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A B S T R A C T   

Zwitterions with super-hydrophilic feature are promising membrane materials for water-selective permeation 
process. However, the applications of zwitterionic materials in membrane are mainly restricted to surface 
modification or acting as minor additive, while the construction of zwitterionic membrane matrix remains 
challenging. Herein, we proposed a facile approach to constructing polyzwitterion membrane via direct assembly 
of graphene oxide (GO)-based core-brush nanosheets. The in situ free radical polymerization of sulfobetaine 
methacrylate (SBMA) monomer on GO surface ensures the ultra-high grafting amount of poly(sulfobetaine 
methacrylate) (PSBMA) brushes and then results in the polymer-dominated structure of PSBMA@GO membrane 
(polymer content high to 83%) instead of the ordered laminar structure in common GO-based membranes. 
Meanwhile, the original functional groups on GO can be retained after grafting PSBMA, which act as reactive 
sites for subsequent cross-linking and structural manipulation. Because of the exceptionally high hydration 
ability and water affinity of PSBMA brushes from the high-density ionic groups, and the densified membrane 
structure through incorporating the optimized amount of ethylenediamine (EDA) cross-linker, the as-prepared 
polyzwitterion membrane obtains an excellent water/ethanol separation performance with the separation fac-
tor of 1420 and the permeate flux of 5.20 kg/m2⋅h (70 ◦C, 20 wt% water in feed), which shows remarkable 
superiority compared with the reported polymeric membranes. The strategy proposed here provides a novel 
pathway for constructing polyzwitterion membranes with high separation efficiency, and can be applied with a 
greater scope of monomers.   

1. Introduction 

Owing to the serious environmental deterioration and fossil fuel 
shortage, the clean biofuels (such as ethanol and butanol) produced by 
fermentation from renewable resources have become a promising 
alternative energy [1]. To obtain high-purity alcohols, the removal of 
water from pretreated fermentation broth is the key step, which is highly 
energy-intensive with the conventional distillation technology, and 
hence raises new environmental concerns such as excessive CO2 emis-
sion. Comparatively, pervaporation with low energy cost and high ef-
ficiency holds greater potentials for water/alcohol separation, and the 
development of high-performance membrane material is essential for its 
industrial implementation [2,3]. Currently, polymeric membranes are 

most widely used since their low cost and solution processability [3,4], 
yet the pervaporation dehydration performance of the commonly 
investigated polymer membranes is still unsatisfactory. 

In recent years, zwitterions have attracted increasing research in-
terests as super-hydrophilic membrane materials for water-selective 
permeation [5–10]. Compared with other hydrophilic materials (such 
as nonionic polymers), the high-density cationic and anionic groups in 
zwitterion (with polybetaines as a representative) interact with more 
water molecules via ionic solvation to form hydration layer, conferring 
super-hydrophilic property [11,12]. In addition, the water molecules 
around zwitterions have many possible dipole orientations, similar to 
the free arrangement of bulk water, while the water molecules around 
nonionic group (interacting via hydrogen bond) usually show preferred 
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dipole orientation in specific directions [11,13]. Nowadays, the appli-
cations of zwitterions mainly focus on the surface modification of water 
treatment membranes involving microfiltration, ultrafiltration [14,15], 
nanofiltration [16], reverse osmosis [17], etc. Zwitterions/polyzwitte-
rions are incorporated onto membrane surface via surface grafting [18, 
19], surface segregation [20] or physical coating [14,21] methods to 
construct super-hydrophilic surface, thus facilitating water transport 
and repelling relatively hydrophobic substances [13]. Lin et al. proposed 
a dopamine co-deposition strategy to achieve high zwitterion content up 
to 31 wt% on UF membrane surface, thus conferring improved anti-
fouling property [14]. In addition, zwitterionic materials have also been 
incorporated into membrane matrix in the form of 
additives/fillers/block-copolymers to tune the hydrophilicity of mem-
brane matrix [22–24]. An et al. synthesized zwitterionic colloid nano-
particles (ZCPs) and introduced them into interfacial polymerization 
process to prepare polyamide-ZCPs RO membranes, which show 
enhanced hydrophilicity, water permeability and reduced fouling pro-
pensity [22]. 

For the research of zwitterion-based membranes, there are still two 
issues need to be explored. First, the application of zwitterion membrane 
can be further broadened to the separation processes in sub-nanometer 
scale. For instance, zwitterions theoretically possess great potentials in 
the precise separation of water from liquid mixtures, such as water/ 
ethanol mixture with small size discrepancy and strong coupling effect. 
The ionic groups impart preferential adsorption towards water over 
ethanol, and the as-formed hydration layer suppresses the strong 
coupling between ethanol and water [5,25]. Zwitterion-functionalized 
filler in mixed matrix membrane has demonstrated its feasibility in 
water/ethanol separation, yet the content of zwitterion in membrane is 
rather low [23]. Second, from the aspect of membrane structure, the 
construction of polyzwitterion membrane matrix instead of poly-
zwitterion surface or filler hasn’t been reported yet, which may 
remarkably reinforce the role of zwitterion in facilitating water 
permeation. The synthesized polyzwitterion via radical polymerization 
of zwitterionic monomers couldn’t form an intact separation layer on 
the porous substrate though direct coating, which may be due to a low 
molecular weight. 

To address these issues, herein, a facile approach was proposed to 
constructing polyzwitterion membrane for high-performance water/ 
ethanol separation via designing graphene oxide (GO)/polyzwitterion 
core-brush nanosheets. The in situ free radical polymerization of 

sulfobetaine methacrylate (SBMA) monomer on GO surface was per-
formed to ensure the high grafting amount of poly(sulfobetaine meth-
acrylate) (PSBMA) brushes and realize the polyzwitterion-dominant 
composition of as-synthesized nanosheets (Fig. 1a). Benefiting from the 
excellent assembly ability of the two-dimensional GO nanosheets, a 
defect-free polyzwitterion membrane can be fabricated with 
PSBMA@GO core-brush nanosheets through a simple vacuum-filtration 
process. Meanwhile, the polymerization reaction occurs on sp2 carbon of 
GO (Fig. 1b) [26], which avoids consuming the functional groups on GO 
and then provides feasible pathways (such as diamine cross-linking) for 
further structural manipulation. Through incorporating different 
amounts of ethylenediamine (EDA) as cross-linker, the physical struc-
ture of polyzwitterion membrane can be further tuned. The combination 
of the chemical microenvironment with exceptionally high water af-
finity and the optimized physical structure result in an excellent 
water/ethanol separation performance with high flux, separation factor, 
and long-term stability. 

2. Experimental 

2.1. Materials 

Sulfobetaine methacrylate (SBMA, 95 wt%) was bought from Sigma- 
Aldrich (USA). Ammonium peroxydisulfate ((NH4)2S2O8) was received 
from Shanghai Aladdin Biochemical Technology Co., Ltd., China. Gra-
phene oxide (GO) was obtained from Nanjing Jichang Nano Technology 
Co., Ltd., China. Methanol and N, N-dimethylformamide (DMF) were 
provided by Sinopharm Chemical Reagent Co. Ltd. China. Ethylenedi-
amine (EDA) was purchased from Shanghai Chemical Reagent Co., Ltd., 
China. The polyacrylonitrile (PAN) support (flat-sheet, MWCO: 100 
kDa) was provided by Shandong Mega Vision Membrane Engineering & 
Technology Co. Ltd., China. Deionized water was used in the experiment 
and all the chemicals mentioned above are of analytical grade. 

2.2. Synthesis of PSBMA@GO core–brush nanosheets 

Free radical polymerization method was employed to synthesize 
PSBMA@GO core–brush nanosheets. First, 100 mg GO powder was 
dispersed in a mixed solution of 40 mL deionized water and 90 mL DMF 
with sonication for 0.5 h. Then, 50 mL aqueous solution with 3 g SBMA 
was added and stirred at 60 ◦C for 0.5 h. After the solution was purged 

Fig. 1. Schematic diagrams of (a) the preparation process of PSBMA@GO nanosheet and membrane and (b) the free radical polymerization reaction of SBMA on GO.  
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under nitrogen for 1 h, 100 mL (NH4)2S2O8 aqueous solution (0.12 wt%) 
was dropwise added via constant pressure separatory funnel. The reac-
tion was carried out for 40 h at 60 ◦C under nitrogen atmosphere. When 
the solution was naturally cooled to room temperature, the brown pre-
cipitate was washed with methanol and deionized water, and then 
freeze-dried for 48 h to obtain PSBMA@GO product. The reaction 
mechanism during the PSBMA@GO synthesis process is displayed in 
Fig. 1. 

2.3. Fabrication of PSBMA@GO membranes 

The pristine PSBMA@GO membrane was assembled via vacuum 
filtration method. The PSBMA@GO aqueous suspension (5.79 mg/L) 
was prepared and stirred for 0.5 h. Afterwards, 200 mL of the dispersion 
was filtrated on a PAN substrate (4 cm in diameter) to assemble into the 
separation layer. In order to further optimize the membrane structure, a 
certain amount of EDA solution (0.1 M) was added into the PSBMA@GO 
suspension before vacuum filtration. After the filtration process, the 
fresh membranes were treated at 60 ◦C for 3 h to promote the cross- 
linking reaction between PSBMA@GO and diamine, then washed with 
deionized water and dried at room temperature under vacuum condition 
for at least 24 h before use. The ratio of EDA to GO in the solution was set 
as 30:1, 45:1 and 60:1 g/g, and the corresponding membranes were 
designated as EDA(30:1)-PSBMA@GO, EDA(45:1)-PSBMA@GO, and 
EDA(60:1)-PSBMA@ GO, respectively. 

2.4. Membrane characterizations 

The morphology and element distribution of PSBMA@GO were 
characterized by Transmission electron microscopy (TEM, JEOL JEM- 
2010, Japan). Atomic force microscope (AFM, Park SYSTEMS, Korea) 
was applied to study the thickness of PSBMA@GO and the roughness of 
membranes. TEM (JEOL JEM-2100F, Japan) and field emission scanning 
electron microscopy (FESEM, Hitachi Limited, S-4800, Japan) were 
adopted to observe the morphologies of GO or PSBMA@GO membranes. 
The chemical compositions of PSBMA@GO were analyzed by X-ray 
photoelectron spectroscopy (XPS, Thermo ESCALAB 250, USA) and 
Fourier transform infrared (FTIR, AVATAR-FT-IR-360, Thermo Ncolet, 
USA) spectroscopy. Raman spectroscopy (LabRAM HR, HORIBA, 
France) was obtained with 514 nm wavelength incident laser light to 
analyze the defects on GO nanosheet. The charge properties of GO and 
PSBMA@GO were characterized via zeta potential measurement 
(Microtrac Zetatrac analyzer, Malvern). The water and ethanol sorption 
abilities of nanosheets were measured with quartz crystal microbalance 
technique (QCM200 Quartz Crystal Microbalance, Stanford Research 
Systems, Inc.). The membrane hydrophilicity was evaluated using a 
contact angle measurement system (A100P, MAIST Vision Inspection & 
Measurement Co., Ltd.). The free volume property along the membrane 
depth profile was analyzed via slow positron annihilation Doppler 
broadening spectra. The incident positron energy can be related to the 
mean depth into the membrane by the following equation: 

R=(
40
ρ ) E1.6 (1)  

where R is the incident depth (nm), ρ is the material density (g/cm3), 
and E is the incident positron energy (keV). The densities of GO and 
PSBMA@GO membranes were calculated to be 5.18 g/cm3 and 4.03 g/ 
cm3, respectively, via measuring the membrane thickness and deposi-
tion amount. 

2.5. Membrane separation test 

The performance of PSBMA@GO membranes was investigated with 
pervaporation dehydration of ethanol. The evaluation parameters of 
membrane performance (permeate flux J (kg/m2h), separation factor α) 

can be obtained via the following equations: 

J =
M

A × t
(2)  

α=
yW/yA

xW/xA
(3)  

where M (kg) is the weight of permeate, A (m2) is the membrane area, t 
(h) is the time used for permeate collection. yW, xW are the weight 
fractions of water in permeate and feed, respectively. yA, xA are the 
weight fractions of alcohol in permeate and feed, respectively. 

3. Results and discussion 

3.1. Characterizations of PSBMA@GO nanosheets 

The morphology of as-synthesized PSBMA@GO core-brush nano-
sheets was observed via TEM and AFM (Fig. 2). After grafting PSBMA, 
the sheet structure of GO can be retained, while the transparency de-
creases due to the covering of polymer brushes (Fig. S1). The unique 
elements on SBMA monomer (N and S) are detected on PSBMA@GO 
nanosheet with an even distribution, confirming the successful and 
uniform grafting of PSBMA on GO. The PSBMA@GO nanosheet reveals a 
typical lateral dimension of 1–2 μm (Fig. 2e), while the thickness is 
about 4.10 nm (Fig. 2f). The remarkably increased thickness compared 
with GO nanosheet further verifies the attachment of polyzwitterion. 

The chemical compositions of GO nanosheets before and after 
grafting PSBMA brushes were characterized with FTIR and XPS. From 
the survey spectra in Fig. 3a, the typical characteristic peaks of GO are 
observed as reported in the literature [27,28]. The incorporation of 
SBMA leads to the emergence of abundant new peaks in the spectrum of 
PSBMA@GO nanosheet, which are consistent with the peaks in SBMA 
spectrum in location. Among them, the peak at 1170 cm-1 corresponds to 
the O=S=O bond in sulfonate [− SO3− ]- group and the peak at 1036 
cm-1 belongs to the C–N bond in quaternary ammonium [− N(CH3)2− ]+

group of SBMA, respectively. The characteristic N 1s and S 2p peaks also 
appear at 395.78 eV and 167.52 eV in the XPS spectrum of PSBMA@GO 
(Fig. 3b). Moreover, according to the content of S element from XPS 
characterization (Table S1), the mass ratio of PSBMA to GO in 
PSBMA@GO is calculated to be 4.79:1, indicating the PSBMA-dominant 
structure of as-synthesized nanosheets. The grafting density is 3.98 
SBMA unit/nm2, indicating that there are 7.96 ionic groups in 1 nm2 

area on average. The high grafting density circumstantially demon-
strates that the zwitterions exist in the form of polymer (PSBMA) instead 
of monomer molecules, which otherwise leads to much lower grafting 
density due to the limitation of the reactive sites on GO and the steric 
hindrance. Since the membranes in this work are fabricated via simple 
vacuum filtration of PSBMA@GO nanosheets without the assistance of 
other polymers, the content of PSBMA in the final membrane is 
approximate to its content in the nanosheet (83 wt%), which is far 
exceeding the reported values in the literatures [5,23]. Therefore, the 
PSBMA@GO membrane can be considered as a polymeric membrane. As 
shown in Fig. 3c, both GO and PSBMA@GO show two prominent peaks 
in Raman spectra, the D band at 1350 cm-1 and the G band at 1590 cm-1. 
It is universally acknowledged that the G band is due to the in-plane 
vibration of the sp2 carbon atoms, while the D band is due to the 
breathing modes of six-atom sp2 carbon rings and needs to be activated 
by a defect (including sp3-type defect and vacancy-type defect) [29,30]. 
Therefore, the intensity ratio (ID/IG) is commonly considered as the 
indication of structural disorder degree. For graphene, the formation of 
defects activates the nearby sp2 carbon rings, leading to increased ID/IG 
[31]. Nevertheless, as to graphene oxide, wherein the defective regions 
account for ~84% in area [32], the number of ordered six-atom rings is 
much less than that in graphene, and ID turns to be proportional to the 
probability of finding the sp2 carbon rings [31]. Therefore, the further 
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increase of defects leads to lower ID/IG. Herein, compared with pristine 
GO, the ID/IG of PSBMA@GO decreases from 0.96 to 0.90, indicates that 
some sp2 carbon atoms have been converted to sp3 carbon during the 
free radical polymerization reaction with SBMA monomer. This result 
verifies the reaction mechanism that the π-bonds on GO can be opened 
through activation of free radical initiators and then participate in the 
polymerization of SBMA monomers [26] (Fig. 1). 

For water-selective membrane processes, the membrane hydrophi-
licity is an essential factor influencing membrane performance. Herein, 
the water contact angles on membrane surface were measured to eval-
uate the hydrophilicity of GO and PSBMA@GO membranes (Fig. 4a). 
Compared with GO, the PSBMA@GO membrane shows a sharply 
decreased water contact angle from 52.4 o to 14.3 o, implying the sig-
nificant improvement of membrane hydrophilicity. GO possesses an 

amphiphilic structure with hydrophobic graphene region and hydro-
philic oxidized region. The modification of GO nanosheet is commonly 
implemented on the oxygen-containing groups (hydrophilic region), 
while the free radical polymerization in this work occurs on the sp2 

carbon (hydrophobic region). Therefore, abundant zwitterionic brushes 
are incorporated onto the hydrophobic region without consuming the 
original hydrophilic groups, thus realizing the super-hydrophilicity. The 
water and ethanol sorption properties of GO and PSBMA@GO were 
investigated by QCM (Fig. 4b). With the attachment of PSBMA on GO, 
the water sorption capacity achieves a 26.7-fold enhancement, which is 
closely related to the excellent water affinity arising from the zwitter-
ionic component. It has been reported that one SBMA unit can interact 
with about eight water molecules through electrostatic interaction [11]. 
In addition, the PSBMA polymer chains form a loosely arranged network 

Fig. 2. (a) TEM image of PSBMA@GO; (b–d) Element mapping of PSBMA@GO; (e) AFM image of PSBMA@GO; (f) Height profile of PSBMA@GO.  

Fig. 3. (a) FTIR, (b) XPS and (c) Raman spectra of GO and PSBMA@GO.  

Fig. 4. (a) Water contact angles of GO and PSBMA@GO membranes, (b) Water and ethanol sorption capacities of GO and PSBMA@GO, (c) Zeta potential analysis of 
GO and PSBMA@GO. 
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to provide more space for water adsorption, which will be demonstrated 
in the following characterizations of membrane structure. Compara-
tively, the ethanol sorption capacity shows a far less increment 
(2.8-fold) due to the higher hydrophobicity of ethanol molecule. The 
zeta potentials of GO and PSBMA@GO were obtained via measuring the 
corresponding aqueous dispersions (Fig. 4c). Because of the carboxyl 
and hydroxyl groups on GO, it shows a zeta potential of − 38.9 mV. After 
grafting PSBMA, the absolute value of zeta potential slightly declines. 
Since the net charge of PSBMA is zero, the variation of zeta potential 
may be due to the location change of the slipping plane after polymer 
grafting [33]. What’s more, the zeta potential of PSBMA@GO (− 32.0 
mV) is still high enough to ensure the uniform and stable dispersion in 
aqueous solution. 

3.2. Characterization of GO and PSBMA@GO membranes 

GO and PSBMA@GO membranes were prepared via vacuum-assisted 
assembly method to investigate the influence of different assembly units 
on the final membrane structure. Slow positron annihilation Doppler 
broadening spectra was used to characterize the microstructure of GO 
and PSBMA@GO membranes. Fig. 5a shows the variation of S parameter 
with increased incident positron energy. The X axis represents the 
incident positron energy, which determines the detection depth into the 
membrane. The Y axis represents the S parameter, which can reflect the 
relevant free volume property at a certain depth of the membrane. The 
smaller S parameter indicates a more compact membrane structure. The 
masses of GO in both membranes are 0.2 mg. Due to the ultra-high 
grafting amount of PSBMA, the PSBMA@GO membrane shows a much 
higher thickness (~337 nm) than pristine GO membrane (~50 nm) 
(Fig. 6). According to Equation (1), the region of separation layer in 
membranes can be ascertained. For more straightforward comparison, 
the curve of GO membrane was shifted so that the interfaces of these two 
membranes were in the same location. Compared with pristine GO 
membrane, PSBMA@GO membrane exhibits different change trends 
with a much higher S value, indicating a more loosely arranged network 
from polymer chains in PSBMA@GO membrane instead of the ordered 
laminar channels in common GO-based membranes (Fig. 5b). This 
conclusion can be further verified by the TEM characterization of 
PSBMA@GO membrane (Fig. S2): the cross-sectional TEM image doesn’t 
show stacked GO nanosheets. The polymer-dominated molecular 
transport channels in PSBMA@GO membrane with looser structure and 
less tortuous pathway is favor of decreasing diffusion resistance and 
achieving high permeate flux. 

SEM and AFM techniques were adopted to investigate the 

morphology of GO and PSBMA@GO membranes. The pristine GO 
membrane exhibits typical wrinkles in surface pattern (Fig. 6a), while 
the PSBMA@GO membrane displays a smooth and defect-free surface 
morphology resembling polymer membrane (Fig. 6b). The AFM char-
acterization also verifies the lower surface roughness with Rq decreasing 
from 26.0 nm to 16.8 nm (Fig. 6g and h). To further optimize the 
membrane structure, diamine molecule such as EDA was incorporated 
into PSBMA@GO membrane via covalently reacting with the epoxy 
groups on GO. Herein, EDA(60:1)-PSBMA@GO membrane was charac-
terized as a representative. Compared with PSBMA@GO membrane, the 
surface roughness slightly declines (Fig. 6c,i). More importantly, the 
membrane thickness remarkably decreases from ~337 nm to ~248 nm 
after introducing EDA, indicating the densification of membrane struc-
ture due to covalent cross-linking. 

3.3. Pervaporation dehydration performance 

3.3.1. Effect of PSBMA brush 
Pervaporation dehydration experiments were performed with water/ 

ethanol mixture (10 wt% water content) at 70 ◦C to evaluate the water- 
selective permeation performance of PSBMA@GO membrane (Fig. 7). 
The high water/ethanol separation factor of 514 indicates the successful 
fabrication of a defect-free polyzwitterion membrane through direct 
vacuum-assisted assembly of GO-based core-brush nanosheets. It can be 
anticipated that the PSBMA brushes on adjacent nanosheets are entan-
gled during assembly and form electrostatic interactions between them 
to confer sufficient stability in aqueous environment. Although the 
PSBMA@GO membrane is 5.7 times thicker than GO membrane, it 
shows a 40% enhancement in permeate flux, verifying the much lower 
diffusion resistance in polymeric network compared with tortuous GO 
channels. In addition, the water/ethanol separation factor remarkably 
increases by 9.5 times. Further analysis by calculating the water and 
ethanol fluxes shows that the water flux increases from 1.85 to 2.99 kg/ 
m2⋅h (9.9-fold improvement in water permeability), while the ethanol 
flux sharply decreases from 0.33 to 0.05 kg/m2⋅h (merely 14% incre-
ment in ethanol permeability). The great difference between water and 
ethanol permeation can be ascribed to the exceptionally high water af-
finity and hydration ability of PSBMA brushes from the high-density 
ionic groups. The adsorption of water molecules forms water shells 
surrounding sulfonate and quaternary ammonium groups, which 
construct a continuous pathway for water diffusion, and then confer 
much lower water diffusion resistance and higher selectivity. 

Effect of diamine cross-linker. 
Although the PSBMA@GO membrane achieves effective water/ 

Fig. 5. (a) Slow positron annihilation Doppler broadening spectra of GO and PSBMA@GO membranes, (b) schematic illustration of the GO and PSBMA@GO 
membrane structure. 
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ethanol separation, the separation precision needs to be further 
improved through tuning membrane structure. Considering the excel-
lent water-adsorption property of PSBMA, it is more efficient to enhance 

water/ethanol selectivity through optimizing the physical structure of 
molecular transport channel and then intensifying the water- 
preferential diffusion. Since the polymerization reaction of SBMA 

Fig. 6. The SEM and AFM images of GO, PSBMA@GO and EDA-PSBMA@GO membranes.  

Fig. 7. The pervaporation dehydration performance of GO and PSBMA@GO membranes.  

Fig. 8. The pervaporation dehydration performance of EDA-PSBMA@GO membranes with different EDA amounts.  

F. Liang et al.                                                                                                                                                                                                                                    



Journal of Membrane Science 644 (2022) 120150

7

occurs on sp2 carbon of GO, the original functional groups on GO can be 
retained and then utilized for the subsequent structural manipulation. In 
this regards, diamine EDA was incorporated to act as a cross-linker via 
forming covalent bonds with the epoxy groups on PSBMA@GO. Fig. 8 
exhibits the influence of EDA amount on the membrane separation 
performance for water/ethanol mixture (10 wt% water content) at 
70 ◦C. As the increase of EDA/PSBMA@GO ratio, the separation factor 
continuously increases, while the permeate flux fluctuates in a narrow 
range. The membrane achieves the optimal performance when the EDA: 
PSBMA@GO ratio in the mixture solution reaches 60:1 (g/g). The 
permeate flux is 3.22 kg/m2⋅h and separation factor is 1278. After EDA 
cross-linking, the membrane shows an obviously declined thickness 
(Fig. S3) with densified membrane structure. The enhanced membrane 
compactness leads to a higher diffusion resistance, while the reduced 
thickness provides a shorter transport pathway, which confer contrary 
impacts on permeate flux. For ethanol molecules, the adverse impact 
from densified membrane structure plays a more significant role due to 
its larger molecular size, thus leading to a remarkably decreased ethanol 
flux (Fig. 8b). Comparatively, for water molecules, the corresponding 
adverse influence from densified membrane structure is weak and can be 
offset by the shortened transport pathway. Therefore, the water flux 
almost keeps constant with the incorporation of EDA (slightly increasing 
by 7.0%). Due to the water-dominant composition of permeate, the total 
flux shows the similar small fluctuation with water flux, while the 
decreased ethanol flux results in an improved separation factor. It can be 
anticipated that, when employing diamine molecule with larger size as 
the cross-linker, the densification degree of membrane structure may 
decrease, thus increasing ethanol flux and lowering the separation factor 
(Fig. S4). 

3.3.2. Effect of operating conditions 
The effect of operating temperature on separation performance of 

EDA(60:1)-PSBMA@GO membrane was evaluated (10 wt% water con-
tent in feed) as shown in Fig. 9. With the rise of temperature, both 
separation factor and permeate flux show continuous increase. For an in- 
depth analysis of the molecular permeation behavior in membrane, the 
permeance and selectivity of EDA(60:1)-PSBMA@GO membrane were 

calculated to eliminate the influences from varied trans-membrane 
driving forces (Fig. 9b). Since the molecular permeation in pervapora-
tion membrane conforms to solution-diffusion mechanism, the effects of 
temperature can be illustrated from solution (adsorption) and diffusion 
respectively. The decreased permeance with temperature indicates that, 
for both water and ethanol, the weakened molecular adsorption at high 
temperature dominates the impacts on permeance, while the facilitated 
molecular diffusion from thermal motion of polymer chains contributes 
far less. This result demonstrates the favorable swelling resistance and 
structural stability of PSBMA@GO membrane, which can be attributed 
to the electrostatic interaction between PSBMA brushes and the covalent 
bonding between GO and EDA. The ethanol permeance decreases more 
rapidly than water permeance, thus resulting in the continuous increase 
of selectivity from 412 to 1822. 

The pervaporation tests with different water contents in feed were 
conducted to evaluate the membrane stability at high water concen-
tration. As the increase of water content in feed (70 ◦C), the permeate 
flux dramatically increases from 2.28 to 5.20 kg/m2∙h, meanwhile the 
water content in permeate is elevated to 99.7% (Fig. 9c). Permeance and 
selectivity were calculated for further analysis. When the water content 
is lower than 10 wt%, water permeance varies in a narrow range, while 
ethanol permeance decreases sharply, leading to a remarkably enhanced 
selectivity (Fig. 9d). This result demonstrates the negligible swelling of 
membrane structure within this water content range. When the water 
content exceeds 10 wt%, the moderate membrane swelling causes the 
increased water/ethanol permeance, and the slightly declined selec-
tivity. However, the selectivity keeps at a high value (>1500), revealing 
the membrane structure is robust enough to resist high water 
concentration. 

The stability of EDA-PSBMA@GO membrane in long-term operation 
was investigated with the water/ethanol mixture (10 wt% water con-
tent) at 70 ◦C (Fig. 10a). During the 170 h operation, the permeate flux 
declines slightly at first and then stabilizes at 2.9 kg/m2∙h, meanwhile 
the water content in permeate keeps constant at about 99.4 wt%, indi-
cating the stable membrane structure. Compared with the state-of-the- 
art polymeric membranes, the polyzwitterion membrane in this work 
shows remarkable superiority especially in permeate flux (Fig. 10b, 

Fig. 9. The evolution of EDA(60:1)-PSBMA@GO membrane performance with ((a) and (b)) temperature and ((c) and (d)) water content in feed.  
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Table S2). Moreover, the polyzwitterion membrane holds a great po-
tential in scale-up fabrication, since many well-developed coating 
methods, such as spray coating [34], Meyer rod coating [35], slot-die 
coating [36] and blade coating [37], have been employed for assem-
bly of GO-based nanosheets, and the polymer-dominant structure 
further reduce the possibility to generate defects. 

4. Conclusion 

A facile strategy to fabricate polyzwitterion membrane was proposed 
via the synthesis of polyzwitterionic molecular brushes (PSBMA) on GO 
and the subsequent assembly of the core-brush nanosheets. The in situ 
free radical polymerization method achieves a polymer-dominated 
membrane structure with the polyzwitterion content high to 83 wt%. 
The PSBMA polymer network with exceptionally high water affinity 
forms fast and selective pathway for water transport. As a result, the 
water permeability and water/ethanol separation factor are 9.9- and 
9.5-fold higher than those of pristine GO membrane, respectively. 
Meanwhile, the covalent bonds between PSBMA and GO nanosheets are 
formed via breaking the C=C of GO, which avoid the consumption of the 
original functional groups on GO and retain reactive sites for further 
structural manipulation. Employing the epoxy groups on GO, EDA 
molecules were incorporated into PSBMA@GO membrane through co-
valent cross-linking. The as-prepared membrane with optimized EDA 
amount shows a densified polymer structure and then achieves an 
improved separation factor of 1278 with high structural stability. This 
study provides a promising route for synthesizing polyzwitterion 
membranes with attractive separation performance. 
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