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Abstract

Graphene oxide (GO) membranes have shown great prospects as the next-generation

membranes to tackle many challenging separation issues. However, the employment

of GO membranes remains difficult for the precise separation of molecules with

strong coupling effect and small size discrepancy such as water–ethanol. Herein, a

new strategy of constructing exclusive and fast water channels in GO membrane was

proposed to achieve high-performance water–ethanol separation via the synergy

between zwitterion-functionalized GO and hydrophilic polyelectrolyte. The as-

formed ordered and stable channels possess high-density ionic hydrophilic groups,

which benefit from inhibiting the strong coupling between water and ethanol, facili-

tating the fast permeation of water molecules while suppressing ethanol molecules.

As a result, the ultrathin GO-based membrane acquires exceptionally high separation

performance with a flux of 3.23 kg/m2 h and water–ethanol separation factor of

2,248 when separating water–ethanol (10 wt%/90 wt%) mixture at 343 K. This work

paves a feasible way to construct 2D channels for the high-efficiency separation of

strong-coupling mixtures.
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1 | INTRODUCTION

To date, membrane technologies have been increasingly applied in a

wide range of industrial separation processes, owing to their advan-

tages of energy efficiency, ease of operation, compactness, and modu-

larity.1-5 To accelerate the advancement of membrane technologies, it

is essential to develop advanced membranes with high permeability

and selectivity, and sufficient stability.6 Recently, two-dimensional

(2D) membranes, constructed by the assembly of 2D nanosheets,

have shown great prospects as the next-generation membranes to

tackle many challenging separation issues.7-10 Compared with conven-

tional membrane materials like polymers, 2D nanosheets offer greater

opportunity to construct ultrathin membrane with reduced mass

transfer path, thus leading to high permeability.11-13 Moreover, 2D

nanosheets can enable the construction of continuous, ordered

transport nanochannels percolated through the membrane, leading to

the enhancement of both permeability and selectivity.10,14,15

Graphene oxide (GO), as a typical 2D material, has attracted the most

attention as a building block for 2D membranes owing to its large and

tunable lateral size, single-layer feature, and easy synthesis.16-19

Moreover, GO contains abundant oxygen-containing functional

groups such as hydroxyl, epoxy, and carboxyl, allowing a facile post-

modification for material optimization.20-24 Till now, GO membranes

have acquired significant progress in molecular separation.9,24-31

However, the employment of GO membranes in an aqueous environ-

ment is difficult because the construction of precise GO

nanochannels, which can be swelled by water, remains elusive.32-36

Particularly, the precise separation of molecules with a strong cou-

pling effect and small size discrepancy, such as the water–ethanol

separation, remains a big challenge.
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Exclusive and fast water channels in GO membranes offer great pros-

pects to tackle this bottleneck issue. Zwitterions, containing completely

dissociated cationic and anionic groups, are a well-known super-

hydrophilic material.37-40 They can strongly interact with water through

hydrogen bonding or ionic solvation, leading to the formation of hydration

layers around them,39,41-44 thus benefiting inhibiting the strong coupling

between water and ethanol. Moreover, zwitterion is an internal salt having

much lower solubility in ethanol than that in water, indicating the prefer-

ential adsorption of water. Thus, we can envisage that the incorporation

of zwitterionic groups into GO channels could enable the construction of

hydrophilic nanochannels, allowing fast transport of water while repelling

ethanol. Jiang et al.4 reported the incorporation of polysulfobetaine-based

zwitterionic GO nanosheets into sodium alginate polymer matrix to pre-

pare mixed matrix membrane. However, the limited filler loading restricts

the construction of sufficient and ordered water transport channels.

Herein, we demonstrate a new strategy of constructing exclusive

and fast water channels in GO membranes to achieve high-performance

water–ethanol separation. Zwitterion-functionalized GO (ZGO) was

designed and assembled into membrane with the assistance of positive-

charged polyelectrolyte (polyethylenimine, PEI) (Figure 1), thus forming

ordered and stable channels with high-density ionic hydrophilic groups.

By simply manipulating the microstructure of the channel, the 2D chan-

nels facilitate the fast permeation of water molecules while suppressing

ethanol molecules. As a result, an exceptionally high water–ethanol sep-

aration performance has been achieved, lying in the top range among

the state-of-the-art membranes.

2 | EXPERIMENTAL

2.1 | Materials

Graphene oxide (GO) was purchased from Nanjing Jicang Nano Technol-

ogy Co., Ltd., China. Polyethylenimine (PEI) with different molecular

weights (Mw = 600, 1800, 10k, and 70 k Da) was manufactured from Alfa

Aesar. Ethanolamine and propane sultone was bought from Shanghai

Chemical Reagent Co., Ltd., and Alfa Aesar, respectively. N,

N-Dimethylformamide (DMF), and methanol were obtained from Sin-

opharm Chemical Reagent Co. Ltd.. Deionized water used in the labora-

tory was homemade. The flat-sheet polyacrylonitrile (PAN) ultrafiltration

membrane with a molecular weight cutoff of 100 k Da was received from

Shandong Mega Vision Membrane Engineering & Technology Co. Ltd.

2.2 | Zwitterionic functionalization of GO

Zwitterion-functionalized GO was prepared via the following steps: eth-

anolamine covalently bonded with GO through nucleophilic addition

reaction between amino and epoxy groups, then propane sultone

formed quaternary ammonium salt via ring-opening reaction45

(Figure 2a). The DMF is utilized as the reaction solvent, since propane

sultone prefers to react with water molecules instead of amino groups

in a water environment, leading to the difficulty of forming quaternary

ammonium salt via ring-opening reaction. First, the raw GO powder

was dispersed in DMF to form a 0.5 mg/ml suspension through

ultrasonication for 30 min. Ethanolamine and propane sultone were

respectively dissolved in DMF solvent with a concentration of

5 mmoL/ml. Then, a certain amount of ethanolamine solution was

added into 30 ml GO dispersion and stirred for 1 h with the four-

necked flask in a thermostated oil bath at 55�C. Subsequently, the pro-

pane sultone with twice the amount of ethanolamine was poured into

the mixture and stirred at 55�C for 4 h. After that, the mixture was

cooled to room temperature. Finally, the zwitterionic GO nanosheets

were washed by repeated centrifugation with methanol, owing to that

the ZGO is easier to precipitate from the methanol dispersion after cen-

trifugation and the unreacted small molecules can be dissolved in meth-

anol to be removed. During synthesis, the mass ratios of ethanolamine

to GO are 2:1, 4:1, 6:1, and 8:1, respectively. It should be mentioned

that the amount of DMF solvent in each reaction solution is tuned to

be equal via adding additional DMF so that to keep the same reaction

environment (Table S1). The zwitterion-functionalized GO is named

ZGO(X), where X represents the mass ratio of ethanolamine to GO.

F IGURE 1 Schematic of the water channels in ZGO-based membrane [Color figure can be viewed at wileyonlinelibrary.com]
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2.3 | Preparation of GO and ZGO, (PEI/GO)n, and
(PEI/ZGO)n membranes

The pure GO and ZGO membranes were prepared via vacuum filtration

of GO and ZGO aqueous dispersion. Compared with the GO mem-

brane, the ZGO membranes show lower structural stability and water–

ethanol separation factor (Figure S4), due to the improved water-

adsorption property and weakened interlayer bonding. The strong affin-

ity of zwitterions toward water inevitably results in the swelling of the

ZGO membrane, which is unfavorable for the robust and ordered mem-

brane construction. Therefore, a layer-by-layer self-assembly method

was adopted to prepare ZGO-based membranes, and the positively

charged PEI was chosen to assemble membrane with ZGO on PAN sup-

port due to its superior hydrophilicity and high charge density. PEI was

dissolved in deionized water to form 0.2 to 0.8 mg/ml solutions and

ZGO aqueous dispersion with the concentration of 0.2 mg/ml was pre-

pared. PEI has a higher density of hydrogen bonding sites, and its

molecular size is much smaller than the size of GO nanosheet. There-

fore, PEI is easier to be assembled on the surface of the PAN substrate

as the first layer compared with GO nanosheet, thereby benefiting the

formation of the dense and defect-free separation layer. One milliliter

of PEI solution and ZGO dispersion were alternatively spin-coated on

the PAN substrate (2000 rpm rotational speed and 60 s rotational time)

to form PEI/ZGO bilayers. Each spin-coated layer was washed with

deionized water, and the outermost layer was PEI. Figure 2b is a

schematic of the layer-by-layer process for membrane preparation. All

the prepared membranes were stored in a desiccator at room tempera-

ture overnight before the characterization or pervaporation test. For

the convenience of discussion, the prepared membranes were desig-

nated as (A-PEI[B]/ZGO)n where A and B represent the concentration

and molecular weight of PEI, respectively, n refers to the number of

spin-coating cycles. Meanwhile, (A-PEI[B]/GO)n membranes were pre-

pared as the control membrane via alternate spin coating of PEI

and GO.

2.4 | Characterization

The morphology of GO and ZGO were observed by transmission

electron microscopy (TEM, JEOL JEM-2010) and atomic force

microscope (AFM, Bruker Dimension Icon, Germany, and XE-100,

Park SYSTEMS). Element mapping equipped on TEM was employed

to characterize the element distribution on ZGO. The chemical com-

position of GO and ZGO were characterized by Fourier transform

infrared (FTIR, AVATAR-FT-IR-360, Thermo Ncolet) and X-ray pho-

toelectron spectroscopy (XPS, Thermo ESCALAB 250). The micro-

structures of membranes were revealed by X-ray diffraction (XRD,

Rigaku, Miniflex 600). Diffraction patterns were collected at room

temperature in the range of 5� ≤ 2θ ≤14� with a step width of 0.05�

and a scan rate of 0.2 s/step. The sorption ability of membranes

F IGURE 2 Schematic illustration of (a) the zwitterionic functionalization of GO and (b) the membrane preparation process [Color figure can
be viewed at wileyonlinelibrary.com]

LIANG ET AL. 3 of 13

http://wileyonlinelibrary.com


toward water and ethanol and the membrane deposition amount

were obtained by the quartz crystal microbalance technique

(QCM200 Quartz Crystal Microbalance, Stanford Research Systems,

Inc.). The hydrophilicity of GO and ZGO was measured by a contact

angle drop-meter (A100P, MAIST Vision Inspection & Measurement

Co., Ltd.). The charge of the suspensions was characterized by Zeta

potential analysis (Zetasizer Nano ZS90). The membrane morphol-

ogy of the surface and cross-section were revealed by FESEM. The

roughness data of the membrane surface in the range of 5 × 5 μm2

was obtained from AFM. All the characterization was measured

more than three times and averaged to obtain the result.

2.5 | Pervaporation experiment

Pervaporation experiments were operated to evaluate the mem-

brane separation performance. As-prepared membrane with a

2.54×10−4 m2 effective area was placed in a self-made membrane

module to separate 90 wt% ethanol aqueous solution at 70�C. The

detailed evaluation procedure can be found in our previous work.46

The permeate flux J (kg/m2 h) and separation factor α were calcu-

lated as follows:

J =
M

A× t
ð1Þ

α=
yW=yA
xW=xA

ð2Þ

where M (kg) is the mass of collected permeate, A (m2) is the effective

area of the membrane, and t (h) is the operation time. xW and yW were

the water mass fraction in the feed and permeate sides, xA and yA rep-

resent the ethanol mass fractions in the feed and permeate side. To

guarantee the validity of experimental data, all the pervaporation

experiments were repeated three times.

3 | RESULTS AND DISCUSSION

3.1 | Characterizations of ZGO

To prove the synthesis of ZGO, the XPS characterizations of pristine

and zwitterionic GO were conducted as shown in Figure 3. N and S

peaks appear on the curve of ZGO (Figure 3a), which are the charac-

teristic elements of ethanolamine and propane sultone, respectively,

F IGURE 3 (a) XPS spectra of GO and ZGO(6:1); XPS diagrams of (b) GO, and (c) ZGO(6:1); (d) N1s curve for ZGO(6:1). (The as-prepared zwitterion-
functionalized GOwas named as ZGO(X), where X represents the mass ratio of ethanolamine to GO) [Color figure can be viewed at wileyonlinelibrary.com]
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revealing the successful grafting of these molecules. The appearance

of C N peak and the weakening of C O C peak (Figure 3b,c) prove

the formation of covalent bonds between GO and ethanolamine as

predicted in the zwitterionic modification process.47 The peak of N1s

for ZGO can be split into two peaks as shown in the spectrum

(Figure 3d), which demonstrates that the N element mainly exists in

the form of cationic quaternary ammonium groups, confirming the

formation of zwitterionic groups through the ring-opening reaction of

propane sultone48 (Figure 2a).

The ZGO(6:1) nanosheet was characterized via TEM and AFM to

observe the effect of zwitterionic functionalization on morphology.

Compared to the pristine GO, zwitterion-functionalized GO remains a

sheet structure. The homogeneous distribution of N and S elements

on ZGO(6:1) (Figure 4c,d) further manifests the successful and uni-

form grafting of zwitterions on GO. The lateral dimensions of GO and

ZGO nanosheets are both in the micrometer scale (Figure 4e,f), and

the ZGO still maintains the single-layer thickness, which benefits con-

structing regular laminar membrane structure (Figure 4g,h).

To elucidate the physicochemical properties of GO and ZGO, we

conducted the characterizations of solvent dispersibility, sorption

capacity, and zeta potential. The degree of zwitterionic functionalization

plays a significant role in the solvent dispersibility of ZGO (Figure 5a,b).

Both GO and ZGO nanosheets were dispersed in water and water–

ethanol mixture (mass ratio of 1:1) via 20 min of 600 W sonication with

a concentration of 0.1 mg/ml. As shown in Figure 5a, the color of dis-

persion changes from brown to black after the functionalization pro-

cess.26 ZGO can be homogeneously dispersed in water when the mass

ratio of ethanolamine: GO ranging from 2:1 to 6:1, while it shows obvi-

ous precipitation when the mass ratio increases to 8:1. Contrary to GO,

ZGO shows a poor dispersion stability after adding ethanol into the sol-

vent (Figure 5b) since the super-hydrophilic zwitterionic groups have

low affinity toward the relatively hydrophobic ethanol molecules.49

Figure 5c shows the sorption capacities of GO and ZGO(6:1) toward

water and ethanol. The water adsorption of pristine GO is higher than

ethanol adsorption owing to the hydrophilic groups on the GO

nanosheet. After zwitterionic functionalization, the numerous ionic

groups significantly improve the water adsorption while suppress the

ethanol adsorption, indicating that the functionalization can increase

the adsorption selectivity.

The zeta potentials of GO and ZGO dispersions show that both

GO and ZGO are negative-charged, while the absolute value of zeta

potential decreases after zwitterionic functionalization (Figure 5d).

When the mass ratio of ethanolamine to GO is 2:1, 4:1, and 6:1, the

actual zwitterion grafting amounts are 10.3, 27.6, 33.1%, respectively,

according to the N element content and the ratio of quaternary

ammonium group obtained via XPS characterization. Zeta potential is

determined by both the net charges of the colloid particles and the

location of the slipping plane. Since the zwitterionic groups on GO is

neutrally charged, thus do not alter the net charges. The decrease of

zeta potential could be caused by the location change of the slipping

plane after zwitterionic functionalization. In addition, it should be

mentioned that the zeta potential of ZGO is still negative, so PEI with

positive charges is selected to assist the assembly of ZGO.

3.2 | Characterization of membranes

With the collaboration of ZGO(GO) and PEI, dense and defect-free

(PEI/GO)15 and (PEI/ZGO)15 membranes were fabricated on the PAN

substrate as observed in Figure 6. There are still typical GO and ZGO

wrinkles after incorporation of PEI polymer, indicating the ultrathin

thickness of PEI layer. With the increase of zwitterionic func-

tionalization degree, the roughness of (PEI/ZGO)15 membrane gradu-

ally rises (Figure S1), which may be due to the more wrinkles

generated by ZGO compared with GO (Figure S2). Bulk element anal-

ysis of (0.2-PEI(10k)/GO)15 and (0.2-PEI(10k)/ZGO(6:1))15 membrane

was carried out to observe the element distribution (Figure S3). The

results reveal the uniform stacking of ZGO and PEI. Comparatively,

F IGURE 4 (a) TEM image of ZGO(6:1); (b–d) EDS element
mapping of ZGO(6:1); (e) AFM image of GO; (f) AFM image of ZGO
(6:1) [Color figure can be viewed at wileyonlinelibrary.com]
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the surface of (0.6-PEI(10k)/ZGO(6:1))15 and (0.6-PEI(70k)/ZGO

(6:1))15 is flatter than other membranes. The cross-sectional images of

the prepared membranes show that ultrathin (PEI/GO)15 and

(PEI/ZGO)15 membranes have been fabricated successfully. The thin

thickness of the separation layer is beneficial to obtaining high perme-

ate flux. With the increase of PEI concentration and molecular weight,

more PEI molecules can be deposited during each spin coating cycle.

The enhancement of deposition mass is mainly due to the improving

coverage of each layer in planar direction instead of the increasing

thickness in vertical direction since the weakly adsorbed molecules

can be removed during water washing process. Therefore, the wrin-

kles on the membrane surface are gradually covered by more PEI,

leading to a flatter surface morphology more similar to polymer mem-

brane. With the optimization of membrane preparation parameters,

the variation of the membrane thickness is much tinier than that of

the deposition mass. Such a slight change cannot be precisely charac-

terized via SEM.

QCM is a surface-sensitive technique typically used for the mass

and viscoelasticity estimation of materials adsorbed on a quartz crys-

tal. To distinguish the influence of condition optimization on the

deposition masses of PEI and ZGO, a series of (PEI/GO)15 and

(PEI/ZGO(6:1))15 membranes were fabricated on the silicon wafers.

By recording the frequency variation during membrane fabrication,

the total deposited mass of ZGO and PEI can be obtained. While the

corresponding thickness of the selective layer is incapable to be

acquired, due to the fact that the density of PEI/ZGO selective layer

is difficult to be accurately determined. In addition, the PEI percent-

ages in different membranes are ascertained via XPS characterization

(Figure 7). Combining the above results, both ZGO mass and PEI mass

can be calculated. For all the membranes, GO or ZGO is the main

component and possesses a higher mass percentage than PEI. After

zwitterionic functionalization, ZGO shows higher deposited mass than

GO, while the PEI mass also increases, which can be ascribed to the

increased electrostatic interaction site between ZGO and PEI. On the

basis of (0.2-PEI(10k)/ZGO(6:1))15 membrane, the further increase of

PEI concentration or molecular weight results in more PEI deposition,

but exerts little influence on ZGO deposition. The possible reason is

that the PEI solution with concentration of 0.2 mg/ml and molecular

weight of 10 k Da may be adequate to form an intact molecular layer

during each spin coating cycle, thus the increased PEI deposition

rarely confers effect on the subsequent ZGO deposition.

3.3 | Pervaporation experiments

3.3.1 | Effect of the bilayer number

The water-selective permeation performance of (0.2-PEI(10k)/GO)n

membranes was firstly assessed, so that to ascertain the optimum

bilayer number for further exploration. As shown in Figure 8a, with

the bilayer number increasing from 5 to 20, the flux keeps decreasing

from 6.78 to 2.10 kg/m2 h, while the water–ethanol separation factor

F IGURE 5 Characterization of GO and ZGO. Dispersibility of GO and ZGO in water (a) and water–ethanol mixture (b); (c) Sorption capacity
of GO and ZGO(6:1) monitored by QCM; and (d) Zeta potential analysis [Color figure can be viewed at wileyonlinelibrary.com]
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increases first (from 16 to 278) and then remains steady. In the mean-

time, the water and ethanol fluxes were calculated as shown in

Figure 8b. With the increase of bilayer number, both water flux and

ethanol flux show the trend of continuous decline, water flux

decreases from 4.35 to 2.07 kg/m2 h and ethanol flux decreases from

2.45 to 0.07 kg/m2 h, respectively. For membrane with low bilayer

number, the nanopores on PAN substrate have not been completely

sealed, and there are still some non-selective defects on the mem-

brane surface, thus causing the poor separation factor. By increasing

the bilayer number, the defects are gradually covered, leading to

enhanced separation factor and declined permeate flux. In addition,

the increased membrane thickness leads to higher diffusion resistance

for water–ethanol molecules, which also contributes to the decrease

of permeate flux.32,34 When the bilayer number reaches 15, a defect-

free active layer has been obtained, the follow-up spin coating of PEI

and GO leads to thicker membrane but exerts little influence on the

microstructure. Therefore, the flux continues to decrease but the sep-

aration factor remains stable. Comprehensively considering flux and

separation factor, when the bilayer number reaches 15, the PEI/GO

membrane obtains the optimal performance. The modest separation

factor confirms that the (0.2-PEI(10k)/GO)15 membrane is

subnanometer-scale defect-free (with water content in permeate

F IGURE 6 FESEM images of GO-based membranes. (The as-prepared membranes were named as (A-PEI(B)/ZGO(X))n where A and
B represent the concentration and molecular weight of PEI, X represents the mass ratio of ethanolamine to GO, n refers to the number of spin
coating cycles) [Color figure can be viewed at wileyonlinelibrary.com]
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about 93 wt%), which can act as the control membrane and provide a

suitable foundation for the further precise regulation of membrane

structure.

3.3.2 | Effect of zwitterionic functionalization

On the basis of the optimal bilayer number, (0.2-PEI(10k)/ZGO)15

membranes were prepared to investigate the effect of zwitterionic

functionalization of GO on membrane performance. As shown in

Figure 8c, both permeate flux and separation factor are improved

after employing ZGO to replace GO and exhibit the tendency of con-

tinuous increase with the enhanced zwitterization degree. When the

grafting amount of zwitterion is up to 33.1%, the (0.2-PEI(10k)/ZGO

(6:1))15 membrane obtains the permeate flux and separation factor of

3.0 kg/m2 h and 730, respectively (increase by 47.4% and 2.63-fold

compared with (0.2-PEI(10k)/GO)15 membrane). This improvement

can be ascribed to two reasons. First, the abundant zwitterions

(charged quaternary ammonium and sulfonate groups) in the mass

F IGURE 7 Deposited mass and PEI percentage of membranes
with different preparation parameters. (M1: (0.2-PEI(10k)/GO)15, M2:
(0.2-PEI(10k)/ZGO(6:1))15, M3: (0.6-PEI(10k)/ZGO(6:1))15, M4:
(0.6-PEI(70k)/ZGO(6:1))15) [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 8 (a,b) Effect of the bilayer number on the (0.2-PEI(10k)/GO)n membrane separation performance; (c,d) Effect of the zwitterionic
functionalization on the (0.2-PEI(10k)/GO)15 and (0.2-PEI(10k)/ZGO)15 membrane separation performance. Feed water concentration: 10 wt%,
feed temperature: 70�C [Color figure can be viewed at wileyonlinelibrary.com]
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transfer channel can interact with water through hydrogen bonding or

ionic solvation, leading to the formation of hydration layers around them,

thus helping to inhibit the coupling between water and ethanol, increasing

the preferential adsorption and preferential diffusion of water mole-

cules.46 On the other hand, the PEI deposited mass rises after zwitterionic

functionalization (Table S2), which further increases the density of hydro-

philic groups in the mass transfer channels. Therefore, under the synergis-

tic effect of ZGO and PEI, the highly ordered and hydrophilic 2D

channels can be constructed, which show significant effect on facilitating

water transport and repelling ethanol transport, leading to the increase in

water flux and decrease in ethanol flux (Figure 8d).

3.3.3 | Effect of PEI concentration and molecular
weight

Since PEI and ZGO collaborate to facilitate the water-selective perme-

ation, the properties of PEI solution are also crucial to membrane

structure and separation performance. Therefore, the effects of PEI

concentration and molecular weight were investigated with the

bilayer number of 15. As shown in Figure 9a, with the PEI concentra-

tion increasing, the permeate flux rarely changes, while the separation

factor exhibits a remarkable improvement and reaches a peak at the

concentration of 0.6 mg/ml (increasing from 730 to 2,248). This result

can be ascribed to the enhanced PEI deposition amount per bilayer at

higher concentration (as illustrated in Figure 7), which elongates the

mass transfer path and increases the mass transfer resistance. On the

other hand, the density of hydrophilic groups increases in the mass

transport channels, which improves the impetus for water transport

to prevent water flux from decreasing, but inhibits ethanol molecules

(Figure 9b). Therefore, water flux almost keeps stable, and ethanol flux

shows obvious decline with PEI concentration (Figure 9b), leading to

the elevated separation factor. When the PEI concentration exceeds

0.6 mg/ml, the membrane performance is almost unchanged since the

interaction sites during assembly have been saturated. The excess PEI

molecules can be removed by water washing process, thus conferring

little effect on the actual PEI deposited mass, and the separation

performance.

With the PEI molecular weight increasing from 600 to 70 k Da,

the flux of the (0.6-PEI/ZGO(6:1))15 membrane gradually decreases

while the separation factor increases (Figure 9c). PEI with higher

molecular weight has more interaction sites on the individual molecu-

lar chain, which consequently is more prone to be adsorbed on mem-

brane surface. During the spin coating of first PEI layer, the coverage

F IGURE 9 Effect of the PEI concentration (a,b) and molecular weight (c,d) on the (PEI/ZGO(6:1))15 membrane separation performance. Feed
water concentration: 10 wt%, feed temperature: 70�C [Color figure can be viewed at wileyonlinelibrary.com]
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of PEI on the PAN substrate raises with the increase of molecular

weight, thus accelerating the formation of defect-free active layer.

Therefore, the (0.6-PEI/ZGO(6:1))15 membrane with higher PEI molec-

ular weight possesses larger mass transfer resistance. On the other

hand, higher molecular weight confers stronger intermolecular inter-

actions between PEI, which may lead to a denser structure within PEI

layer and then further increase mass transfer resistance. Compara-

tively, ethanol molecule shows a more remarkable decline compare

with water molecule (ethanol: from 0.097 to 0.010 kg/m2 h, declining

by 89%; water: from 4.70 to 2.57 kg/m2 h, declining by 45%) due to

its larger size (Figure 9d), thus resulting in the increased separation

factor. Comprehensively considering the flux and separation factor

(trade-off phenomenon), when the PEI molecular weight is 10 k Da,

membrane obtains the optimal performance with the flux of 3.23 kg/

m2 h and separation factor of 2,248, respectively.

3.3.4 | Effect of feed temperature and water
concentration

Membrane performance under different operation conditions need

to be thoroughly studied considering the various applications. In

addition, the membrane stability with elevated temperature and

water concentration is an indispensable indicator for evaluating

membrane performance. Herein, the (0.6-PEI(10k)/ZGO(6:1))15

membrane was tested for 10 wt% water/90 wt% ethanol separa-

tion with the temperature rising from 303 to 343 K. As shown in

Figure 10a, both permeate flux and separation factor increase with

temperature. In addition, the water flux shows remarkable

enhancement, while the ethanol flux almost remains no change

(Figure 10b). To acquire better understanding of the water and

ethanol molecular transport behaviors under different tempera-

tures, the permeance (driving force-normalized form of permeation

flux) and selectivity were calculated, and the permeance data were

fitted to obtain the activation energy. Both water and ethanol

permeances decline with the increase of operation temperature,

indicating that driving force makes a dominant contribution to the

improved flux. The decrease rate of water permeance is much

lower than that of ethanol, thus leading to the continuously

increasing selectivity. Meanwhile, the negative Ep reveals that both

water and ethanol permeation processes are dominated by adsorp-

tion instead of diffusion (Figure S5). This result proves that the

membrane structure remains robust with increasing operating

temperature.

F IGURE 10 Effect of the temperature (a, b) and water concentration (c, d) on the (0.6-PEI(10k)/ZGO(6:1))15 membrane separation
performance [Color figure can be viewed at wileyonlinelibrary.com]
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The effect of feed water concentration has also been investigated

as shown in Figure 10c,d. Both the permeate flux and the water con-

centration in the permeate rose constantly with water concentration

in the feed. When the water concentration is 20 wt%, the membrane

possesses an exceptional pervaporation performance with a permeate

flux of 4.25 kg/m2 h and water concentration of 99.7%. The increased

water concentration in feed could improve the partial pressure of

water on the feed side, leading to the enhancement of driving force

for water and the reduction of that for ethanol. As shown in Table S3,

after normalization of the driving force, both water permeance and

ethanol permeance decrease with the increase of the water concen-

tration in the feed, and the decline rate of water is much lower than

that of ethanol, causing the elevated water–ethanol selectivity. The

decreased permeance and increased selectivity indicate that the mem-

brane structure is not obviously swollen and remains stable at high

water concentration.

3.3.5 | Membrane stability

For practical applications, membrane stability is a critical index.

Herein, The (0.6-PEI(10k)/ZGO(6:1))15 membrane was placed in 10 wt

% water/90 wt% ethanol solutions, and the pH values of the solutions

were adjusted to 4, 7, and 10, respectively, to evaluate the membrane

stability under acidic/neutral/alkaline conditions. It can be found in

Figure S6 that there is no obvious defect or damage during the mem-

brane treatment under different pH conditions, and the PEI/ZGO

layer still shows good adhesion to the support. This result evidences

the chemical stability of as-prepared membrane, which may further

expand the application scope of the membrane.

To verify the membrane durability, the membrane was tested

continuously over 200 h with 10 wt% water/90 wt% ethanol solu-

tion at 343 K. Figure 11a shows that the membrane flux reaches

the steady-state after 40 h, while the water concentration in the

permeate side keeps higher than 99.6% during the entire test,

revealing the stable membrane structure. More importantly,

(0.6-PEI(10k)/ZGO(6:1))15 membrane presents the highest perme-

ate flux and water–ethanol separation factor compared with the

existing GO membranes, and the performance also lies in the top

range among all the reported water–ethanol separation membranes

(Figure 11b and Table S4). It could be primarily attributed to the

exclusive and fast water channels constructed by the synergy

effect of ZGO and PEI.

4 | CONCLUSION

In summary, we demonstrated a new strategy to achieve high-

performance separation of strong-coupling water–ethanol mixture

via constructing exclusive and fast water channels in GO membrane.

The zwitterion-functionalized GO collaborate with PEI to assemble

into ultrathin membranes with ordered and stable channels, which

possess high-density ionic hydrophilic groups to achieve fast water-

selective transport. The high-density ionic hydrophilic groups work

from three aspects: (a) inhibiting the strong coupling between water

and ethanol, (b) adsorbing water molecules through hydrogen bond-

ing or ionic solvation, (c) repelling ethanol molecules due to the exis-

tence of hydration layer around them. Through optimizing the

microstructure of GO channels, a remarkably high separation perfor-

mance was obtained with a flux of 3.23 kg/m2 h and water–ethanol

separation factor of 2,248. This work offers a promising approach to

implementing high-performance GO-based membrane for strong-

coupling mixture.
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