. Compared to the PES/F mem-
branes, the PES/FH composite membranes present better
hydrophilicity. Especially, the contact angle decreases to
59.1° + 3.6° when the PHEMA-b-F127-b-PHEMA dosage is
10 wt.%. This may be attributed to the stronger interaction
between PHEMA blocks and water, which could drive the
hydrophilic chains to migrate toward the membrane surface
to minimize the interfacial free energy during the immer-
sion precipitation process.

3.5. Permeation and antifouling properties
of as-prepared membrane

The antifouling ability of the membrane can be
reflected by the protein (BSA) adsorption test. As every-
one knows, lower amounts of BSA adsorbed on the
membrane indicate the better antifouling ability of the
membrane. The BSA adsorption results are shown in
Fig. 10. The unmodified PES membrane displays the
highest adsorption of BSA due to the hydrophobic nature
of the PES materials, implying that the unmodified PES
membrane is easily fouled by protein in water. The BSA
adsorption amount of modified composite membranes
is obviously lower than the PES membrane. Compared
to the PES/F membranes, the PES/FH composite mem-
branes have lower BSA adsorption amounts. This attri-
butes to the better hydrophilicity of PES/FH composite
membranes, which can effectively form a water molecule
layer on the membrane surface and hinder the approach
of protein. Therefore, the antifouling ability is noticeable.

Fig. 11 shows time-dependent flux for PES/F and PES/
FH composite membranes. The test procedure consisted
of the following steps: each membrane was initially pres-
surized at 1.6 bar for 1 h; Then, the operation pressure was
reduced to 1.0 bar and the stable pure water flux (PWF)
was measured as |, ; the feed liquid was changed to the oil-
in-water emulsion, after 1 h filtration, the average oil flux

90
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Fig. 9. Effect of additive content on static water contact angle of
PES/F and PES/FH composite membranes. Data were means + SD
(n=3).
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was recorded as ] ; after that, the fouled membrane was
rinsed with deionized water for about 30 min (not shown
in Fig. 11); finally, the stable pure water flux (J,,,) of cleaned
membrane was obtained.

The pristine PES membrane exhibited the low-
est PWF around 64.10 L/m?h, after the addition of F127
and PHEMA-b-F127-b-PHEMA, the PWF significantly
increases at first, the flux of M5 reached to a maximum,
which is about 5.1 times than that of the pristine PES
membrane. As we know, the permeation flux was mainly
determined by the hydrophilicity and porosity of the
membrane. When 2, 5 wt.% additive was introduced into
the casting solution, there were relatively high porosity (as
shown in Fig. 8) compared to the pristine PES membrane

70
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b —y—PES/FH membrane
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o
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BSA adsorption (ug-cm?)

30 I ' I ' I ' I ! | ' I
0 2 4 6 8 10
Additive content (%)

Fig. 10. BSA adsorption of PES/F and PES/FH composite mem-
branes.
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Fig. 11. Time-dependent flux for PES/F and PES/FH composite
membranes with different content.

and enhanced hydrophilicity (as seen in Fig. 5) exhibited
pure water flux of 168.02, 292.37 (m2,m5) and 202.71,
329.72 L/m*h (M2,M5). Interestingly, the values decreased
with the further increase of the additive (10 wt.%).
Since the hydrophilicity of m10 and M10 were higher
than other membranes, the improved hydrophilicity could
promote water molecules to pass through effectively the
membrane pores, which would increase permeation flux
[29,30]. But the flux is inconsistent with the hydrophilicity,
this may be caused by the influence of the porosity was
more significant.

After filtration of pure water, the oil-in-water emul-
sion was permeated through the test membrane.

The oil rejection of the PES blank membrane and
composite membranes was 100%, indicating excellent oil
removal efficiency, which can be confirmed by Fig. 12.
For all test membranes, the flux behaved similarly and
reduced sharply in few minutes of ultrafiltration, which
was attributed to filtration cake formation by oil adsorp-
tion and deposition on the membrane surface [7]. After the
dynamic balance between the deposition and re-suspension
of oil droplets was reached, a relatively steady flux was
obtained. It was worth noting that the PES/FH composite
membranes (M2, M5 and M10) had less flux decrease than
other membranes (PES, m2, m5 and m10). The membrane
with more hydrophilicity, the less decrease for the flux.
After 30 min rinsing the fouled membranes, the PWF of the
washed membranes was recovered in different degrees.

Fig. 12. The optical images of solution before and after separation
of M5 membrane.
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Table 2
Summary of the corresponding fouling parameters of PES, PES/F and PES/FH membranes
Membrane R, (%) R, (%) R, (%) R /R, (%) R /R, (%)
m, 82.70 £ 0.60 54.25+0.36 28.45+0.44 65.60 +1.17 34.40 +2.52
m, 62.81+2.36 35.01+2.52 27.80+1.45 55.74 +3.06 44.26 +1.85
m, 58.20 +1.95 26.81+£3.37 31.39+1.38 46.07 +3.61 53.93 +3.28
m,, 56.16 +1.60 24.77 £3.11 31.39+1.22 44.11+1.30 55.89 +2.51
M, 57.67 £1.01 3232+1.31 25.35+3.99 56.05+1.90 43.95+1.57
M, 48.66 £2.72 20.46 +1.42 2820 +1.34 42.05+1.05 57.95 +2.45
M, 47.20 £2.66 19.18 + 1.64 28.02 +3.09 40.64 £2.01 59.36 +2.34
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Fig. 13. Effect of additive content on water flux recovery ratio
(FRR) of PES/F and PES/FH membranes. Data were means + SD
(n=3).

The flux recovery rate (FRR) was introduced to evalu-
ate the surface modification, the FRR value was obtained
according to Eq. (5) and the results are exhibited in Fig. 13,
the higher the FRR value, the better antifouling property of
the membrane. Clearly, the FRR of M membranes (67.68%,
79.54% and 80.82% for M2, M5 and M10, respectively) were
higher compared to the m membranes (64.99%, 73.19%,
and 75.23% for m2, m5 and m10, respectively) and pris-
tine PES membrane (45.75%), displaying the better anti-
fouling ability. Much research has revealed that if the
hydrophilicity of membrane surface is sufficiently high,
the oil adsorption could be reduced remarkably [4,5,7].
In this study, PES membranes were modified by PHEMA-
b-F127-b-PHEMA, and the highly hydrated PHEMA chains
adsorbed large quantities of water molecules and formed a
homogeneous water layer. Thus, the irreversible oil adsorp-
tion or deposition was restricted to a lower level, and the
flux could be mostly recovered after water washing.

To further analyze the membrane fouling in detail, the
R, R, and R, values of fabricated membranes were calcu-
lated and are listed in Table 2. The pristine PES membrane

0 2 4 6 8 10
Washing time (day)

Fig. 14. Water contact angle of m5 and M5 membranes after
shaken in water for some time.

has the highest R, (82.70%), indicating that the PES mem-
brane suffered a severe permeation flux decline that resulted
from the oil fouling. As for the m membrane, the R, for
m2 reached 62.81% and those for m5, m10 reduced to
58.20%, 56.16%, respectively. It was worth noting that the
R, of M membranes was evidently lower than m mem-
brane. Furthermore, the percentage of reversible fouling in
total fouling (R /R,) increased and reached to a maximum
(59.36%) when PHEMA-b-F127-b-PHEMA dosage was
10 wt.%, which was higher than that of m10 (55.89%) and
pristine PES membrane (34.40%), indicating the reversible
fouling plays a vital role in permeation flux decline and the
flux can be recovered quickly by hydraulic cleaning [31].

3.6. Stability of the additive in the composite membranes

The stability of the additive is a vital factor affecting
the lifespan of membrane, which can be detected by mea-
suring the water contact angle of the membrane surface
before and after shaking [31]. In this present study, the
composite membranes of m5 and M5 were chosen, which
were immersed into deionized water under continuous
shaking at 50°C for different time spans (2, 4, 6, 8, 10 d). As
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Fig. 15. The water contact angle of M5 membrane after washed
with aqueous solutions at pH =1, pH=13 and 1 M NaCl for 10 d.

presented in Fig. 14, the membrane surface contact angle
gradually increased with the increase of the shaking time.
The contact angle of the fresh m5 membrane (shaking for
0 d) was 66.4° + 2.2°. After continuously shaking for 10 d,
the contact angle increased 18.5% and reached 78.7° + 2.3°.
As for M5 membrane, the water contact angle after shak-
ing 10 d (65.5° + 1.1°) was slightly higher than that of the
fresh membrane (62.2° + 2.8°), which increased 5.2% only,
displaying the better stability.

Furthermore, the water contact angles of M5 membrane
after washed with different aqueous solutions (pH = 1,
pH = 13 and 1 M NaCl) for 10 d are shown in Fig. 15.
As shown in Fig. 15, the water contact angles had a little
variation after shaking 10 days of different aqueous solu-
tions (68.2°, 69.3° and 67.8° for pH =1, pH =13 and 1 M
NaCl, respectively), suggesting the excellent stability of the
PES/FH composite membrane.

4. Conclusions

The incorporation of copolymer PHEMA-b-F127-b-
PHEMA containing reactive PHEMA chains into PES
membranes offered a possibility to improve the hydro-
philicity and antifouling properties of PES membranes.
The hydrophilic PHEMA chains in the copolymer additive
were concentrated onto the fabricated membrane surface
due to the surface segregation phenomenon in the NIPS
process. Furthermore, the PHEMA chains enriched on the
PES composite membrane surface, which could act as an
anchor to immobilize the initiating site. Therefore a lot of
functional polymers would effectively graft onto the PES
composite membranes by surface-initiated radical polym-
erization, which provides a facile technology for designing
and fabricating antifouling advanced membranes.
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