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Simultaneous zwitterionization and selective swelling-induced pore 
generation of block copolymers for antifouling ultrafiltration membranes 
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A B S T R A C T   

Membranes with zwitterionic surfaces are highly desired in water-based separations for their distinguished 
fouling resistance. Herein, a facile strategy for the preparation of zwitterion-functionalized membranes is 
developed by coupling the pore-making and zwitterion functionalization in one step. We soaked thin films of 
poly (2-dimethylaminoethyl methacrylate)-block-polystyrene (PDMAEMA-b-PS) in the mixture of ethanol and 1, 
3-propanesultone (1, 3-PPST). In this mixture, PDMAEMA microdomains were selective swollen leading to 
nanoporous structures with PDMAEMA chains enriched on the surface. Simultaneously, the quaternization re-
action between PDMAEMA and 1, 3-PPST took place. Unexpectedly, in addition to function as the zwitterionic 
agent, 1, 3-PPST also contributed to the selective swelling induced pore generation. It was found that the 
presence of 1, 3-PPST in ethanol slowed down the swelling process at the early stage, but evidently enhanced the 
swelling of PDMAEMA-b-PS films in longer duration. Thus-prepared zwitterion-functionalized membranes 
exhibited several times higher water permeance than non-zwitterionized counterparts, which should be attrib-
uted to increased pore size and strongly improved hydrophilicity as a result of zwitterion functionalization. 
Moreover, the membranes showed exceptional fouling resistance because of the presence of zwitterions.   

1. Introduction 

Membrane-based processes have been extensively employed to 
address the water scarcity with high separation efficiency, low energy 
consumption, environmental friendliness and reliability [1,2]. However, 
during separation processes, membranes usually suffer from problems of 
organic and biological fouling caused by various foulants, which are 
particularly serious for those polymeric membranes with intrinsically 
hydrophobic nature [3–5]. Unexpected adsorption and aggregation of 
foulants on membrane surfaces result in significant degradation of 
separation performance, increased costs for cleaning and shortened 
membrane lifetimes. To address this issue, surface modification to 
membranes with hydrophilic materials has been demonstrated to be an 
efficient way to reduce the interactions between the membrane and 
foulants so as to render fouling resistance to membranes [6,7]. 
Commonly used hydrophilic materials for membrane surface modifica-
tion include poly (ethylene glycol) (PEG), polyacrylic acid (PAA), 
zwitterionic polymers (polyzwitterions), etc [8–11]. A zwitterionic 
polymer contains both a positively charged group and a negatively 

charged group within one structural unit, and the overall charge of the 
polymer is neutral [12]. Polyzwitterions exhibit much stronger affinity 
toward water molecules via electrostatic interaction and hydrogen 
bonding than conventional hydrophilic polymers like PEGs [13]. Hy-
dration layers thus-formed on membranes surface could greatly resist 
foulants absorption [14,15]. Furthermore, owing to the charge 
neutrality, it is difficult for charged foulants (for example, proteins) to 
adhere on the surface [16,17]. Therefore, polyzwitterions are consid-
ered as highly promising polymers for the preparation of hydrophilic 
membranes with strong fouling resistance. 

A large number of works have been reported for surface zwitterio-
nization to membranes, where “grafting to” and “grafting from” ap-
proaches are usually employed to anchor polyzwitterions onto existing 
membrane surfaces [18,19]. However, grafting techniques often require 
pretreatments like ozone pre-activation [20], plasma [21,22] or UV 
exposure [23,24], which are disadvantageous in terms of practical ap-
plications on account of high costs and complicated manufacturing steps 
at large scale. To develop more convenient processes towards surface 
zwitterionization, Zhou and co-workers co-deposited poly (sulfobetaine 
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methacrylate) (PSBMA) and polydopamine to improve the fouling 
resistance of polypropylene (PP) membranes [25]. This work presents a 
facile and efficient approach for the preparation of zwitterionic mem-
branes. Alternatively, Chang et al. introduced zwitterions on poly 
(vinylidene fluoride) (PVDF) membranes by surface adsorption of 
random copolymers of styrene and sulfobetaine [26]. Thus-modified 
membranes possess very hydrophilic surface and can effectively sepa-
rate oil-in-water emulsions. However, these methods are essentially 
based on the physical adsorption via hydrophobic interactions, and 
consequently the adsorbed polyzwitterions are prone to leach out from 
the membrane surfaces during long-term use. That is, current methods 
either require tedious multi-step syntheses, as in the case of chemical 
bonds via grafting techniques, or lead to unstable modification, as in the 
case of simple coating process via deposition or adsorption. Therefore, it 
remains highly demanded for direct and convenient strategies to prepare 
zwitterionic membranes embodied with advanced antifouling 
performance. 

Recently, we reported a selective swelling strategy to prepare 
fouling-resistant membranes. In this strategy, block copolymers (BCPs) 
composed of a hydrophilic block (e. g., PEG) and a hydrophobic block 
are employed as membrane-forming materials, and simply swelling the 
BCPs in selective solvents to the hydrophilic leads to nanoporous 
membranes with PEG blocks simultaneously enriched on the membrane 
surface including pore walls [27,28]. Inspired by the unique features of 
this selective swelling method including extreme ease and simultaneous 
surface enrichment of hydrophilic blocks, we attempt to apply this 
strategy to the preparation of zwitterionic membranes as the hydrophilic 
blocks may be in situ zwitterionized during the process of selective 
swelling-induced pore generation. However, directly introducing poly-
zwitterions into BCP precursors for membrane fabrication is nearly 
impossible because polyzwitterions cannot be dissolved in common 
organic solvents [29,30]. Fortunately, it is found that poly (sulfobetaine 
methacrylates), which are the most commonly used zwitterionic poly-
mers, can be synthesized from the reaction between poly (2-dimethy-
laminoethyl methacrylate) (PDMAEMA) and 1, 3-propanesultone (1, 
3-PPST) [31]. By coupling this reaction to the selective swelling pro-
cess, a new pathway to fabricate zwitterion-functionalized membranes 
in one step is realized in this work. We soaked dense films of PDMAE-
MA-b-PS in ethanol mixed with 1, 3-PPST. Selective swelling-induced 
pore formation took place, and the enrichment of PDMAEMA chains 
on the membrane surface and pore walls would occur in parallel with the 
reaction between PDMAEMA and 1, 3-PPST, thus in situ producing 
nanoporous membranes with zwitterionic surfaces (Fig. 1). As expected, 
thus-produced membranes exhibited superior fouling resistance, and 
they presented unexpectedly enhanced ultrafiltration performances. 

2. Experimental section 

2.1. Materials 

PDMAEMA-b-PS (Mn
PDMAEMA ¼ 20.8 KDa, Mn

PS ¼ 60 KDa, PDI ¼ 1.26) 
was synthesized by reversible addition-fragmentation chain transfer 
(RAFT) polymerization according to our previous work [32]. 1, 3-PPST 
was purchased from Macklin and purified by ethanol washing followed 
by vacuum drying overnight at room temperature. Silicon wafers were 
cleaned twice in fresh ethanol under ultrasonication and dried prior to 
use. Polyvinylidene fluoride (PVDF) membranes (diameter of 25 mm 
and nominal pore size of 0.22 μm) serving as the macroporous substrates 
were purchased from Millipore. Bovine serum albumin (Mn

BSA ¼ 67 KDa) 
was purchased from Aladdin Inc. Deionized water (conductivity: 8–20 
μs cm� 1) was used in all tests. All other chemicals and reagents including 
tetrahydrofuran (�99%), ethanol (�99.7%), dichloromethane 
(�99.5%), chloroform (�99.5%), petroleum ether (60–90 �C) were 
obtained from local suppliers and used as received. 

2.2. Membrane preparation 

PDMAEMA-b-PS was dissolved in chloroform to form a 2 wt% solu-
tion. Subsequently, the as-obtained solution was filtered through poly-
tetrafluoroethylene (PTFE) filters (nominal pore size of 0.22 μm) three 
times in order to remove big aggregates or impurities which may exist. 
For the investigation of swelling behaviors and surface properties, the 
BCP solution was spin-coated on the silicon substrates at 2000 rpm for 
30 s to produce dense films. The spin-coated films were then soaked in 
ethanol mixed with different percentages of 1, 3-PPST at 60 �C to 
generate pores and also to initiate the reaction between PDMAEMA and 
1, 3-PPST. The films were taken out from ethanol after pre-set durations, 
washed with pure ethanol for three times to remove 1, 3-PPST remaining 
in the films and subsequently dried at room temperature. As a com-
parison, selective swelling in the absence of 1, 3-PPST was also con-
ducted in pure ethanol while all other conditions maintained 
unchanged. 

Composite membranes were prepared following our previous fabri-
cation procedures [33]. Briefly, PVDF substrate membranes were first 
immersed in deionized water for at least 30 min to ensure the complete 
filling of the macropores in the substrates with water. Then BCP solu-
tions were spin-coated onto the water-filled PVDF substrates. The 
BCP-coated PVDF membranes which were subsequently soaked in 
ethanol with or without 1, 3-PPST at set temperatures for different du-
rations, followed by ethanol washing and drying as described above. 

Fig. 1. (a) Schematic illustration of the preparation of zwitterion-functionalized PDMAEMA-b-PS membranes by a simultaneous selective swelling-induced pore 
generation and zwitterionization strategy; (b) quaternization between 1, 3-PPST and the PDMAEMA blocks. 
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2.3. Characterization 

Fourier transform infrared spectroscopy (Nicolet 8700 FT-IR spec-
trometer, Thermo Scientific) was used to characterize the chemical 
groups in the BCP films. A field-emission scanning electron microscope 
(FESEM, Hitachi S4800) was performed to observe the surface and cross- 
sectional morphologies of the samples at the accelerating voltage of 5 
kV. Prior to SEM characterizations, the samples were sputtering coated 
with a thin layer of gold to enhance conductivity. At least 50 pores on 
the surface SEM image of each sample were measured to estimate 
average pore sizes by using the software Nanomeasurer. Static water 
contact angles (WCAs) were measured by a contact angle goniometer 
(Dropmeter A100, Maist). At least 5 regions on each film were probed 
and the average value was reported. Films on silicon wafer before and 
after swelling were examined using a spectroscopic ellipsometer 
(Complete EASE M � 2000U, J. A. Woollam) with an incident angle of 
75�. Cauchy model was adopted to determine film thickness and 
refractive index. The films with various swelling duration were char-
acterized by X-ray photo-electron spectrometer (K-alpha X-ray photo-
electron spectroscopy, Thermo Fisher) to examine the surface chemical 
compositions. 

2.4. Filtration tests 

Water permeances and BSA rejections of different membranes were 
performed on a dead-end filtration module (Amicon8003, Millipore). 
Before permeance measurement, each membrane was pressurized in 
deionized water for at least 10 min at 1 bar to guarantee the permeance 
stability. Permeance (Perm) can be calculated by Eq. (1). 

Perm¼
V

A� t � p
(1)  

where V (L) is the volume of water permeated through the membranes, A 
(m2) is the effective membrane area, t (h) is the filtering time, p (bar) is 
the operation pressure. 

BSA was dissolved in phosphate buffer saline (PBS) aqueous solu-
tions at the concentration of 1 g/L to test the separation performance. 
Stirring at 700 rpm was carried out during the rejection test to reduce 
the effect of concentration polarization. BSA concentrations of the 
permeate and feed solutions were measured by a UV–vis absorption 
spectrometer (NanoDrop 2000C) at the wavelength of 280 nm, and the 
BSA rejections were calculated according to Eq. (2): 

R¼
Cf � Cp

Cf
� 100% (2)  

where Cp and Cf are the BSA concentrations (g/L) of the permeate and 
feed solutions. 

2.5. Anti-fouling tests 

The dynamic BSA filtration tests were performed to evaluate the anti- 
fouling performance of the prepared zwitterionic membranes. Deionized 
water and the BSA solution were filtrated alternately through the 
membrane for three cycles in the dead-end filtration module. The 
membranes were cleaned by thoroughly washing the membrane surface 
with the PBS buffer solution for several times at the end of each BSA 
filtration. Marking the initial steady-state water permeance of mem-
brane with J0, the recovery water permeance after each cycle was record 
as JR. The BSA solution permeance of membrane at each cycle was 
recorded as Jp, and the water flux recovery ratio (FRR), the reversible 
fouling ratio (Rr), the irreversible fouling ratio (Rir) and the total fouling 
ratio (Rt) were calculated by Eqs. (3)–(6), respectively: 

FRR¼
JR

J0
� 100% (3)  

Rir ¼
J0 � JR

J0
� 100% (4)  

Rr ¼
JR � Jp

J0
� 100% (5)  

Rt ¼Rr þ Rir (6) 

The antifouling properties of corresponding BCP membranes without 
zwitterion modification were identically tested for comparison. 

3. Results and discussion 

3.1. Swelling behaviors 

Our previous study has demonstrated that nanoporous membranes 
with PDMAEMA chains covered on the surface and pore walls can be 
formed by immersing PDMAEMA-b-PS dense films into hot ethanol 
based on the mechanism of selective swelling-induced pore generation 
[32]. In this work, 1, 3-PPST was introduced into ethanol for the purpose 
of zwitterion modification during the swelling process. Considering that 
the presence of 1, 3-PPST may have effect on the selective swelling 
process, we first examined the swelling behaviors of BCP films under 
different concentrations of 1, 3-PPST mixed with ethanol. The 2 wt% 
chloroform solution of PDMAEMA-b-PS was spin-coated onto silicon 
wafers to produce thin films. The as-coated films exhibited a dense and 
nonporous morphology (Fig. S1). For subsequent swelling treatment, the 
swelling agents were prepared by dissolving 1, 3-PPST in ethanol with 
the concentration varying from 0 wt% (pure ethanol), 0.5 wt%, 1 wt%, 
2 wt%, 5 wt% to 10 wt%. After immersion in swelling agents at 60 �C for 
6 h, the films all showed porous structures, but different morphologies 
were observed for samples prepared with different concentrations of 1, 
3-PPST (Fig. 2 and Table S1). In the case of pure ethanol, isolated pores 
with an average diameter of ~33 nm sparsely appeared on the film 
surface (Fig. 2a), revealing a low swelling degree of the films. With 0.5 
wt% and 1 wt% 1, 3-PPST, more pores formed on the films despite 
almost no change in the pore diameter (Fig. 2b and c). When the con-
centration of 1, 3-PPST was increased to 2 wt% and 5 wt%, the films 
experienced stronger swelling. The pores were enlarged to ~39 nm and 
~45 nm, respectively, and the pores densities were also increased 
(Fig. 2d and e). However, further extending the concentration of 1, 
3-PPST to 10 wt% led to slight micellization of the BCP (Fig. 2f), and 
thus the pore diameter was decreased to 38 nm. These results suggest 
that the presence of 1, 3-PPST accelerates the swelling process of 
PDMAEMA-b-PS films to some extent, and higher concentrations of 1, 
3-PPST result in larger swelling degrees. 

To further investigate the kinetics of selective swelling process in the 
presence of 1, 3-PPST, BCP films were subjected to swelling in the 5 wt% 
1, 3-PPST/ethanol solution for different durations, and then their sur-
face and cross-sectional morphologies were examined. Due to numerous 
pores formation, the films always experience significant volume 
expansion during the course of swelling, therefore the change in film 
thickness with swelling durations was also monitored by ellipsometry to 
indicate the swelling degree of the films. Furthermore, the selective 
swelling of the film in pure ethanol without 1, 3-PPST was conducted 
under identical conditions as a comparison to give an insight of the role 
of 1, 3-PPST in the swelling process. For the case of pure ethanol as the 
swelling agent, isolated pores with an average size of ~25 nm were 
sparsely distributed on the film surface after a swelling duration for 0.5 h 
(Fig. S2 and Table S2), and the cross-sectional image showed a slightly 
porous structure (Fig. S3). Its thickness exhibited a sharp increase from 
initial ~220 nm–~330 nm (Fig. 3). However, the film thickness had no 
obvious increase thereafter, and surface pores only showed a slight 
growth in pore size with essentially unchanged pore morphology even if 
the swelling duration was extended up to 20 h, revealing that the pore- 
forming process subjected to ethanol swelling mainly occurred in the 
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initial swelling period of 0.5 h. In contrast, there was a clear trend that 
the pores were increased both in sizes and densities with the prolonged 
durations in the case of swelling in the presence of 1, 3-PPST (Fig. S2). 
With a short swelling for 0.5 h, irregular nanopores with an average pore 
size of 15 nm were generated on the film surface. Subsequently, the pore 
sizes were significantly increased to 27 nm and 38 nm after swelling for 
2 h and 5 h, respectively, then slowly enlarged to 40 nm after swelling 
for 10 h, and finally remained almost unchanged upon further extending 
the swelling duration to 20 h. From the cross-sectional images 
(Fig. S3a1-e1), it was observed that formed porous structures all span-
ned the entire thickness of the films. 

In terms of the thickness change, the increase in thickness of film 
treated by 5 wt% 1, 3-PPST/ethanol was determined to be ~50 nm in the 
initial 0.5 h, which was less than the thickness increase in pure ethanol 
(Fig. 3). This implied that the films swelling in the presence of 1, 3-PPST 
had a lower swelling degree at this stage. However, the film thickness 
experienced a pronounced increase and exceeded the thickness of 
ethanol-swelling films after swelling for 2 h, then it was increased slowly 
until a little drop at a swelling duration of 20 h. The results indicate that 
1, 3-PPST slows down the swelling process at the early stage, but induces 

higher swelling degrees of PDMAEMA-b-PS films after a long period of 
swelling. This interesting observation can be understood according to 
the mechanism of selective swelling-induced pore generation. Unlike 
conventional selective swelling systems where the component of 
swelling agent will not undergo any chemical reaction with BCP chains, 
1, 3-PPST here not only constitutes the swelling agent together with 
ethanol but also works as modifying agent that can react with 
PDMAEMA chains to form zwitterions. In the swelling process, ethanol 
permeates into the films and is enriched in the PDMAEMA micro-
domains as ethanol is a good solvent to PDMAEMA but a nonsolvent to 
PS, leading to strong swelling of PDMAEMA microdomains. However, as 
one component of swelling agent, 1, 3-PPST is a nonsolvent to both 
PDMAEMA and PS blocks, consequently its presence would have a 
negative effect to the swelling process, resulting in the lower swelling 
degree of the BCP film compared to swelling in pure ethanol. 
Conversely, as the modifying agent, 1, 3-PPST is covalently bonded to 
PDMAEMA chains and will increase the volume fraction of the original 
PDMAEMA microdomains. It is known that higher volume ratios of 
hydrophilic blocks lead to stronger swelling degrees of BCP films based 
on previous reports [34], therefore the presence of 1, 3-PPST as the role 
of modifying agent is able to facilitate the swelling process. The former 
negative effect plays the major role in the earlier stage of the swelling 
process because 1, 3-PPST has not diffused into the deep inside of the 
BCP film yet and its reaction with PDMAEMA chains primarily takes 
place on the film surface. With prolonged swelling durations, the latter 
positive effect of 1, 3-PPST dominates the swelling process, so higher 
swelling degree and larger pore sizes are achieved. This is consistent 
with the above discussion that the presence of 1, 3-PPST may facilitate 
the swelling process of PDMAEMA-b-PS film at a swelling duration of 6 
h. The final decrease of thickness for a swelling duration of 20 h should 
be due to the micellization of BCP under strong swelling-induced by long 
swelling durations. 

3.2. Surface compositions and hydrophilicity 

The variation in chemical structure of PDMEMA-b-PS films during 
the course of swelling was investigated by ATR-FTIR characterizations 
(Fig. 4). Compared with the pristine film, the prominent peaks located at 
1037 cm� 1 and 1160 cm� 1 [35] after swelling in the presence of 1, 
3-PPST can be attributed to the symmetric stretching vibration and 
asymmetric stretching vibration of the sulfonate anions. These charac-
teristic peaks were intensified with increasing 1, 3-PPST concentrations. 
The FTIR results imply that the tertiary amines in the PDMAEMA chains 

Fig. 2. SEM images of PDMAEMA-b-PS films soaked in swelling agents with different 1, 3-PPST concentrations at 60 �C for 6 h: (a) 0 wt%, (b) 0.5 wt%, (c) 1 wt%, (d) 
2 wt%, (e) 5 wt%, and (f) 10 wt%. All images have the same magnification and the scale bar corresponding to 500 nm is given in (f). 

Fig. 3. The change in thickness of PDMAEMA-b-PS films for various swelling 
durations soaked in ethanol with and without 1, 3-PPST (5 wt% concentration), 
respectively. 
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are engaged in the nucleophile substitution reaction with 1, 3-PPST thus 
forming zwitterionic PSBMA. Also, it clearly demonstrates the feasibility 
of this in situ zwitterion functionalization during the selective swelling 
process. It should be noted that the weak peaks located at around 1037 
cm� 1 and 1160 cm� 1 in the spectra of pristine membrane were resulted 
from C––S stretching vibration of RAFT agent group and C–O stretching 
vibration of DMAEMA units, respectively. 

To obtain the degree of quaternization reaction between 1, 3-PPST 
and PDMAEMA chains during the swelling process, surface chemical 
compositions of the BCP films were investigated by XPS wide-scan 
spectra (Fig. S4). The S2p peak in the spectrum of the pristine film 
was originated from the RAFT agent terminating PDMAEMA-b-PS [36]. 
The N1s peak at 399.7 eV was referred to the N of the tertiary amine. 
After converting PDMAEMA chains into zwitterions by reacting with 1, 
3-PPST, an additional peak at 402.5 eV appeared, which was attributed 

to the Nþ in the quaternary amines [37]. Therefore, compared to the 
pristine film, the N1s peak in the spectrum of functionalized films was 
curved-fitted into two peaks. The conversion of tertiary amines to qua-
ternary amines can be calculated using Eq. (7) by based on the 
XPS-peak-differentiation-imitating analysis. 

Conversionð%Þ¼
½Nþ�

½Nþ� þ ½N�
100% (7)  

where [N] and [Nþ] represent areas of the different peak components 
originated from N1s core-level spectrum of the films. The zwitterion 
conversions of PDMAEMA chains were determined to be 54.3%, 58.9%, 
59.6%, 60.8%, 71.2%, respectively, as the swelling duration was 
extended to 0.5 h, 2 h, 5 h, 10 h, 20 h (Fig. 5). 

The change in surface hydrophilicity of the BCP films with swelling 
treatment was evaluated by testing their water contact angles (WCAs) 

Fig. 4. ATR-FTIR spectra of pristine PDMAEMA-b-PS films and the films soaked 
in ethanol with different concentration of 1, 3-PSST for 6 h. 

Fig. 5. N1s spectra of PDMAEMA-b-PS films after swelling in 5 wt% 1, 3-PPST/ethanol for various durations: (a) 0 h, (b) 0.5 h, (c) 2 h, (d) 5 h, (e) 10 h and (f) 20 h.  

Fig. 6. Water contract angles of PDMAEMA-b-PS films after soaking in ethanol 
and 5 wt% 1, 3-PPST/ethanol for various durations. 
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(Fig. 6). A clear tendency of enhanced hydrophilicity was observed for 
the films treated both in ethanol and in the 5 wt% 1, 3-PPST/ethanol 
solution. The WCA of the pristine film was ~75�. For the cases of 
swelling in ethanol, the WCA was decreased to ~51� after swelling for 
0.5 h, which was attributed to the formed porous structure and 
enrichment of hydrophilic PDMAEMA chains on the surface [38]. 
However, the film soaked in the 5 wt% 1, 3-PPST/ethanol solution 
showed a sharp decrease of WCA from 75� to 35� under an identical 
swelling condition. In addition to the enrichment of PDMAEMA, this 
enhanced hydrophilicity also came from the zwitterionic groups which 
are capable of binding water molecules firmly through electrostatic 
interaction and hydrogen bonding [39]. As swelling duration was pro-
longed from 0.5 h to 20 h, WCA of the film treated in pure ethanol was 
gradually reduced to 34�, implying more PDMAEMA chains were 
migrated to the surface. Meanwhile, WCA of the film subjected to 
swelling with 1, 3-PPST was further decreased down to 29�. The WCA 
values were always lower than that of films treated in pure ethanol, 
indicating that zwitterionic modification also contributes to enhance 
surface hydrophilicity. It is notable that the major variation of surface 
hydrophilicity took place in the initial 0.5 h swelling duration. This is in 
good consistence with the results from XPS characterization that high 
conversion of quaternization reaction over 50% can be achieved at 0.5 h. 
After 5 h swelling, the WCA values of films treated by 1, 3-PPST/ethanol 
were almost unchanged, while the zwitterions conversion still increased 
according to the XPS results. This is because the surface porosity and 
roughness also contribute to the change of WCAs except for zwitterionic 
groups on surface. With increasing swelling duration, pores were 
generally enlarged, leading to the increase of surface porosity and 
roughness. According to Cassie model [40], the increasing surface 
porosity results in increasing apparent WCA of a porous surface. The 
competing effect of surface porosity and zwitterionic groups eventually 
results in unchanged WCAs after swelling for 5 h. 

3.3. Separation performance 

To reveal the implication of zwitterionization with the permse-
lectivity of membranes, we prepared composite membranes by coating 
BCP solutions on macroporous PVDF substrates and investigated their 
separation performances after swelling. Swelling in 5 wt% 1, 3-PPST/ 
ethanol resulted in zwitterion-functionalized BCP composite mem-
branes (abbreviated as ZCP membranes thereafter), while ethanol 
swelling gave non-zwitterionic BCP composite membranes (abbreviated 
as NCP membranes thereafter) as a comparison. No water permeated 
through the composite membranes at a pressure of 0.5 bar prior to 
swelling treatment, confirming a dense and defect-free nature of as- 
coated membranes before swelling. As shown in Fig. 7, the ZCP 

membrane exhibited a water permeance of ~89 L/(m2 h bar) and a BSA 
rejection as high as 95.5% after swelling for 0.5 h, demonstrating the 
formation of interconnected nanopores throughout the entire BCP layer. 
With a swelling duration to 2 h, the water permeance was increased to 
~220 L/(m2 h bar), and BSA rejection was slightly decreased to 95%. As 
the duration was prolonged to 5 h and 10 h, the permeance was further 
increased to 472 and 775 L/(m2 h bar) with BSA rejection correspond-
ingly decreased to 80% and 60%, respectively. This change in permse-
lectivity should be attributed to the enlarged membrane pores with 
extending swelling durations. Finally, the ZCP membrane reached a 
permeance up to ~1000 L/(m2 h bar) and its BSA rejection was 
decreased to 55% after a long swelling duration of 20 h. Compared to the 
NCP membranes, it can be observed that ZCP membranes displayed 
much higher permeance than NCP membranes under same swelling 
durations. For instance, the water permeances of NCP membranes pre-
pared at a swelling duration of 2 h and 5 h are ~63 and ~89 L/(m2 h 
bar), which are less than one third of the permeance of corresponding 
ZCP membranes. Moreover, with a BSA rejection of ~95%, the NCP 
membrane showed a permeance of ~167 L/(m2 h bar) at a swelling 
duration of 10 h, which is also lower than the permeance of the ZCP 
membrane having the same BSA rejection. The significant increase in 
permeability of ZCP membranes should be attributed to the enlarged 
pores and enhanced hydrophilicity both of which were caused by the 
zwitterionation. Compared with commercial ultrafiltration membranes, 
the permeances of prepared ZCP membranes have ~2–4 times 
improvement with similar rejections [41,42]. 

3.4. Anti-fouling performance 

In view of the strong interaction with water molecules of poly-
zwitterions, the prepared ZCP membranes here are expected to exhibit 
excellent anti-fouling performance. Then ZCP and NCP membranes with 
close water permeances and rejections were selected to contrast their 
antifouling performances. The former was obtained by swelling in 5 wt% 
1, 3-PPST/ethanol for 2 h, and the latter was prepared by ethanol 
swelling for 10 h. Herein, BSA was chosen as a model foulant because it 
is easy to form adhesion layer with PDMAEMA chains due to electro-
static interaction [43]. The membranes were first subjected to deionized 
water filtration for 60 min until reaching a stable water permeance. 
Then 1 g/L BSA solution (pH 7.4) was used to foul the membranes for 
another 60 min. After fouling, the membranes were washed with PBS 
buffer thoroughly, subsequently tested for next cycle again. Fig. 8 il-
lustrates time-dependent membrane permeances by filtering deionized 

Fig. 7. The water permeance and BSA rejection of zwitterionized and non- 
zwitterionized membranes prepared for different swelling durations. 

Fig. 8. Time-dependent permeance of water and the BSA solution (1 g/L) of 
zwitterionized and non-zwitterionized membranes. 
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water and BSA solution alternately for three cycles. The ZCP membrane 
showed an initial water permeance of ~131 L/(m2 h bar). After fouling 
by BSA, the permeance was reduced to 102 L/(m2 h bar). PBS cleaning 
could recover the permeance of membrane to 112 L/(m2 h bar), indi-
cating a FRR of 86% as shown in Table S3. As a comparison, the per-
meance of NCP membrane was significantly declined from ~115 to ~25 
L/(m2 h bar) once fouled by BSA and the FRR after cleaning is only 41%. 
Notably, the FRR of ZCP membrane remained unchanged in the second 
and third test cycle, implying that protein adsorption approached 
saturation in the first cycle and the irreversible permeance recovery was 
determined to be ~14%. In contrast, the FRR of NCP membrane was 
declined to 29% and 27%, respectively after the second and third cycle, 
indicating more protein was accumulated on membrane surfaces with 
the proceed of fouling test. These results demonstrated the outstanding 
fouling resistance of ZCP membrane, which is due to the formation of 
hydration layer between betaine-based zwitterionic polymers and water 
molecules on one hand, and charge neutrality of zwitterion groups 
capable of preventing BSA nonspecific adhesions on the other. Consid-
ering the facts that the zwitterionic polymers are covalently bonded to 
the membrane surface and would not leach out during separation 
operation, such excellent fouling resistance of the produced membranes 
is expected to be maintained during long-term use. 

4. Conclusion 

In summary, we develop a novel one-step approach to prepare 
zwitterion-functionalized BCP membranes with excellent fouling resis-
tance. Simply soaking PDMAEMA-b-PS films into the mixture of ethanol 
and 1, 3-PPST can produce nanoporous membranes with zwitterionic 
polymer chains covered on the film surface and pore walls. Herein, 1, 3- 
PPST acts as both one component of swelling agent and the quaterni-
zation agent capable of transforming PDMAEMA chains into poly-
zwitterions. Within the range of certain concentrations (<10 wt%), 
higher concentrations of 1, 3-PPST in ethanol result in larger pores. The 
kinetic investigation of the swelling process indicates that 1, 3-PPST 
leads to a higher swelling degree of BCP films while it slows down the 
swelling process in the early stage. XPS and FTIR characterizations ev-
idence the successful zwitterion functionalization to the membrane 
surface through such a simultaneous pore-making and zwitterionization 
strategy. Owing to the strong hydrophilicity and enlarged pores, the 
zwitterion-functionalized membranes exhibit significantly improved 
water permeance. Furthermore, the outstanding anti-fouling perfor-
mance enabled by zwitterionic groups has been confirmed via dynamic 
BSA fouling tests, and the water permeance recovery can reach as high 
as 86% after three cycles of BSA filtration. 
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