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ARTICLE INFO ABSTRACT

Keywords: Zwitterionic materials are well known to possess extraordinary water affinity. However, micromolecular zwit-
Ultrafiltration terions have rarely been exploited for membrane hydrophilic modification. Herein, novel antifouling and anti-
Antifouling bacterial polyvinylidene fluoride (PVDF) ultrafiltration membranes with enhanced permselectivity were facilely
gzg::f::al fabricated through one-step co-deposition of dopamine and a newly synthesized micromolecular zwitterion

(DMAPAPS). With the assistance of CuSO4/H20,-triggered oxidation, a uniform and hydrophilic coating (water
contact angle = 33°) was constructed on membrane surface in only 40 min. The impacts of the DMAPAPS
concentration and coating time on membrane performance were investigated. Results showed that our strategy
endowed the optimized membrane with high pure water flux of 364 L/m?-h and BSA rejection of 98.6%. The flux
recovery ratios of membrane were as high as 96.3% for bovine serum albumin, 98.1% for humic acid and 95.1%
for sodium alginate after 3-cycle filtration, respectively. Moreover, the membrane displayed superior antibac-
terial activity towards E. coli and S. aureus as well as excellent chemical and mechanical stability. This work
provides a versatile platform for the robust, time-saving and cost-effective fabrication of antifouling and anti-

Micromolecular zwitterion

bacterial membranes.

1. Introduction

Ultrafiltration (UF) process, which plays a vital role in membrane
technology, has been broadly applied for water purification [1,2]. As
one of the most commonly used membrane materials, polyvinylidene
fluoride (PVDF) has drawn much attention from researchers due to its
high mechanical strength, excellent thermal stability and chemical
resistance [3-6]. However, the inherent high hydrophobicity of PVDF
membranes makes them prone to be contaminated by organic foulants
(such as proteins) and biofoulants (such as bacteria) during filtration
[7-91, which leads to dramatic flux decline and undesired shortening of
membrane lifetime. Therefore, enhancing the antifouling property of
PVDF membrane is essential for its long-term application and large-scale
industrialization. Over the past decades, it has been proved that hy-
drophilic modification is an effective way to alleviate membrane fouling
propensity [10-12]. Thus, various typical modification methods, such as
surface coating [13,14], surface grafting [15,16], physical blending
[17-19], surface segregation [6,20,21] and surface bio-adhesion
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[22,23] have been explored to fabricate hydrophilic membranes. For
example, in Fu et al.’s work [24], antifouling PVDF UF membrane was
prepared by grafting a hydrophilic poly(N-acryloyl glycinamide)
(PNAGA) hydrogel via UV-initiated radical graft polymerization and its
flux recovery ratio (FRR) was as high as 99% after cyclic filtration of BSA
solution. Yang et al. [25] fabricated a hydrophilic PVDF UF membrane
by blending PVDF with a fluoro-contained polymer (SPTFS), which
exhibited improved antifouling property with FRR of 56.9% and
increased permeability with pure water flux of above 300 L/m?2h.
Among the aforementioned membrane modification techniques,
mussel-inspired surface bio-adhesion has moved into the spotlight
attributed to its simplicity, versatility, robustness and low toxicity since
this concept was first proposed in 2007 [26-28]. As one of the most
renowned mussel-inspired adhesives, dopamine (DA), which is able to
adhere tightly to almost all kinds of solid surfaces under alkaline con-
ditions [29,30], has been intensively employed for surface hydrophilic
modification. In addition, the oxidized DA can also be bonded with some
functional molecules (SH- or NHy-based materials mainly) following the
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Fig. 1. (a) Synthesis of zwitterionic DMAPAPS; (b) proposed mechanism of dopamine polymerization triggered by CuSO4/H20- and its subsequent reaction with

DMAPAPS [49]; (c) schematic illustration of membrane modification.

Michael addition or Schiff base reaction pathways [29,31], which has
undoubtedly opened an avenue to further enhance the surface hydro-
philicity of membranes. For instance, Freeman et al. [32] modified a UF
membrane through DA deposition followed by grafting of mPEG-NHo,
after which the as-prepared membrane showed enhanced hydrophilicity
(WCA = ~ 35°) and oil/water fouling resistance, Lin et al. [33] grafted
amine-terminated polysiloxane onto the polydopamine-coated ultrafil-
tration membranes, which endowed the surfaces with higher antifouling
capacity. In recent years, a great deal of reports have revealed that
zwitterionic materials, which possess equivalent cationic and anionic
sites, normally show stronger hydration ability and superior antifouling
performance than the neutrally charged hydrophilic polymers [34-37].
In the study of Xu’s work [38], highly hydrophilic (WCA < 20°) and
antifouling (FRR > 80%) membrane surface was facilely constructed
through co-deposition of zwitterionic poly(sulfobetaine methacrylate)
and dopamine. Sheiko et al. [39] fabricated a substrate-independent
hydrophilic coating via copolymerization of zwitterionic SBMA and
dopamine methacrylamide monomers, which exhibited distinct anti-
fouling and antifogging performances. In comparison with long-chain
zwitterionic polymers, micromolecular zwitterions possess the merits
of excellent solubility, good processability and low cost of synthesis
[40-42]. Nevertheless, up to now, micromolecular zwitterions have
rarely been employed for membrane surface modification.

Although surface bio-adhesion strategy provides a versatile platform

for membrane modification, the deposition of polydopamine (PDA) on
substrates is generally a time-consuming process (>24 h) in the ambient
air [22]. Therefore, a variety of chemical oxidants, such as CuSO4 [43],
NalOy [44], (NH4)2S20g [45], KMnO4 [46] and CuSO4/H05 [47], have
been intensively exploited to accelerate the oxidation and polymeriza-
tion of DA over the past decade. Among them, the CuSO4/H30,-trig-
gered method shows distinct advantages through which PDA displays
great deposition rate and the formed coating possesses comparatively
high stability in both acidic and alkaline media. On the basis of the
above analysis, it is hopeful to develop a robust, time-saving, and
economical approach to fabricate antifouling membranes through a
proper selection of oxidants and modifiers.

In this work, a micromolecular zwitterion (DMAPAPS) containing
amino and quaternary ammonium groups was synthesized through ring-
opening reaction. Hydrophobic PVDF UF membrane was facilely
modified by the rapid one-step co-deposition of DA and DMAPAPS with
the assistance of CuSO4/H202 oxidation. Two control experiments, of
which the dipping solutions were in the absence of either CuSO4/H302
or DMAPAPS, were also set to probe the impact of oxidant and zwit-
terion on the performance of modified membranes, respectively. The
membrane surfaces were characterized by attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR), X-ray photoelec-
tron spectroscopy (XPS), scanning electron microscope (SEM), atomic
force microscope (AFM) and water contact angle (WCA) test. The
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separation performance, antifouling and antibacterial property as well
as stability of membranes were systematically investigated.

2. Experimental
2.1. Materials

Commercial PVDF ultrafiltration membranes (UF50, MWCO = 50
kDa) were supplied by Shanghai Hengyi membrane Environmental
Protection Technology Co., Ltd. (Shanghai, China). Dopamine hydro-
chloride (DA-HCl, 98%), 3-Dimethylaminopropylamine (DMAPA, 99%),
1, 3-Propanesultone (1, 3-PS, 99%), copper(Il) sulfate pentahydrate
(CuS04-5H20, AR), hydrogen peroxide solution (30%, AR), ethanol
(EtOH, AR), ethyl acetate (AR), humic acid (HA, AR) and sodium algi-
nate (SA, AR) were purchased from Shanghai Aladdin Reagent Company
(Shanghai, China). Bovine serum albumin (BSA, 68 kDa) was supplied
by Beijing solarbio science & technology Co., Ltd. (Beijing, China). Tris
(hydroxymethyl)-aminomethane buffer (Tris-HCL, 1 M, pH = 8.5) and
phosphate buffer saline (PBS, 1 M, pH = 7) were obtained from Senbeijia
biological technology Co., Ltd. (Nanjing, China). Deionized water was
used in all experiments. All the chemicals were used as received without
any further purification.

2.2. Synthesis of zwitterion (DMAPAPS)

Sulfonated 3-Dimethylaminopropylamine (DMAPAPS) was synthe-
sized by the ring-opening reaction [48] of 1, 3-PS with DMAPA as shown
in Fig. 1a. Specifically, DMAPA (5.11 g) and ethyl acetate (60 mL) were
put into a 250 mL round bottom flask equipped with a stirrer at ambient
temperature. Then, a mixture of 1, 3-PS (6.11 g) and ethyl acetate (20
mL) was added dropwise into the stirred solution for at least 30 min. The
reaction was remained for another 6 h under room temperature and the
transparent solution gradually turned into milky white suspension. The
product was then collected by filtration and washed by ethyl acetate
repeatedly for thoroughly removing the unreacted chemicals. Finally,
the white solid was dried under vacuum at 50 °C for 24 h for further use.
The successful synthesis of DMAPAPS was confirmed by NMR (Bruker,
Germany, 400 MHz) and MS results (Agilent 6120, US) shown in Figs. S1
and S2, respectively. 'H NMR (solvent: D,0): §/ppm = 3.10 (m, 2H,
NHCH>CHCH»), 2.94 (m, 2H, CH>CH,CH,SO3), 2.85 (s, 6H,
N+(Cﬂ3)2), 2.56 (t, 2 x 2H, NHCH; and CH2SO3), 1.98 (m, 2H,
NH2CHCH») and 1.87 (m, 2H, CH>CH,SO3). MS (mass/charge ratio):
223.1 (IM-H'D.

2.3. Fabrication of composite PVDF membranes

The pristine PVDF membranes were firstly soaked in ethanol for 30
min to remove the residual chemicals within the pores, and then rinsed
with deionized water for 24 h to completely wash away the ethanol. The
pretreated bare membranes were denoted as MO. For the one-step co-
deposition experiment (Fig. 1c), a certain amount of DMAPAPS and 0.1
g of DA were co-dissolved into a 50 mL Tris-HCl buffer solution (50 mM,
pH = 8.5), within which the concentration of CuSO4/H204 oxidant was
determined at 5 mM/19.6 mM [48]. Afterwards, the obtained solution
was poured onto the surface of MO and shaken on a shaker for a designed
time. Finally, the membranes were thoroughly rinsed and restored in
deionized water before use. The as-modified membranes above were
labeled as M-X-Y, where X represented the concentration (0.X mg/mL)
of DMAPAPS in dipping solution and Y represented the coating time (Y
min), respectively. For comparison, the membranes modified with no
CuS04/H50- oxidant or DMAPAPS were also fabricated and named as
M’-X-Y and M-0-Y, respectively. The modification conditions for all
membranes involved in this paper are summarized in Table S1. The
photographs of some selected membranes are displayed in Fig. S3. All
the experiments were carried out at room temperature with a constant
shaking rate of 80 rpm.
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2.4. Characterization

A UV-vis spectrometer (UV-4802S, Unico, US) was employed to
detect the evolution of DA in different solutions. Surface chemical
composition of membranes was characterized by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Spec-
trum 100, Perkin Elmer, US) and X-ray photoelectron spectroscopy
(XPS, 250xi, Thermo ESCALAB, US). Surface morphology and roughness
of membranes were characterized by scanning electron microscopy
(SEM, Hitachi, S4800, Japan) and atomic force microscopy (AFM,
Dimension icon, Bruker, Germany), respectively. The porosity (¢, %) and
mean pore size () of membranes were obtained by the gravimetric
method [50] and filtration velocity method [51], respectively. Zeta
potential of membrane surfaces at a fixed pH of 7 was determined by an
electrokinetic analyzer (Surpass, Anton Paar, Austria). Surface hydro-
philicity of membranes was assessed by the water contact angle (WCA)
tests conducted on a goniometer (JC 2000, Powereach, China) with a
constant drop volume of 2.5 pL.

2.5. Separation performance of membranes

The filtration experiments were conducted in a dead-end filtration
unit with an effective filtration area of 33.18 cm?. Prior to testing, the
membranes were compacted with deionized water at 1.5 bar for 30 min
to get a steady flux. Afterwards, the pressure was adjusted to 1 bar and
the pure water flux (PWF) was obtained by Eq. (1):

Vv
J= s 1)
where J, V, A and At correspond to the flux (L/mz-h), volume of
permeate (L), effective filtration area (m?) and permeation time (h),
respectively.

The selectivity of membranes was evaluated by filtrating 1 g/L BSA
solution at room temperature, of which the BSA concentration was
detected by a UV-vis spectrophotometer (UV-4802S, Unico, USA) at the
wavelength of 280 nm. The BSA rejection (R) was calculated by the
following equation:

R= (179> x 100% )
G

where C,, and Gy refer to the concentrations of BSA in the permeate and
feed side, respectively.

2.6. Antifouling tests

Cyclic filtration experiments were carried out to evaluate the anti-
fouling performance of membranes using HA, BSA and SA as the model
foulants. To start with, the PWF of membrane was recorded for 30 min at
1 bar. Subsequently, a PBS solution (10 mM, pH = 7) containing 1 g/L of
foulant was filtered for 30 min under the same pressure. Then, the fouled
membrane was thoroughly cleaned by washing and backwashing with
deionized water for 10 min and the PWF was tested again for another 30
min. The above cycle was repeated for three times. The flux recovery
rate (FRR), reversible fouling ratio (R,) and irreversible fouling ratio
(R;r) were applied to assess the fouling-resistance of membranes which
were defined by Egs. (3)-(5):

FRR = 22 « 100% 3)
wl
R, = I2 =9 1009 4
wl
Jw 7‘,W
Ry, ==L "2 % 100% (5)

wl
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Fig. 2. UV-vis spectra of DA solutions under (a) air oxidation and (b) CuSO4/H20, oxidation.

where J,,; is the initial pure water flux, J,,7 is the recovered pure water
flux (L/m?h) of the third cycle and Jj, is the filtration flux of foulant
solution of the third cycle.

2.7. Antibacterial tests

Gram-negative (E. coli) and Gram-positive bacteria (S. aureus) were
used as model bio-foulants for the evaluation of membrane antibacterial
property. To start with, a membrane sample (3 x 3 cm) was placed in a
petri dish and sterilized with UV light for 30 min. Then, 300 pL of
bacteria solution with a cell concentration of 2 x 10° CFU/mL was
added on the membrane surface and incubated at 37 °C for 24 h.
Following the incubation, the bacteria were removed from the mem-
brane surface and transferred into a 50 mL PBS solution (pH = 7.4).
Afterwards, the bacteria solution was spread on an agar plate and
incubated for another 24 h at 37 °C. Finally, the bacteria colonies were
counted and the antibacterial rate was determined by Eq. (6) [52]:

N, 71Vm
Antibacterialrate(%) = <pT> x 100 6)

P

where N, and Ny, represent the number of visible bacterial colonies on
the agar plate after contacting with the pristine and modified mem-
branes, respectively.

2.8. Stability tests

The chemical stability of modified membrane was evaluated under
different PH environments. In short, a membrane sample was first
immersed into the neutral (pH = 7), strong acidic (pH = 2) and strong
basic (pH = 12) solutions for 12 h, respectively, followed by recording
its water contact angle variations.

The mechanical stability of membrane was also investigated: for
each cycle, the membrane was initially subjected to 1 min of sonication
(240 W, 40 KHz,), and then its PWF and BSA rejection were measured,
respectively. The above process was repeated for 10 times to see the
changes.

3. Results and discussion
3.1. CuSO4/H302-induced polymerization of DA

It is generally recognized that the formation mechanism of PDA
coatings on substrates typically involves the oxidative polymerization of
DA [22,43,45]. Herein, the reactivity of DA under different conditions
was detected by UV-vis spectra at room temperature. As shown in Fig. 2,
compared with the pure DA aqueous solutions (2 mg/L, pH = 8.5,
diluted by 50 times when sampling, the same below), solutions

TR

MO

M-0-40

DMAPAPS

1573: N-H

1159

5 T L T r T y! T 5 T 4 T
4000 3500 3000 2500 2000 1500 1000

T
500
Wavenumber «cm"

Fig. 3. ATR-FTIR spectra of the membranes.

containing 5 mM/19.6 mM of CuSO4/H50, presented an extra strong
peak at around 470 nm in a short time, which was ascribed to the fast
oxidative cyclization and polymerization of DA [44,47]. The above re-
sults demonstrate that CuSO4/H205 could act as a powerful oxidant to
achieve the rapid oxidation and polymerization of DA. The proposed
mechanism of DA polymerization triggered by CuSO4/H20> is shown in
Fig. 1b.

3.2. Surface chemical composition of membranes

ATR-FTIR and XPS were applied to analyze the surface chemical
composition of membranes. As shown in the ATR-FTIR spectra (Fig. 3),
in contrast to the pristine membrane (MO0), the modified membranes all
exhibited two extra peaks at 1645 and 30503750 cm ™ *, ascribed to the
aromatic stretching vibration of C = C and -OH, respectively [53,54],
indicating that PDA was successfully deposited on membrane surfaces.
However, the characteristic peaks of DMAPAPS did not appear in M-3-
40. This might be because that the amount of DMAPAPS immobilized on
membrane surfaces was limited and the peaks were likely to be covered
by the intrinsic strong peaks of PVDF [42].

As seen in the XPS spectra (Fig. 4a), with comparison to the pristine
membrane (MO0), all the modified membranes showed two new peaks of
N 1s and O 1s, which were mainly stemmed from the amino and catechol
groups of PDA coating. Additionally, M-3-40 and M’-3-40 appeared an
extra peak of S 2p, confirming that DMAPAPS was immobilized on
membrane surfaces. As shown in Table 1, the N/F ratio of both M-0-40
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Fig. 4. (a) XPS wide-scan spectra of different membranes and (b) the high-resolution N 1s spectrum of M-3-40.

results (Fig. S4), of which the average pore diameter of M-0-40 (25.8

Table 1 nm) and M-3-40 (26.2 nm) was much smaller than that of MO (52.3 nm)
Elemental analysis of the membrane surfaces. and M’-3-40 (50.7 nm). Besides, all of the modified membranes showed
Membrane  Composition (%) Element ratio a similar porosity to the pristine membrane (Fig. S4), suggesting that the
internal pore structure of membranes was hardly affected by the PDA or
C N o) F S Cu N/F X
PDA-DMAPAPS coatings.
Mo 52.1 47.9 From the AFM images, it can be seen that, in contrast to MO (R, =
M-3-40 578 32 68 318 04 0.1 21.6 nm), all the PDA-coated membranes exhibited an increased surface
M-0-40 621 69 266 26 1.8 2.7 : >

M-3-40 60.7 75 260 28 15 15 2.7 roughness. There into, the roughness of M-0-40 (R, = 28.8 nm) and M-3-
40 (R, = 30.3 nm) was relatively lower than that of M’-3-40 (R, = 35.1

and M-3-40 (2.7) was much higher than that of M’-3-40 (0.1), demon-

strating that the deposition of PDA could be dramatically accelerated by 100 o — = o —

the CuSO4/H30- oxidant. The high-resolution N 1 s spectra of M-3-40 is 1 <. v . A y .
shown in Fig. 4b. As seen, the peaks at 399.7 eV, 400.5 eV and 402.4 eV 90“_ t t t i

were assigned to C-N, C = N and N"—(CHa),, respectively [55], sug- 80 EEEEIIIISIIIIIESIERISssssssEs MO
gesting that DMAPAPS was chemically bonded with PDA following 70 ] T3 38 SFTTNS 59T Ts 53 TIE5ETET M'-3-40

e

2
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3 50 422 e

2 ] o A e 31
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SEM and AFM characterizations were employed to analyze the sur- = 1l D ses223332%: TEEFFTFTT M-3-40

face morphology of membranes. As exhibited in Fig. 5a and 5b, the z 20'_ 3 j:, ' } iex * '
surface of M’-3-40 showed no obvious change compared to that of the 10 i g 240 398
pristine membrane (MO), indicating that very limited amount of PDA- 0 i —
DMAPAPS was deposited on membrane surface under air oxidation. ,|'] % 1'0 1'5 210 2'5 3'0 315
By comparison, both M-0-40 and M-3-40 exhibited noticeable pore size .
shrinkage as observed in Fig. 5¢ and 5d, demonstrating that adequate Time (s)

PDA layers were formed in a short time with the assistance of CuSO4/
H0; oxidation. This was in well accordance with the mean pore size

Fig. 6. Water contact angles of the prepared membranes.
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Fig. 5. Surface SEM images of (a) MO, (b) M’-3-40, (c) M-0-40 and (d) M-3-40, and the below is the corresponding AFM image.
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Table 2
Properties of different molecules in the coatings.

Molecule Optimized structure® Gibbs free energy of
(segment) dissolution” (kJ/mol)
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nm), suggesting that the employment of CuSO4/H20; could facilitate the
uniform deposition of PDA on substrates [47]. Moreover, the EDS
mapping images of M-3-40 shown in Fig. S5 illustrated that the N, O, S
and Cu elements were homogenously distributed on membrane surface,
which further confirmed that a PDA-DMAPAPS coating was uniformly
constructed after modification.

3.4. Surface hydrophilicity of membranes

The surface hydrophilicity of membranes modified through different
approaches was characterized by water contact angle (WCA) tests. As
shown in Fig. 6, WCA of the pristine membrane (MO0) was stabilized at
around 80° within 30 s due to its inherent low hydrophilicity. After co-
deposition of DA and DMAPAPS under air oxidation, M’-3-40 showed
slightly improved hydrophilicity with an initial WCA of 72°, which was
ascribed to the limited amount of hydrophilic PDA-DMAPAPS coating on
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membrane surface (see Sections 3.2 and 3.3). Upon the individual
deposition of DA through CuSO4/H20, oxidation, M-0-40 possessed a
more hydrophilic surface and the WCA gradually declined from 42° to
31° in 30 s. Moreover, M-3-40 exhibited the highest hydrophilicity with
WCA decreasing from 33° to 22° within 30 s, indicating that the intro-
duction of DMAPAPS could further enhance the hydrophilicity of PDA
coating.

The superior water affinity of PDA-DMAPAPS was verified theoret-
ically by Gaussian simulation. First, for simplification, micromolecular
segments were extracted from PDA and PDA-DMAPAPS polymers. Then,
their structures were optimized and Gibbs free energies of dissolution
were calculated by the Gaussian 09 program [56] at the M062X/6-311
+ g(d, p) level [57]. As listed in Table 2, the PDA-DMAPAPS molecules
(structure 1 and structure 2) showed much lower Gibbs free energy of
dissolution than PDA, suggesting that the combination of PDA and
DMAPAPS did help to significantly increase the hydrophilicity of
coating.

3.5. Separation performance of membranes

Herein, separation performance of the developed membranes was
evaluated by measuring their PWF and BSA rejection. As shown in
Fig. 7a, the PWF and BSA rejection ratio of pristine membrane were 172
L/m2.h and 92.1%, respectively. Upon modification, both the perme-
ability and selectivity of membranes were apparently enhanced. Addi-
tionally, it should be noted that the concentration of DMAPAPS within
the dipping solution exerted a significant impact on membrane perfor-
mance. As seen, at a fixed coating time of 30 min, both the PWF and BSA
rejection ratio of membranes increased first and then declined with the
increasing DMAPAPS concentration, and the membrane prepared with
0.3 mg/mL DMAPAPS showed the highest PWF (M-3-30, 316 L/m?-h)
and BSA rejection (98.1%). This might be attributed to the trade-off
effect between the hydrophilicity and deposition amount of PDA-
DMAPAPS on membrane surfaces: on the one hand, the combination
of DMAPAPS and PDA could apparently improve the hydrophilicity of
coating; on the other hand, the excessive immobilization of DMAPAPS to
PDA might cause significant steric repulsion between PDA-DMAPAPS
molecules and result in poor deposition, which could be reflected by
the surface color depths of the selected membranes prepared with
different DMAPAPS concentrations (Fig. S6).

(b) 400
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Fig. 7. Separation performances of the membranes prepared with (a) different DMAPAPS concentration in dipping solutions (coating time: 30 min) and (b) different
coating time (DMAPAPS concentration: 0.3 mg/mL); (c) separation performances and (d) surface zeta potentials of the membranes prepared by different approaches.
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Table 3
Summarization of separation performance of mussel-inspired ultrafiltration
membranes from literatures and this work.

Modification Pure water permeation (L/ BSA Literature

condition m?-h-bar) rejection

PDA/mPEG-NH; <100 98.1% [58]
PDA/TiO2 227.9 97% [59]
GA/APTES 278.2 96.6% [60]
PDA/PEG 187.4 94.5% [61]
PDA/TA 490 93% [62]
PDA/PEI/BSA 71.2 86.8% [63]
PDA/DMAPAPS 364 98.6% This work

The coating time was further optimized. As shown in Fig. 7b, when
the DMAPAPS concentration in dipping solutions was fixed at 0.3 mg/
mL, the PWF of membranes increased first and then decreased with
longer coating time. In this case, the increasing hydrophilicity and hy-
draulic resistance of membrane caused by pore shrinkage might be the
main trade-off factors to influence the membrane permeability. More-
over, the BSA rejection ratio of membranes was constantly enhanced as
the membrane pores were getting smaller with coating time (Fig. S7).
Therefore, M-3-40 (DMAPAPS concentration: 0.3 mg/mL; coating time:
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40 min), which showed the highest permeability (364 L/m?-h for PWF)
and satisfactory selectivity (98.6% for BSA rejection), was screened as
the optimized membrane for further investigation.

For comparison, the separation performance of membranes prepared
by different approaches was displayed in Fig. 7c. It can be seen that both
the PWF and BSA rejection rate followed an order of M-3-40 (364 L/
m?>h, 98.6%) > M-0-40 (305 L/m*h, 97.6%) > M’-3-40 (228 L/m>h,
93.5%) > MO (172 L/mz-h, 92.1%), which were intensively associated
with the surface hydrophilicity (Fig. 6) and MWCO (Fig. S8) of mem-
branes. Besides, the zeta potential results (Fig. 7d) demonstrated that M-
3-40 possessed the most negatively charged surface of all, which further
strengthened its selectivity since BSA carried a net negative charge in
neutral pH solution [24].

Table 3 summarized the separation performance of various mussel-
inspired ultrafiltration membranes from relative literatures. As seen,
our developed membrane displayed decent pure water permeation (364
L/m2-h-bar) and BSA rejection (98.6%), which showed great compet-
itiveness in practical use.

3.6. Antifouling performance of membranes

Fig. 8a and 8b exhibited the dynamic flux variations of MO and M-3-
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Fig. 8. Cyclic filtration tests of the (a) pristine PVDF membrane and (b) M-3-40 using BSA, HA and SA as the model foulants; flux recovery ratio (FRR), reversible
fouling ratio (R,) and irreversible fouling ratio (R;) of the (c) pristine PVDF membrane and (d) M-3-40 after 3-cycle filtration; (e) schematic illustration for the
formation of hydration layer on the surface of M-4-2 when filtrating foulant solutions.
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Fig. 10. (a) WCAs of M-3-40 after being subjected to harsh pH solutions; (b) separation performance of M-3-40 during the 10-cycle sonication.

40 during the 3-cycle filtration experiment, respectively. As seen, both
of the membranes underwent an obvious flux drop when filtrating fou-
lant solutions, attributed to the formation of filter-cake-layers caused by
concentration polarization and foulant deposition [64,65]. The pristine
PVDF membrane exhibited poor fouling resistance as the FRRs (Fig. 8c)
were 50.9%, 70.3% and 42.7% for BSA, HA and SA, respectively, due to
the strong interactions between hydrophobic membrane surface and
foulants. After modification, as shown in Fig. 8d, M-3-40 showed
dramatically improved antifouling performance with high FRR (96.3%
for BSA, 98.1% for HA and 95.1% for SA) and low R; (<5%) values,
indicating that the PWF of fouled membrane could be mostly recovered
to the initial values through simple water rinsing. This might be ascribed
to the compact hydration layer formed on hydrophilic surface which
endowed the membrane with excellent fouling-resistance property
(illustrated in Fig. 8e).

3.7. Antibacterial performance of membranes

Antibacterial performance of membranes was evaluated using Gram-
negative (E. coli) and Gram-positive bacteria (S. aureus) as the model
biofoulants. As seen in Fig. 9, the pristine membrane (MO) exhibited no
inhibition for the growth of bacteria. Conversely, all of the E. coli and
S. aureus bacteria were killed after being incubated with M-3-40 for 24 h
(antibacterial rate = 100%). The excellent antibacterial activity of
modified membrane was mainly derived from the copper ions and
quaternary ammonium groups existed in the PDA-DMAPAPS coating
[66,67].

3.8. Stability of membranes

The chemical stability of developed membrane was evaluated under
different pH environments. As presented in Fig. 10a, after being sub-
jected to harsh pH solutions (pH = 2, 7 and 12) for 12 h, the

hydrophilicity of M-3-40 showed no obvious variation as its WCAs
retained stable at 34°~36°.

For the evaluation of mechanical stability, the separation perfor-
mance of M-3-40 after each sonication cycle were measured and recor-
ded. As seen in Fig. 10b, the PWF and BSA rejection of membrane were
stabilized at around 350 L/m?h and 98% throughout the 10-cycle test,
respectively, indicating that the PDA-DMAPAPS coating possessed
excellent resistance to physical destruction.

The excellent stability of M-3-40 was probably benefited from the
copper ions which acted as crosslink-sites in the coating and strong
electrostatic attractions between the PDA-DMAPAPS molecules [42,68].

4. Conclusions

In summary, PVDF UF membranes were facilely modified through
the rapid one-step co-deposition of DA and a newly synthesized micro-
molecular zwitterion (DMAPAPS) under the oxidation of CuSO4/H205.
By this manner, with comparison to the pristine membrane, the modi-
fied membrane exhibited much higher hydrophilicity with WCA
decreasing from 82° to 33°. As a result, the membrane displayed
dramatically improved PWF of 364 L/m?2-h and BSA rejection of 98.6%,
respectively. In addition, the membrane surface possessed excellent
fouling resistance to BSA, HA and SA with FRRs higher than 95% and R;,
lower than 5% after 3-cycle filtration. The existence of copper ions and
quaternary amine groups in the coating endowed the membrane with
superior antibacterial property. Moreover, the formed PDA-DMAPAPS
coating showed great stability even after being subjected to harsh pH
solutions or sonication. This modification strategy holds a promising
potential for the fast preparation of high-performance antifouling
membranes.
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