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Abstract Superhydrophilic stainless steel mesh mem-
branes (SSMMs) with excellent antifouling, antimicro-
bial, and filtration performance, based on three-layer
architecture, have been successfully prepared by a
facile and environmentally friendly strategy. The
superhydrophilic terpolymer poly(DMHB-SPP-
HEA), denoted as PDSH, was synthesized through
aqueous solution polymerization. PDSH-coated
SSMMs (PDSH-SSMMs) were achieved by successive
dip-coating of the commercial SSMMs into polyvinyl
alcohol, divinyl sulfone (DVS), and PDSH solutions.
The DVS layer and PDSH solution were crosslinked
through DVS chemistry to enhance the hydrophilicity
and provide a number of unique properties, such as
antimicrobial activity, antifouling ability, and oil–water
separation capability. Two different PDSH-SSMMs,
PDSH0-SSMM and PDSH5-SSMM, were prepared
and characterized using FTIR, SEM, and contact angle
measurement (CAM). The antimicrobial activity,
bovine serum albumin (BSA) fouling, and oil–water
separation performance were evaluated simultane-
ously. The results indicate that PDSH0-SSMM is an
excellent oil–water separation membrane for long-term
separation, together with its extra antimicrobial and
antifouling properties. It is promising for the industri-
alization of multi-functional membranes through this
facile and environmentally friendly strategy.
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Introduction

Research into antimicrobial polymers has grown over
recent years. Most of them focus on experiments and
understanding of the chemical structures, polymer
architectures, antimicrobial performance, interactions
between the polymers and microbial agents, and so
on.1–7 Among the various types of antimicrobial
polymers reported hitherto, quaternary ammonium
compounds (QACs) are pioneers, due to their out-
standing stability, and are drawing great attention with
a view to their application in permanent surface
coatings.5,8,9 In the 1980s, Ikeda et al. synthesized
two cationic polyelectrolytes (polymethacrylate con-
taining pendant biguanide groups and polyvinylbenzyl
ammonium chloride) which showed enhanced antimi-
crobial activity against S. aureus and Escherichia coli
(E. coli).10,11 Polycationic antimicrobial polymers are
able to disrupt the outer, as well as the cytoplasmic,
membrane and cause cell lysis resulting in cell death.
Izumrudov et al. synthesized poly(N-alkyl-4-vinylpyri-
dinium) bromides, poly(N,N-dimethyldiallylammo-
nium) chloride, and ionene bromide, and revealed
that all these polymers were pH and salt indepen-
dent.12 Recently, poly (2-dimethylaminoethyl
methacrylate) (PDMAEMA) and its derivatives have
been extensively studied as their tertiary amines can be
quaternized to produce antimicrobial cationic poly-
mers through a simple and efficient post-modification
process.13,14

Membrane filtration technology has been widely
used to treat wastewater and drinking water in recent
years because of its ease of operation, low power
consumption, and high separation efficiency. However,
the membranes are easily fouled by macromolecules or
high molecular-weight compounds, including bacteria
and viruses. In order to resolve this issue, a variety of
antifouling strategies have been developed.15–18 The
most attractive approach is utilizing polymeric coating
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based on two types of key polymers: nonionic polymers
such as polyethylene glycol (PEG) and zwitterionic
polymers such as poly (methacryloyloxyethyl phospho-
rylcholine) (PMPC), poly (sulfobetaine methacrylate)
(PSBMA), and poly (carboxybetaine methacrylate)
(PCBMA).19 In contrast to PEG and other nonionic
materials which bind water molecules via hydrogen-
bonding hydration, zwitterionic polymers are able to
achieve much stronger hydration by means of electro-
static induction.20,21 The structural similarity and
hydration interaction against the surface of the protein
or bacteria are the main antifouling mechanism in
zwitterionic polymers. It has been proved that surfaces
modified with zwitterionic polymers have excellent
antifouling capability against proteins, cells, and bac-
teria.22,23

A combination of the antimicrobial and antifouling
features would make the filtration membrane more
favorable for treatment of wastewater and drinking
water. These membrane surfaces are based on the
combination of ‘‘kill and resist’’ strategies within one
system, which can kill attached bacteria as well as resist
their negative effects.24 The antimicrobials can be (I)
tethered to antifouling hydrophilic polymers, (II)
alternately deposited with an antifouling layer (layer-
by-layer deposition), or (III) stored in an antifouling
matrix and substantially released. Inspired by tea
stains, Kang et al. synthesized a brominated tannic
acid (TABr) initiator primer by modification of tannic
acid with alkyl bromide functionalities. The TABr with
trihydroxyphenyl moieties can be easily anchored onto
a stainless steel surface, and the alkyl bromide moieties
serve as initiation sites for atom transfer radical
polymerization (ATRP) with the cationic monomer
[2-(methacryloyloxy) ethyl] trimethyl ammonium chlo-
ride (META) and zwitterionic monomers: 2-methacry-
loyloxyethyl phosphorylcholine (MPC) or N-(3-
sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylam-
monium betaine (SBMA), affording a grafted antifoul-
ing and antimicrobial polymer brush surface.25 Recently,
Ye et al. established a novel architecture with block
copolymer brushes on commercial thin-film composite
(TFC) membranes with a polydopamine (PDA) tran-
sition layer for integrated ‘‘defending’’ and ‘‘attacking’’
strategies; the polymer brushes were polymerized by
grafting cationic [2-(methacryloyloxy) ethyl] trimethyl
ammonium chloride (MTAC) and zwitterionic SBMA
from bromoalkylated dopamine via activators regen-
erated by electron transfer-atom transfer radical poly-
merization (ARGET-ATRP). The results showed that
the modified TFC membrane maintains the same water
permeability and salt selectivity as the pristine TFC
membrane, together with low biofouling property and
excellent bacterial inactivation.26

Although the results are promising, the above
strategies still have some disadvantages that limit their
wide application. Massive solvent consumption and
harsh reaction conditions are always required during
the controlled polymerization of ATRP procedure,
which makes the preparation of the functionalized

filtration membrane lack of efficiency, economy and
environmental friendliness, and there should be signif-
icant difficulties in commercial translatability. Besides,
the usage of catechol-based dopamine may be not
affordable on an industrial scale. Therefore, more
economical and environmentally friendly surface mod-
ification techniques without compromising membrane
performance are highly desired.

Herein, we report on a three-layer architecture
based superhydrophilic stainless steel mesh membrane
(SSMM) with the aid of aqueous solution polymeriza-
tion and successional dip-coating approach. The
cationic moieties on the surface of the top layer can
act as ‘‘spears,’’ and the zwitterionic moieties serve as
‘‘shields’’ meanwhile. To the best of our knowledge,
this facile and environmentally friendly layered struc-
ture of superhydrophilic antimicrobial and antifouling
filtration membrane has not yet been reported.

In this study, the terpolymer poly (DMHB-SPP-
HEA), denoted as PDSH, was polymerized first, with
hydroxyethyl acrylate (HEA), cationic monomer
methacryloxyethylhexadecyl dimethylammonium bro-
mide (DMHB) and zwitterionic monomer N-(3-
methacryloylimino) propyl-N, N-dimethylammonio
propanesulfonate (SPP), via aqueous solution poly-
merization. The DMHB monomer may serve as a
polymeric emulsifier, and the emulsifier-free polymer-
ization process barely harms the surroundings. Divinyl
sulfone (DVS) chemistry was then applied to conjugate
PDSH covalently onto the hydroxyl groups of the PVA
pre-coated commercial SSMM through nucleophilic
addition considering that DVS is a popular crosslinking
reagent for its unique reactivity, stability, solubility,
and affordability.27,28 The DVS chemistry has been
widely used in the construction of polymer networks,
especially for the crosslinking of different natural
polymers, such as cellulose, dextran, and hyaluronic
acid.29 The crosslinking reaction was achieved by a
straightforward two-step method of dip-coating to
obtain the layered structure suitable for the microfil-
tration membrane. The approach of successional dip-
coating in aqueous solution was proved to be facile and
harmless to the environment.

The intrinsic properties of the functionalized PDSH
terpolymer coated stainless steel mesh membranes,
denoted as PDSH-SSMMs, such as the surface chem-
istry, contact angle, and microstructure, were charac-
terized. The antifouling efficiency was evaluated with
bovine serum albumin (BSA) solution. The antimicro-
bial activity was studied using E. coli strains, that are
known to be abundant in municipal wastewater and
pose a big threat to drinking water security.2 The oil–
water separation performance was investigated with a
xylene–water mixture and the reusability of the PDSH-
SSMMs was also discussed in light of results arising
from 14 test cycles used to represent long-term oil–
water separation. All these results prove that the
superhydrophilic microfiltration membranes with
layered structure have excellent antifouling,
antimicrobial, and filtrating performance. Further-

J. Coat. Technol. Res., 14 (1) 243–253, 2017

244



more, hope can be seen for the industrialization of
multi-functional membrane through this facile and
environmentally friendly strategy.

Experimental

Materials

2,2¢-azobis(2-methylpropionamide) dihydrochloride
(AIBA), hydroxyethyl acrylate(HEA), divinyl sulfone
(DVS), bovine serum albumin (BSA) standard solu-
tion (16.9 g/L), and Escherichia coli strains (K12) were
purchased from Sigma-Aldrich, China. N-(3-methacry-
loylimino) propyl-N,N-dimethylammonio propanesul-
fonate (SPP), and methacryloxyethylhexadecyl dimethy-
lammonium bromide (DMHB) were purchased from
Hubei Jadechem Chemicals Co., Ltd., China. Polyvinyl
alcohol (PVA 2488, polymerization degree 2400, alco-
holysis degree 88%) was purchased from Taiwan
Changchun Chemicals. Anhydrous ethanol, NaOH,
NaCl, xylene, and CCl4 were of analytical grade and
purchased from Aladdin, China. All chemicals were
used as received without any treatment. Cellulose
acetate microfiltration membrane (5 kDa molecular-
weight cut-off) was purchased from Sartorius, China.
Commercial stainless steel mesh membranes (300
mesh) were kindly provided by Nianfa Sieving Mesh
Co., Ltd., Guangzhou, China, and cut into circular discs
with a diameter of 6 cm. Deionized (DI) water was
obtained from a Milli-Q ultrapure water purification
system (Millipore, China).

Terpolymer synthesis

Two 10% (weight ratio) PDSH polymer solutions were
synthesized with weight ratios of monomers (DMHB/
SPP/HEA) of 0/90/10 and 5/85/10, respectively, de-
noted by PDSH0 and PDSH5.

The PDSH5 was synthesized as follows: 0.25 g
DMHB was dissolved in 5 mL DI water in a 100 mL
three-necked round-bottomed flask with magnetic
stirring for 10 min, 4.25 g SPP powder and 0.5 g
HEA were added to the flask simultaneously under
magnetic stirring for another 10 min. After that, 30 mL
DI water was added to the flask over 8 min, the
solution became clear after 20 min. The flask was
bubbled with N2 for 1 h to purge the O2 therein and
the N2 atmosphere was maintained during polymer-
ization. Then the flask was heated to 80�C with stirring.
Some 0.05 g AIBA were dissolved in 10 mL DI water
and added dropwise over a 5-h period to allow
polymerization. The reaction solution was heated to
90�C thereafter, and the temperature was maintained
for 1 h. Finally the solution was cooled to ambient
temperature, the N2 atmosphere was pumped out, and
the polymerization terminated.

The prepared polymer was then purified through
dialysis, the polymer solutionwas poured into a cellulose
acetate membrane tube and dialyzed for 7 days against
fresh DI water to get rid of the residual monomers, the
dialysate was collected thereafter for the next dip-
coating step, and some of the dialysate was taken out in
the meantime and lyophilized for characterization.

The PDSH0 was synthesized by directly dissolving
4.5 g SPP and 0.5 g HEA in 35 mL DI water, and
purified through dialysis (the procedure used matched
that used with the PDSH5).

PDSH-SSMMs preparation

The PDSH-SSMMs with three-layered architecture
were prepared by facile successive dip-coating the
commercial SSMMs in PVA, DVS, and PDSH solu-
tions. To begin with, PVA 2488 was dissolved in DI at
90�C DI water to get a 5% (weight ratio) PVA
solution. The commercial SSMMs were cleaned as
follows: they were immersed in 10% NaOH solution
for 4 h followed by washing with DI water, the meshes
were then ultrasonically cleaned three times in anhy-
drous ethanol for 10 min each time, rinsed with DI
water, and then dried at 80�C for 8 h.

The PDSH-SSMMs were achieved by immersing the
cleaned SSMMs into the 5% PVA solution for 10 min,
pulled out vertically and dried at 110�C for 2 h. Then
the PVA pre-coated SSMMs (PVA-SSMMs) were
immersed into a pH 12 DVS-NaOH solution for 1 h,
followed by dipping into PDSH solutions for 24 h to
insure sufficient crosslink formation. Finally, the PDSH-
SSMMs were dried in a vacuum oven at 60�C for 12 h.

The synthesis of the PDSH terpolymers and the
preparation procedure of the PDSH-SSMMs are
shown in Figs. 1 and 2.

Terpolymer characterization

The functional groups on the synthesized PDSH
terpolymers and monomers were determined by Four-
ier transform infrared spectroscopy (FTIR) using
Perkin Elmer 1730 spectrometer. The spectra were
collected over the range 4000–400 cm�1.

Surface characterization

The functional groups of the surface layer of the
PDSH-SSMM were measured by a Perkin Elmer 1730
equipped with an attenuated total reflectance (ATR)
attachment. Scans, with 256 iterations, were under-
taken over the range 700–4000 cm�1. An SEM instru-
ment (Hitachi S3700) was used for the morphological
investigation of the PDSH-SSMMs; all samples were
sputter-coated with an approximately 70-nm-thick
layer of gold before SEM imaging. Then contact angle
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measurements were performed using ultrapure water
by the sessile drop method on a Dataphysics CAM
instrument (Dataphysics OCA40 Micro). The volume
of each droplet was 2.0 lL. For each sample, at least
five measurements were taken and the average value
was calculated.

Biological characterization

The antimicrobial activity was determined by an
intimate contact method according to the AATCC

100-2004 standard, which is especially suitable for
textiles coated with quaternary ammonium compounds
(QACs).30–32 E. coli strains were used to evaluate the
antimicrobial activity of the coated SSMMs. The
strains were suspended in pH 7.0 PBS at a concentra-
tion of 105 CFU/mL. The PDSH-SSMMs were intro-
duced into 200 mL of the bacterial suspension in an
Erlenmeyer flask. The flask was shaken in a water bath
at a temperature of 37�C. A control experiment was
carried out using just the PVA-SSMM under the same
conditions. After the membranes had been in contact
with the bacterial suspension for 8 h, 0.1 mL of the

°c

Fig. 1: Schematic illustration of the synthesis of PDSH terpolymer. DMHB, SPP, and HEA were used as monomers for the
aqueous solution polymerization

+

+

+-

- -
-
+

+
+

+

+-

- -
- ++

+

+

+-

- -
-
+

+ + +

+
- -

-
-

-

+

+

+ +

+
- -

-
-

-

+

+

+ +

+
- -

-
-

-

+

+

+

+

+
-

- -
-

-

+

+

+

+

+
-

- -
-

-

+

+

+

+

+
-

- -
-

-

+

+

Fig. 2: Schematic illustration of the preparation procedure of PDSH-coated stainless steel mesh membranes (PDSH-
SSMMs) with layered structure by the successive dip-coating method
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bacterial suspension was pipetted out from the flask,
and 0.9 mL of sterile water was added to this suspen-
sion. The suspension was diluted several times and
0.1 mL of the diluted suspension was spread onto a
triplicate solid agar plate. The plates were then
incubated at 37�C for 24 h, and the numbers of the
viable cells were counted thereon.

Fouling experiments were investigated in a dead-
end homemade testing cell as follows: 10 mL of BSA
standard solution was centrifuged for 10 s at 10,000
rpm. The supernatants were then removed and diluted
with PBS to a concentration of 100 mg/L. Under
gravity, microfiltration was started as soon as the BSA
solution was added to the 30-cm high test cell. The
PVA-SSMM and the PDSH-SSMMs (PDSH0,
PDSH5) were used for microfiltration, and the effec-
tive membrane area for filtration was 19.635 cm2 with a
diameter of 5 cm. The steady flux (F) was recorded by
the collection of the volume of the filtrates. Likewise,
the pure water flux was investigated (as above) and the
steady flux (F0) was also recorded by the collection of
the volume of the filtrates.

Filtration tests

Oil–water separation experiments using the PDSH-
SSMMs were carried out in the aforementioned dead-
end homemade testing cell. The oil–water mixture was
prepared as follows: 496.5 g DI water were dyed with
red ink droplets, then 3.5 g xylene were directly added
to the red water solution under magnetic stirring to
obtain a 3 g/L oil–water mixture. Then the oil–water
mixture was added to the testing cell to a depth of
30 cm, and the steady flux was measured under gravity
by collecting the volume of the filtrates.

The separation-rinse cycle tests were performed as
follows: PDSH-SSMMs were recovered by rinsing with
copious amounts of DI water after each separation
procedure and used for multiple separation-rinse
cycles; the steady flux of the filtrates was also recorded.

The oil content of the filtrates, after each filtration
experiment, was measured by an infrared spectropho-
tometric oil analyzer (CY2000, Qingdao Laoshan
Electric Instruments Co., Ltd). Some 50 mL filtrate
was mixed with 50 mL acidified DI water at pH £ 2,
NaCl was added to the mixture, and then the mixture
was twice-extracted with CCl4. The extracted solutions
were diluted with CCl4 in a volumetric flask and the
diluents were added to the cuvette for subsequent oil
content measurement.

Results and discussion

Terpolymer characterization

The functional groups of the synthesized PDSH5
terpolymers and the three monomers were identified
by FTIR spectroscopy as shown in Fig. 3. The peak of
the OH group of HEA monomer can be seen at
3400 cm�1; the peak at 1720 cm�1 is attributed to the
C=O stretching vibration of the ester groups of HEA
and DMHB, while the peak of the C=O stretching
vibration of the amido group of SPP can be found at
1640 cm�1. In addition, there are two more character-
istic peaks at 1190 and 1040 cm�1 which can be
attributed to the sulfonate group of SPP, and addi-
tional two peaks representing the quaternary ammo-
nium group were located at 960 and 1390 cm�1. These
five characteristic peaks can be seen in Fig. 3e, which
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Fig. 3: Fourier transform infrared (FTIR) spectra of the monomers: (a) HEA, (b) DMHB, (c) SPP, and synthesized PDSH
terpolymers: (d) PDSH-0, (e) PDSH-5
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indicated that the PDSH5 terpolymer was successfully
prepared via aqueous solution polymerization. When
analyzing the PDSH0 terpolymer obtained without the
use of a DMHB monomer, analogous characteristic
peaks can be found in Fig. 3d, except for the quater-
nary ammonium group. DMHB, SPP, and HEA
monomers might simultaneously participate in the
emulsifier-free polymerization in aqueous medium

since the DMHB is essentially a polymeric emulsifier.
The emulsifier-free polymerization will be helpful in
eliminating the consumption of organic solvents and
proved to be environmentally friendly.

Surface characterization

The synthesized PDSH terpolymers were conjugated
to PVA-SSMM through the successive dip-coating
method, and the membrane surface chemistries of the
PDSH5 terpolymer membrane and the PDSH5-
SSMMs were then analyzed by ATR-FTIR spec-
troscopy (Fig. 4). The PDSH5 terpolymer membrane
was prepared by blade coating and drying in a vacuum
oven at 50�C to get a 10 lm thin film. When the
PDSH5 terpolymer was covalently bonded to the
surface of the PVA-SSMM via DVS chemistry, the
difference between the PDSH5 terpolymer membrane
and the crosslinked PDSH5-SSMM could be verified
using the characteristic peaks for the sulfone group of
the DVS.33 It can be seen in Fig. 4 that there are small,
but apparent, differences between the PDSH5 terpoly-
mer membrane and the PDSH5-SSMMs. The new
peaks appearing at 1153 and 1097 cm�1, belonged to
the S=O stretching vibration, and confirmed the
successful conjugation between PDSH and PVA-
SSMM. The electrophilic double bond of DVS
involved the conjugate addition as an excellent
Michael acceptor for the electron-poor state of the
double bond.29

The morphology of the surfaces of the PDSH-
SSMMs was characterized by SEM; SEM images of the
PDSH0-SSMM and PDSH5-SSMM are shown in
Fig. 5. It can be seen that there was no significant
difference between the two PDSH-SSMMs, and the
average pore size was found to be around 35–40 lm.
The large pore size will benefit the high flux encoun-
tered during microfiltration, and therefore make con-
tributions to improved filtration speed and reduced
energy consumption. The reason for such phenomena
may lie in two aspects: (I) The cationic hexadecyl
quaternary ammonium moieties, together with the
zwitterionic SPP moieties, may have negligible effects
on the formation of membrane pores. The chain
lengths of the SPP and DMHB molecules are assumed
to have no distinct differences when compared to the
micron-level pore sizes. (II) The crosslink reaction
occurs only between the hydroxyl groups of the side
chain of the PDSH and PVA, and this same crosslink-
ing procedure may have generated no apparent differ-
ences in the thicknesses of the crosslinked interlayer.

The surface hydrophilicity is one of the most
important factors in determining the antifouling and
the water permeability properties of MF membranes.
The hydrophilicity of the PDSH-SSMMs synthesized in
this study was evaluated by sessile drop contact angle
measurement, which is commonly used to explore the
wettability of surfaces. Photographs of the contact
angle of the PVA-SSMM and the PDSH-SSMMs are
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Fig. 4: ATR-FTIR spectra of the membrane surfaces: (a)
PDSH5 terpolymer membrane, (b) PDSH5-SSMMs. PDSH5
terpolymer membrane was prepared by blade coating the
PDSH5 solution on a polytetrafluoroethylene sheet, then
dried in vacuum at 50�C and the remaining 10 lm thin film
for the characterization was peeled off

Fig. 5: SEM images of the membrane surface in large area
view: (a) PDSH5-SSMM, (c) PDSH0-SSMM and enlarged
view of the membrane surface: (b) PDSH5-SSMM, (d)
PDSH0-SSMM
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shown in Fig. 6. It is clear that the contact angle
decreased significantly after modification by PDSH.
The PVA-SSMM had an average contact angle of
48� ± 2�. Nevertheless, the value decreased dramati-
cally to 8� ± 2� and 3� ± 1� when the PVA-SSMM was
crosslinked with PDSH5 and PDSH0 terpolymers,

giving reductions of approximately 83% and 94% in
the contact angle values, respectively. The decrease in
the contact angle indicated the creation of a superhy-
drophilic surface. After the crosslinking between PVA-
SSMM and PDSH terpolymers was terminated, the
surface became superhydrophilic due to the high
affinity of the zwitterionic polymer to water.17

Although the morphology of the two PDSH-SSMMs
had no significant differences, the contact angle of the
PDSH5-SSMM increased slightly, indicating a reduced
coverage of SPP moieties as they were replaced by
DMHB moieties: the long hexadecyl chain of the
DMHB has a lower affinity to water and thus enlarged
the contact angle therewith. Due to the superhy-
drophilicity, the PDSH-SSMMs were more resistant,
and less prone to fouling, allowing them to operate at a
constant permeability for longer period (as proved by
oil–water separation experiments).

Biological tests

Antimicrobial activity tests were carried out on the
PDSH-SSMMs and the PVA-SSMM using E. coli
strains, and the results are shown in Fig. 7. No obvious
differences in antimicrobial activity were found be-
tween the PDSH0-SSMM and PDSH5-SSMM; both of
the PDSH-SSMMs showed high antimicrobial activity,

Fig. 6: Wetting behavior study and water contact angle images of the coated SSMMs: (a) PVA-SSM, (b) PDSH0-SSMM, and
(c) PDSH5-SSMM

Fig. 7: Antimicrobial activity tests on the surface of the membranes: (a) PVA-SSM, (b) PDSH0-SSMM, and (c) PDSH5-SSMM.
E. coli strains were chosen for the measurement and the PVA-SSM was used as the control sample
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Fig. 8: Antifouling ability measurement with PVA-SSMM,
PDSH0-SSMM, and PDSH5-SSMM, respectively. The decre-
ment of the permeate fluxes for pure water and BSA
solution indicates the antifouling performance of the
membranes
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while the PVA-SSMM had poor antimicrobial activity.
The average number of CFUs surviving on the surface
of the PVA-SSMM was approximately 197, while there
were only six CFUs observed on the surface of both
PDSH-SSMMs. The bacterial removal efficiency of
both PDSH-SSMMs was as high as 97%. These results
can be explained in two ways: (I) The antimicrobial
activity was mainly due to the interaction of the
quaternary ammonium group of DMHB with the cell
membrane of microbes and was more pronounced
when the alkyl chain length was between 4 and 18,
otherwise, the antimicrobial effect may be completely
diminished, (II) The zwitterionic SPP moieties have a
high affinity to water in essence and could not adsorb
hydrophobic substances including microbes and fun-
gi.8,9 The low affinity to E. coli cell membranes can
lead to the small average number of CFUs observed on
the surface of the both PDSH-SSMMs, although the
zwitterionic groups had barely any effect on the
bactericidal process.

The antifouling propensity of the PDSH-SSMMs
was evaluated by the filtration of a 100-mg/L BSA
solution in a homemade testing cell. When pure water
was used in the microfiltration process, the PVA-
SSMM, PDSH0-SSMM, and PDSH5-SSMM all had
relatively high fluxes (1560, 1510, and 1505 mL/m2s,
respectively). However, a decrease in the flux was seen
when 100 mg/L BSA had permeated, and the fluxes
were 1250, 1430, and 1395 mL/m2s, respectively. In the
case of the PVA-SSMM, there was a decrease in flux
when fouled with BSA that can be explained by the
large number of hydroxyl groups on a surface for which
the hydrophilicity can be relatively easily enhanced. As
for the PDSH0-SSMM and PDSH5-SSMM, there was
less impact on the flux upon BSA microfiltration. The
PDSH0-SSMM and PDSH5-SSMM had a flux decre-
ment of 5.3% and 7.3%, and one of 19.9% for the
PVA-SSMM. The PDSH0-SSMM and PDSH5-SSMM
both showed a high permeate flux and excellent
antifouling ability compared to the PVA-SSMM
because of the superhydrophilic surface and their ionic
nature. Both the charge repulsion and superhy-
drophilicity of the PDSH-SSMMs reduced the degree
of BSA adsorption to the membrane surface. The
PDSH5-SSMM was less effective with regards to its
antifouling ability than PDSH0-SSMM only because of
its long alkyl chain, which is innately hydrophobic.
Therefore, the SSMMs could be most efficiently
modified by coating with PDSH0 to enhance their
surface superhydrophilicity and fouling resistance
(Fig. 8).

Filtration tests

To test the oil–water separation ability of the PDSH-
SSMMs, the aforementioned homemade testing cell
was used for multiple separations of an oil–water
mixture (Fig. 9). By using this test cell, 14 separation
cycles of a xylene–water mixture were undertaken and

Fig. 9: Demonstration of the oil–water separation process
with prepared PDSH-SSMMs: (a) before separation, (b) in
separation, (c) after separation
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Fig. 10: The effect of the number of separation cycles on
the flux of the oil–water mixture, the durability of the
membranes was evaluated after 14 separation cycles
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the steady flux over each cycle was recorded. The
steady fluxes over the first cycle, with the PDSH0-
SSMM and PDSH5-SSMM, were 930 and 918 mL/m2s,
respectively. The high flux values, driven solely by
gravity, stemmed from the surface superhydrophilicity
and relatively large pore sizes of the PDSH-SSMMs,
which were attractive from the viewpoint of energy
conservation. The slight decrease in flux with the
PDSH5-SSMM was because of the hydrophobic long
alkyl chain group of the DMHB monomer in this
PDSH5 terpolymer. The variation in flux during
subsequent separation cycles was also measured and
is shown in Fig. 10. It can be seen that the flux
decreased gradually, but there was no significant
decrease because the rate of change was less than
11%. The steady fluxes in these xylene–water mixture
separation processes were 880 and 820 mL/m2s after 14
cycles (5.4% and 10.7% decreases compared with the
values at the end of the first cycle). The relatively flat
slope of the line in Fig. 10 implies that the PDSH0-
SSMM was more superhydrophilic than the PDSH5-
SSMM.

The oil content of the filtrates with PDSH0-SSMM
and PDSH5-SSMM was 38 and 42 mg/L, which meant
that the rejection rates were 98.73% and 98.6%,
respectively. The favorable separation efficiency may
also stem from the superhydrophilic surface and ionic
functional group of the PDSH terpolymers. These
results indicated excellent oil–water separation ability
for the PDSH-SSMMs over long-term separation
operations.

Necessity of the zwitterion

To establish the role of the zwitterion, a copolymer
containing quaternary ammonium groups but no zwit-
terionic moieties was synthesized and purified follow-
ing the procedures described in the experimental
section. The DMHB-HEA copolymer, denoted as
PDH, was synthesized with monomers weight ratios
of 5/95(DMHB/HEA). The composition of PDH
copolymer was confirmed by FTIR spectroscopy. As
shown in Fig. 11, the spectrogram of PDH displays the
featured peaks from both of the two monomers (HEA

and DMHB). Then, the commercial SSMMs were
successively dip-coated in PVA, DVS, and PDH
solutions to achieve the PDH-coated SSMMs, denoted
as PDH-SSMMs. The PDH-SSMMs were character-
ized and compared with the PDSH5-SSMMs, the
results are listed in Table 1.

As shown in Fig. 11a and b, both HEA and DMHB
have the characteristic peaks at 1720 and 1630 cm�1,
which belong to the C=O vibration of the ester groups
and C=C vibration of the acrylate moieties, respec-
tively. In addition, the peak of the OH group of HEA
can be seen at 3400 cm�1, and two characteristic peaks
representing the quaternary ammonium group were
located at 960 and 1390 cm�1. As to Fig. 11c, all of the
above-mentioned peaks can be seen except that the
peaks at 1630 cm�1 became negligible, which means
that the C–C double bond of the monomers had taken
part in the polymerization completely. Therefore, the
PDH copolymer was successfully polymerized and
confirmed.

It can be seen in Table 1 that there were obvious
differences between the PDH and PDSH5 polymers.
The water contact angle of PDH increased to 58�, and
that can be attributed to the lack of the hydrophilic
SPP moieties and the existence of the hydrophobic
dodecyl moieties of the DMHB monomer. This large
value would severely affect the membrane properties
when compared PDH-SSMMs with PDSH5-SSMMs
except that the bacterial removal efficiency has not
been weakened for the reasons discussed previously in
the antimicrobial activity tests. The pure water flux and
BSA flux of PDH were 1530 and 1175 mL/m2s,
respectively. The 23.3% decrement of flux means
much worse antifouling property. As to the oil–water
separation tests, the first steady flux of PDH was
830 mL/m2s and gradually decreased to 620 mL/m2s
after 14 cycles, resulting in 25.3% flux decrement in
spite of the rinse process at the end of each filtration
cycle. Meanwhile, the oil content of the filtrate
increased to 123 mg/L, and oil rejection rate decreased
to 87.7%. In contrast to the PDSH5-SSMMs, the
deterioration in the membrane performance of the
PDH-SSMMs may be due to the lack of the superhy-
drophilicity which stemmed from the ionic nature of
the zwitterionic SPP moieties. The comparison results

Table 1: Comparison of the membrane properties of PDH-SSMMs and PDSH5-SSMMs

PDH-SSMMs PDSH5-SSMMs

Water contact angle 58� ± 1� 8� ± 2�
Bacterial removal efficiency 96.5% 96.9%
BSA flux decrement 23.2% 7.3%
Oil content of the filtrate 123 mg/L 42 mg/L
Oil rejection rate 87.7% 98.6%
Flux decrement after 14 cycles 25.3% 10.7%
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concluded that the SPP zwitterion is indispensable in
constructing multi-functional filtration membrane.

Conclusions

In this study, a superhydrophilic terpolymer PDSH was
successfully synthesized and applied to PVA-SSMMs
to prepare superhydrophilic PDSH-SSMMs with three-
layer architecture, through a facile and environmen-
tally friendly approach. The resulting PDSH-SSMMs
showed good antimicrobial, antifouling, and oil–water
separation properties. The following conclusions could
be drawn from the testing results: (I) Superhydrophilic-
ity was achieved by conjugating the PVA-SSMM with
PDSH terpolymers through DVS chemistry; this
superhydrophilicity rendered the PDSH-SSMMs more
effective than the PVA-SSMM in all the tests. (II) The
PDSH-SSMMs show no obvious differences in surface
morphology and in antimicrobial tests: the average
pore size of the PDSH-SSMM was 35–40 lm, and the
bacterial removal efficiency of both PDSH-SSMMs
was as high as 97%. The structural difference had no
effect on the pore-forming and antimicrobial abilities,
despite the presence of the strong bactericidal quater-
nary ammonium group. (III) Subtle distinctions can be
seen between the PDSH-SSMMs in contact angle,
antifouling, and oil–water separation tests. The
PDSH0-SSMM was superior to the PDSH5-SSMM
with regard to its contact angle (3� ± 1�), BSA solution
flux decrement (5.3%), xylene content after separation
(38 mg/L), and rejection rate (98.73%). The steady flux
of the xylene–water mixture separation remained at
880 mL/m2s after 14 separation-rinse cycles, which
represented a mere 5.4% flux decrement. The superi-
ority of the PDSH0-SSMM may lie in the superhy-
drophilicity, and ionic nature of its zwitterionic groups.
(IV) PDSH0-SSMM could be a good candidate for
antimicrobial, antifouling, and long-term oil–water
separation membrane. And this facile and environ-
mentally friendly manufacturing strategy will hopefully
pave the way for the industrialization of multi-func-
tional filtration membrane. (V) The SPP zwitterion is
indispensable in constructing a multi-functional filtra-
tion membrane, because the membrane performance,
such as surface wettability, antimicrobial activity,
antifouling ability, and filtration performance, will be
dramatically deteriorated without the hydrophilic zwit-
terionic SPP moieties.
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