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Abstract

Graphene oxide (GO), as a representative two-dimensional material, has shown great

prospect in developing high-performance separation membranes via forming ordered

and tunable nanochannels. However, for aqueous molecular separations, the imple-

mentation of an excellent separation performance remains a critical challenge due to

the membrane swelling phenomenon and the trade-off effect between permeation

flux and separation factor. Herein, a facile and tunable approach is presented for

introducing water transport promoters into GO interlayer channels to construct

water transport highways. The combination of covalently cross-linked channel struc-

ture, facilitated water-selective sorption, and expedited water-preferential diffusion

overcome the trade-off effect, achieving a superior performance from an ultrathin

GO membrane with a flux of 5.94 kg/m2∙h and a water/butanol separation factor of

3,965, which exceeds the performance of state-of-the-art membranes for water/

butanol separation. The strategy proposed here is straightforward, holding great

potential to produce high-efficiency GO and other two-dimensional (2D)-material

membranes for precise aqueous molecular separations.

K E YWORD S

graphene oxide, interlayer channel, membrane, water transport promoter, water-selective

permeation

1 | INTRODUCTION

In the industrial production process, solvent separation is an essential

step for various applications such as high-purity solvent production and

solvent recycling.1,2 Compared to conventional thermal-based separa-

tion technologies, membrane technology confers more energy-efficient

and environment-benign separations.3-5 Nowadays, the eager demands

for high-performance membrane separation motivate the development

of advanced membrane materials.6-9

Two-dimensional (2D) materials with atomic thickness, exemplified

by graphene oxide (GO), have emerged as promising nano-building

blocks for next-generation high-performance separation membranes

due to their capability to construct ultrathin selective layer with con-

trollably ordered interlayer nanochannels, featuring extraordinary

permeation properties.10-12 Laminar GO membranes have demon-

strated attractive gas separation efficiency owing to the sharp size-

exclusion effect from the well-defined interlayer spacing.13,14 However,

during the operation in aqueous environment, the hydrophilic GO inter-

layer channels can adsorb a large amount of water molecules, which

subsequently lead to an enlarged interlayer spacing (swelling) or even

membrane delamination.15-18 The resulting GO membrane usually

shows a low separation factor and a poor long-term stability, especially

for subnanometer-scale separations. To address this issue, various strat-

egies such as partial reduction,19,20 covalent cross-linking21-24 and

external pressure regulation25 have been developed to maintain the

interlayer structure of GO membrane in aqueous environment. Never-

theless, most of these studies focus on controlling the physical size of

GO interlayer channels, commonly leading to an improvement in
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separation factor and stability with a penalty of drastically decreased

flux.26-28 Therefore, it remains a big challenge to develop high-

performance GOmembranes for aqueous molecular separations.

Cell membrane provides a natural prototype of advanced separa-

tion membrane, where ultrafast and highly selective transport of mol-

ecules/ions is realized through carrier proteins or channel

proteins.29-31 The carrier proteins act as transport promoters for tar-

get molecules through specific interactions. The channel proteins

achieve highly efficient and selective transport via self-assembled

channels with confined space and appropriate chemical microenviron-

ment.32 Intrigued by the ingenious transport mechanism across cell

membrane, constructing selective molecular transport highways in

membrane via introducing specific promoters into well-assembled GO

interlayer channels is a promising strategy to achieve an excellent sep-

aration performance and overcome the trade-off effect between per-

meation flux and separation factor. Furthermore, compared with the

material-synthesis in vivo, artificial membrane synthesis can employ

more abundant chemistry for the design of advanced chemical struc-

ture. For instance, sulfonate-incorporated GO film has been synthe-

sized to construct highly continuous ionic channels between GO

nanosheets for high-efficiency proton transport.33

Herein, aiming at a high-performance water-selective separation,

the multifunctional sodium 1,4-phenylenediamine-2-sulfonate (PDASA

(Na+)) was employed to introduce high-efficiency water transport pro-

moters into GO interlayer channels and construct water-selective trans-

port highways (Figure 1a). The amine groups on PDASA(Na+) covalently

bond with GO through nucleophilic addition reaction to tune the

assembly of GO nanosheets and achieve interlayer cross-linking

(Figure 1b), thus ensuring robust membrane structure. The ionized sul-

fonate groups of PDASA(Na+) play an essential role in facilitating water-

selective sorption and diffusion, acting as water transport promoters.

With the synergetic effect of robust GO channels and sulfonate pro-

moters, the as-prepared GO membrane achieves a superior water flux,

separation factor, and an attractive long-term stability with an ultrathin

thickness (~30 nm), exceeding the performance of state-of-the-art

membranes for water/butanol separation.

2 | EXPERIMENTAL

2.1 | Materials

Graphite flakes was purchased from Nanjing Jichang Nano Technology

Co., Ltd., China. 1,4-Diaminobenzenesulfonic acid (PDASA) and

F IGURE 1 Schematic diagram of
(a) molecular transport in the membrane
and (b) the preparation of PDASA(Na+)/
GO membrane
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phenylenediamine (PPD) were obtained from Alfa Aesar. Sulfuric acid and

hydrochloric acid were purchased from Shanghai Chemical Reagent Co.,

Ltd., China. Sodium nitrate, potassium permanganate, sodium hydroxide,

and hydrogen peroxide (30 wt% aqueous solution) were all obtained from

Sinopharm Chemical Reagent Co., Ltd., China. All the above regents are

of analytical purity. The flat-sheet polyacrylonitrile (PAN) ultrafiltration

membrane with a molecular weight cut-off of 100,000 was received from

Shandong Mega Vision Membrane Engineering & Technology Co. Ltd.

(Shandong, China). Deionized water is homemade in the laboratory.

2.2 | Preparation of PDASA(Na+)/GO membrane

GO dispersion was diluted to form a 0.2 mg/ml GO suspension.

1,4-phenylenediamine-2-sulfonic acid (PDASA) was transformed into the

ionized form before use using NaOH at an equal molar ratio to prepare a

0.001 M (PDASA(Na+)) aqueous solution, because PDASA is unable to

dissolve in water. Then GO and PDASA(Na+) solutions were mixed at a

certain mass ratio and diluted to 200 ml. The resulting dilute suspension

was filtered on a PAN substrate using the vacuum-assisted filtration

method. After the filtration process, the fresh membrane sample was

thermal treated at 333 K for 3 h to facilitate the chemical cross-linking

process. To remove the physically adsorbed PDASA(Na+) molecules, the

membranes were soaked in 0.001 M NaOH solution for 1 h, and then

washed with deionized water. In the preparation process, the mass ratios

of PDASA(Na+) to GO are 0.25:1, 0.5:1, 0.75:1, 1:1, and 1.25:1, while the

actual PDASA(Na+) doping amounts in the membrane are 4.4, 7.2, 9.3,

11.8, and 14.5 wt%, respectively, according to the N element content

obtained via X-ray photoelectron spectroscopy (XPS) characterization.

The membranes doping with PDASA(Na+) are named as PDASA(Na+)-X/

GO, where X represents the actual percentage of PDASA(Na+) in the

membrane (wt%). The as-prepared membrane samples were stored in a

desiccator at room temperature before test. To demonstrate the role of

PDASA(Na+) in water permeation through membrane, GO and PPD/GO

membranes were prepared as control membranes with the same method.

Specially, PDASA/GO membrane was prepared via immersing

PDASA(Na+)/GO membrane in the 0.001 M HCl solution for 3 h to per-

form ion exchange, followed by washing with deionized water.

2.3 | Characterization

The surface and cross-section morphologies of membranes were rev-

ealed by field-emission scanning electron microscope (FESEM, S4800,

Hitachi, Tokyo, Japan). For membrane thickness measurement, 10 differ-

ent locations in the cross-sectional SEM images were measured and

averaged to obtain the final result. The roughness data of membrane sur-

face in the range of 5 × 5 μm2 and the height profiles of GO nanosheet

were obtained from atomic force microscope (AFM, Bruker Dimension

Icon, Germany, and XE-100, Park SYSTEMS, Korea) characterizations.

The functional groups on synthesized GO were characterized by Fourier

transform infrared (FTIR, AVATAR-FT-IR-360, Thermo Ncolet, USA)

spectra in the range of 600–4,000 cm−1. The quartz crystal microbalance

technique (QCM200 Quartz Crystal Microbalance, Stanford Research

Systems, Inc., Sunnyvale, State of California, USA) was used to measure

the sorption ability of membranes toward water and butanol. X-ray dif-

fraction (XRD, Bruker D8 Advance, Germany) was performed at room

temperature in the range of 5� ≤ 2θ ≤ 60� with the increment of 0.02�

per second. XPS (Thermo ESCALAB 250, USA) was recorded to analyze

the element composition of membranes.

2.4 | Membrane performance evaluation

To explore the water-selective permeation property of as-prepared

GO-based membranes, water/alcohol separation experiments were

performed in a homemade membrane module with an effective mem-

brane area of 2.54 ×10−4 m2. The solution with 10 wt% water in buta-

nol (or ethanol, isopropanol) was continuously fed into the membrane

module by a peristaltic pump. The permeation side of the membrane

was vacuumed with a pressure below 300 Pa to provide driving force

for permeating molecules. The permeate side steam was collected

with a cold trap in liquid nitrogen and analyzed with gas chromatogra-

phy (SP-6890, Shandong Lunan, China). The performance of a mem-

brane is usually expressed as total flux J (kg/m2h) and separation

factor α, which can be calculated by the following equations:

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. yW is the mass frac-

tion of water in the permeate, xW is the mass fraction of water in the

feed, and yA and xA represent the mass fractions of alcohol in the perme-

ate and feed, respectively. To guarantee the validity of experimental data,

all the pervaporation experiments were repeated for three times.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of GO nanosheet

The as-prepared GO was characterized by FT-IR and AFM as shown in

Figure S1. The spectrum in Figure S1a shows the typical characteristic

peaks of GO: OH (3,200 cm−1), C O (1,731 cm−1) on the carbonyl,

C C on the six-membered ring (1,620 cm−1), and epoxy C O C

(1,045 cm−1). The appearance of these characteristic peaks proves the

successful preparation of GO and the existence of a large number of

oxygen-containing functional groups on the surface of GO after oxida-

tion reaction. The lateral dimension of GO nanosheet is in the microme-

ter scale (Figure S1b), and the thickness is measured to be about 0.8 nm

from the height profile, confirming the high-extent exfoliation.

3.2 | Membrane morphologies and microstructures

PDASA(Na+)/GO membrane was fabricated on a porous polyacryloni-

trile (PAN) substrate through vacuum-assisted filtration of diluted
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GO-PDASA(Na+) mixture solution (Figure 1b). To ensure sturdy mem-

brane structure, the filtrated membrane needs to be thermal treated

at 333 K for 3 h to facilitate the chemical cross-linking process

(Figure 1b).

Defect-free ultrathin membrane is critical to achieving precise and

high-throughput separation. As shown in Figure 2a,d, both GO and

PDASA(Na+)/GO membranes show visually defect-free surface with

some wrinkles, and there is no obvious change in terms of membrane

surface morphology after doping PDASA(Na+). The subtler morphol-

ogy characterization via AFM reveals similar results: both the mor-

phology and the surface roughness in the 5 × 5 μm2 scanning area

show no evident difference between two membranes (Figure 2b,e),

indicating the negligible influence of PDASA(Na+) doping on mem-

brane structure. As measured from the cross-section images in

Figure 2c,f, the thicknesses of GO and PDASA/GO membranes are

28 ± 2 nm and 30 ± 2 nm, respectively. The thin thickness of separa-

tion layer is beneficial to obtaining high permeation flux.

During the filtration process, the majority of PDASA(Na+) mole-

cules will penetrate through the nanopores in PAN support. There-

fore, the actual content of the PDASA(Na+) in the final membrane is

far less than that in the filtration solution. With the increase of

PDASA(Na+)/GO mass ratio in filtration solution, the content of

PDASA(Na+) in final membrane increases from 0 to 14.5 wt%. All the

membranes have been washed before drying and testing to remove

the physically adsorbed molecules. To verify the necessity of washing,

we performed XPS characterization on the unwashed membrane with

the PDASA(Na+)-9.3/GO membrane as an instance. According to the

N element content, the actual PDASA(Na+) doping amount in the

membrane is 13.2 wt% before washing, which is about 9.3 wt% after

washing. Since the physically adsorbed PDASA(Na+) molecules can be

removed through repeatedly rinsing with NaOH solution, the

remaining PDASA(Na+) molecules can be assumed to bind with GO

through strong interactions. GO membrane surface bears many polar

oxygenated functional groups (Figure 3a), which is consistent with the

results in literature.34 After incorporating PDASA(Na+), the appear-

ance of a new C N peak and the weakening of epoxy group peak

(Figure 3b) prove the successful formation of covalent bonds between

GO and PDASA(Na+): the amine groups on PDASA(Na+) react with

the epoxy groups on GO through nucleophilic addition.33

With the intercalation of PDASA(Na+), there is almost no change

on the interlayer spacing of GO membrane (Figure 3c). The low reac-

tivity between GO and PDASA(Na+) during filtration, as well as the

π-π interaction between GO and benzene rings on PDASA(Na+) lead

to the fact that PDASA(Na+) is unlikely to be perpendicular to the

basal plane of GO nanosheet, thus inhibiting the enlargement of inter-

layer spacing. In comparison, the PDASA(Na+)/GO membranes show a

sharper peak than GO membrane, indicating the improved stacking

regularity of GO nanosheet after incorporating PDASA(Na+).35

3.3 | Water-selective permeation performance

3.3.1 | Effect of GO deposition amount

Basically, GO membrane shows a trade-off phenomenon between flux

and separation factor with GO deposition amount. With the GO

F IGURE 2 Field-emission scanning electron microscope (FESEM) and AFM images of (a‑c) GO, and (d‑f) PDASA(Na+)/GO membranes
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deposition amount increasing from 0.08 ×10−3 to 0.32 ×10−3 kg/m2,

the water/butanol separation factor increases from 57 to 291, while

the flux decreases from 2.68 to 1.78 kg/m2∙h (Figure S2). This phe-

nomenon can be ascribed to the increased membrane thickness with

GO deposition amount, which leads to higher transport resistance and

reduces the possibility of forming defects. Comprehensively consider-

ing flux and separation factor, the deposition amount of 0.16 ×10−3

kg/m2 is adopted in the other experiments. The modest separation

factor confirms that the GO control membrane under this deposition

amount is subnanometer-scale defect free (with water content in per-

meate about 93 wt%), which can provide a suitable foundation for the

precise tuning of GO interlayer structures with PDASA(Na+). The

relatively high flux is beneficial to obtaining a high separation perfor-

mance after PDASA(Na+) modification.

3.3.2 | Effect of thermal treatment

In liquid separation applications, cross-linking is always imperative for

GO membrane to ensure membrane stability during operation. Com-

pared with aliphatic amine,24 the aromatic amine on PDASA(Na+) pos-

sesses lower nucleophilic reactivity with the epoxy group on GO. In

addition, the ionized sulfonate group, as an electron-withdrawing

group, further lowers the reactivity, which leads to a particularly slow

cross-linking reaction between PDASA(Na+) and GO at room tempera-

ture. In this case, thermal treatment is often adopted to promote the

reactivity.24,33 In order to confirm this assumption, two different

membranes were prepared: one is PDASA(Na+)/GO membrane pre-

pared through vacuum filtration; the other is that thermal-treated at

333 K for 3 h after filtration. The prepared membranes were tested

with water/butanol (10 wt%/90 wt%) mixture at 313 K (Figure 4).

Since the pure GO membrane is uncross-linked, its structure deterio-

rates during test after severe swelling, thus leading to a low separa-

tion factor, which slightly decreases with operation time. Although

the PDASA(Na+)/GO without thermal treatment shows higher separa-

tion performance compared with GO membrane in the beginning,

both the flux and separation factor of the membrane sharply decrease

with the operation time. On one hand, for the unheated PDASA(Na+)/

GO membrane, swelling causes the damage of membrane structure

due to the low cross-linking degree (the high hydrophilicity of ionized

sulfonate group may aggravate the swelling phenomenon). On the

other hand, a lot of the PDASA(Na+) molecules are physically

adsorbed and prone to being washed away from GO membrane.

F IGURE 3 C1s X-ray photoelectron spectroscopy (XPS) spectra of (a) GO membrane and (b) PDASA(Na+)-11.8/GO membrane, (c) X-ray
diffraction (XRD) spectra of GO and PDASA(Na+)/GO membranes

F IGURE 4 Effect of thermal treatment on the water-selective permeation performance of GO and PDASA(Na+)/GO membranes: (a) flux and
(b) water/butanol separation factor
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Therefore, the membrane structure gradually transforms to be similar

with pure GO membrane, giving rise to the declined flux and separa-

tion factor. As for the membrane with thermal treatment, the initial

separation performance is similar with the one without thermal treat-

ment but keeps stable with operation time, indicating the robust

membrane structure after thermal cross-linking. The above results

confirm that thermal treatment is imperative to facilitate the reaction

between GO and PDASA(Na+).

3.3.3 | Effect of PDASA(Na+) amount

The effect of incorporating PDASA(Na+) on the water-selective perme-

ation performance of GO membrane was studied by separating the

water/butanol (10 wt%/90 wt%) mixture at 313 K. With the increase of

PDASA(Na+) doping amount, the water/butanol separation factor of

PDASA(Na+)/GO membrane increases at the beginning and then

declines, while the flux exhibits the tendency of continuous increase

(Figure 5a). When the PDASA(Na+) doping amount is 11.8 wt% (with the

mass ratio of PDASA(Na+): GO in the filtration solution of 1:1), the

membrane obtains the optimal performance with the flux of 2.88 kg/

m2�h and water/butanol separation factor of 1,366, which are 38.5%

and 11-fold higher than that of pure GO membrane, respectively. Appar-

ently, the incorporation of PDASA(Na+) into GO interlayer channel

achieves the simultaneous improvement of flux and separation factor.

For in-depth analysis of the impacts of PDASA(Na+) on water/butanol

separation, the water and butanol fluxes were calculated as shown in

Figure 5b. With the PDASA(Na+) doping amount increases from 0 to

11.8 wt%, water flux increases from 1.95 kg/m2�h to 2.87 kg/m2�h, while

butanol flux remarkably decreases from 0.33 to 0.02 kg/m2�h, confirming

the accelerating effect for water and the inhibiting effect for butanol.

3.4 | Separation mechanism of PDASA(Na+)/GO
membrane

To analyze the role of PDASA(Na+) in water-selective permeation,

p-phenylenediamine (PPD), with the similar molecular size and structure

but without sulfonate group, was selected as an alternate molecule. As

shown in Figure 6a, for separation of water/butanol (10 wt%/90 wt%)

F IGURE 5 Effect of doping amount of PDASA(Na+) in membrane on the water-selective permeation performance at 313 K: (a) Flux and
water/butanol separation factor, (b) water flux and butanol flux

F IGURE 6 (a) Effect of different intercalation molecules on the water-selective permeation performance of GO membranes; (b) Water
contact angle of GO-based membranes with different intercalation molecules
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mixture at 313 K, the incorporation of PPD into GO interlayer channels

increases the water/butanol separation factor from 110 to 164, con-

firming the positive effect of PPD (and PDASA(Na+)) arising from cova-

lent cross-linking: the covalent cross-linking between amine groups on

PPD (or PDASA(Na+)) and epoxy groups on GO is in favor of forming

stable channel structure to resist membrane swelling, thus improving

the water/butanol diffusion selectivity. The comparative experiments

of PDASA(Na+)/GO membranes with or without thermal treatment fur-

ther demonstrates the necessity and importance of covalent cross-

linking: the PDASA(Na+)/GO membrane without thermal treatment

shows a deteriorated performance with operation time, while the per-

formance of the thermal-treated one is more stable. However, the indi-

vidual tuning of channel physical structure achieves higher separation

factor with a penalty of decreased flux from 2.30 to 1.85 kg/m2�h due

to the narrowed and partially occupied transport pathways. Further-

more, the hydrophobic feature of PPD is detrimental to water-selective

permeation, which offsets the positive effect of cross-linked channel

structure to some extent. Compared to PPD/GO membrane, the

PDASA(Na+)/GO membrane achieves an improved flux from 1.85 to

2.88 kg/m2�h and a remarkably increased separation factor from 164 to

1,366, indicating the momentous role of sulfonate group for water per-

meation. To further demonstrate the critical influences of sulfonate

group, PDASA/GO membranes were fabricated through ion exchange

of Na+ in PDASA(Na+)/GO with H+. Since sulfonic acid group is partially

dissociated in aqueous environment, both ionized and nonionized

groups exist in PDASA/GO membrane. Comparatively, the

PDASA(Na+)/GO membrane with completely dissociated sulfonate

groups shows much higher flux and water/butanol separation factor,

evidencing that ionization plays a pivotal role in facilitating water-

selective permeation.

In general, the hydrophilicity of the membrane surface also has a

crucial impact on the water-selective permeation, which was investi-

gated by means of water contact angles (Figure 6b). After intercalation

of PPD molecules, the water contact angle on GO membrane increases

due to the presence of hydrophobic benzene ring. In the case of

PDASA/GO, the unreacted amino groups and sulfonic acid groups from

PDASA molecules on membrane surface confer abundant hydrogen

bonding sites to adsorb water molecules, thus partially counteracting

the hydrophobicity of the benzene ring and enhancing the membrane

hydrophilicity. Comparatively, the ionized sulfonate groups on

PDASA(Na+) provide much higher water affinity than sulfonic acid

groups, further increasing the membrane hydrophilicity and facilitating

the preferential water sorption. Although the PDASA(Na+)/GO mem-

brane shows a similar water contact angle with pure GO membrane,

the sulfonate group can produce some local superhydrophilic regions,

which is beneficial to the transfer of water molecules.

According to the “solution-diffusion” mechanism in membrane

separation process, the permeability and selectivity of permeating

molecules through membrane are determined by both solubility and

diffusivity. Therefore, the sorption capacities toward water and buta-

nol were measured with membranes before and after incorporating

PDASA(Na+). As shown in Figure 7a, the pure GO membrane shows a

preferential adsorption for water compared to butanol due to the

hydrophilic feature of GO. After incorporating PDASA(Na+), the sorp-

tion capacity for water achieves a fourfold enhancement while the

sorption capacity for butanol decreases and approaches zero. The

sorption property of a membrane is closely related to the chemical

structure and the affinity toward target molecules. In PDASA(Na+)/

GO, the ionized sulfonate groups on PDASA(Na+) provide abundant

electrostatic interaction sites with water molecules, while exerting

repellency against the relatively hydrophobic butanol molecules.

As a support of above analysis, molecular simulations were per-

formed to systemically investigate the impacts of PDASA(Na+) on the

water-selective sorption behavior in the case of water/butanol mix-

ture (Figure 7c). GO membranes with different PDASA(Na+) molecule

numbers (0, 2, 4, 6, 7 and 8) were constructed, which correspond to

the PDASA(Na+) doping amounts of 0, 3.9, 7.7, 11.6, 13.5, and

15.5 wt%, respectively, approximately equal to the doping amounts in

experiments. With the increase of PDASA(Na+) doping amount, the

water sorption is remarkably enhanced while the butanol sorption

shows a reverse tendency, indicating the outstanding water capture

capability of sulfonate groups from mixture (Figure 7b). Compared

with the hydrogen bond between nonionized group on GO and water,

the electrostatic interaction between sulfonate group and water has

higher bond strength and lower directionality, thus adsorbing more

water molecules and conferring higher water affinity (as confirmed by

the water contact angle test [Figure 6b]) and water uptake.36-38

Figure 7d simulates the root mean square displacement (MSD) of

water and butanol molecules in GO and PDASA(Na+)/GO channels to

investigate the influence of PDASA(Na+) on water-selective diffusion

behavior. From the slopes of MSD curves, the diffusion coefficients as

a function of PDASA(Na+) doping amount can be obtained as shown

in Figure 7e. Although the incorporation of PDASA(Na+) occupies part

of the interlayer channels (Figure 7c), water diffusion is still acceler-

ated with increasing PDASA(Na+) doping amount, while the diffusion

property of butanol molecules is almost invariable, demonstrating the

vital role of sulfonate groups as accelerating sites to facilitate water

diffusion. The possible reason is that the water molecules outside the

hydration layer of sulfonate group possess higher mobility and behave

more like free water compared with those outside the hydration layer

surrounding nonionized groups.39 With further increased PDASA(Na+)

doping amount beyond the threshold value (11.6 wt%), the reduced

effective cross-sectional channel size due to the occupation by

PDASA(Na+) plays a dominant role, leading to a decreased diffusion

coefficient.

According to the joint results from simulations and experiments, it

can be deduced that PDASA(Na+) contributes to the water-selective

permeation through GO membrane from two aspects: (a) the covalent

cross-linking of PDASA(Na+) with GO nanosheets ensures sturdy

interlayer channels, improving the water/butanol diffusion selectivity;

(b) the ionized sulfonate groups on PDASA(Na+) act as water transport

promoters through facilitating water-selective sorption and water-

preferential diffusion. The combination of sturdy channel structure

and efficient water transport promoter leads to the coinstantaneous

improvement in permeation flux and separation factor. With further

higher PDASA(Na+)/GO mass ratios, the amount of PDASA(Na+)
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playing the role of cross-linking decreases since some PDASA(Na+)

molecules only provide one amine group to participate in the covalent

reaction with GO, leading to less stable membrane structure. Further-

more, the increased sulfonate groups and the unreacted amine groups

attract more water molecules, which aggravates the membrane swell-

ing phenomenon. Consequently, the membrane shows an increase in

water and butanol fluxes and a remarkable decrease in separation

factor.

3.5 | Membrane generality and stability

High-efficiency water-selective permeation is attractive for a wide

range of separation systems. To demonstrate the generality of

PDASA(Na+)/GO membrane, herein, the PDASA(Na+)-11.8/GO mem-

brane showing the highest water/butanol separation performance at

313 K was selected as a representative sample to investigate the water

permeation performance when separating different mixtures (Figure 8).

In all the cases of water/butanol, water/isopropanol and water/ethanol

F IGURE 7 (a) Sorption capacity of GO and PDASA(Na+)/GO monitored by quartz crystal microbalance (QCM); (b) The sorption property of
water and butanol in GO membranes with different PDASA(Na+) doping amounts; (c) Schematic diagram of the free transfer path of water
molecules in the GO and PDASA(Na+)/GO membranes. The diffusion properties of water and butanol in GO membranes with different
PDASA(Na+) doping amounts: (d) the mean square displacement (MSD) of water and butanol molecules, (e) the diffusion coefficients
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separations, PDASA(Na+)-11.8/GO membrane achieves much higher

performance than the reported GO membranes (Figure 8 and

Table S1-S3), indicating the efficient promotion of PDASA(Na+) on

water permeation in different separation systems. For water/ethanol

separation, a modest separation factor is obtained, while the flux is far

outperforming the reported membranes (Figure 8f). In particular, when

testing at 353 K, the membrane shows excellent performance for

water/butanol (with the flux of 5.94 kg/m2∙h and the water/butanol

separation factor of 3,965) and water/isopropanol (with the flux of

5.49 kg/m2∙h and the water/isopropanol separation factor of 4,738)

separations, exceeding the performance of state-of-the-art membranes

(Figure 8a,b,d,e).

In all the cases of water/butanol, water/isopropanol and water/

ethanol separations, both permeation flux and separation factor

increase with the elevated operation temperature (Figure 8a,b,c). For

further analysis, the flux of individual component, the permeance

(driving force-normalized form of permeation flux) and selectivity at

different temperatures were calculated and fitted to obtain the activa-

tion energy data (Figure S3 and Table S4-S6). The negative activation

energies of water and alcohol molecules elucidate that the effect of

F IGURE 8 Effect of temperature on the water-selective permeation performance (water and alcohol fluxes) of the PDASA(Na+)-11.8/GO
membrane for the separation of (a) water/butanol mixture (10 wt%/90 wt%), (b) water/isopropanol mixture (10 wt%/90 wt%) and (c) water/
ethanol mixture (10 wt%/90 wt%); Comparison of the membranes in this work with state-of-the-art membranes for (d) water/butanol separation,
(e) water/isopropanol separation, and (f) water/ethanol separation
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higher temperature on weakening molecular adsorption plays a domi-

nant role in influencing permeance. Comparatively, the influence on

diffusion is subtle, confirming the stable membrane structure at ele-

vated temperatures. With the water content in feed increases from

5 to 20 wt%, the increase of water permeance (Table S4) is due to the

membrane swelling under high water content in feed, which loosens

the membrane structure and lowers the transport resistance for water

molecules. By contrast, the butanol permeance keeps decreasing, indi-

cating that the membrane swelling is moderate and insufficient to

facilitate butanol permeation and decrease selectivity. Therefore, it

can be concluded that PDASA(Na+)/GO membrane is enough to resist

20 wt% water content (Figure S4).

After 120 h continuous test at 313 K for water/butanol separa-

tion, the flux of PDASA(Na+)-11.8/GO membrane slightly decreases

within a narrow range and reaches the steady-state after 40 h, while

the water content in the permeate remains higher than 99.5% during

the entire test, revealing the stable membrane structure (Figure S5).

4 | CONCLUSIONS

In summary, we proposed a facile strategy to achieve high-performance

water-selective permeation through GO membrane via introducing

water transport promoters into covalently cross-linked GO interlayer

channels with a multifunctional PDASA(Na+) molecule. PDASA(Na+)/

GO ultrathin membranes with thicknesses about 30 nm were prepared

through simple vacuum-assisted self-assembly technique, followed by

thermal cross-linking, achieving a 38.5% higher permeation flux and an

11-fold higher water/alcohol separation factor compared with pure GO

membrane. Such superior performance arises from the critical roles of

PDASA(Na+) in water-selective permeation: (a) the amine groups on

PDASA(Na+) contribute to the covalent cross-linking with GO

nanosheets, thus ensuring the robust structure of GO interlayer chan-

nels during operation and improving the water/alcohol diffusion selec-

tivity; (b) the sulfonate groups on PDASA(Na+) act as water transport

promoters, which remarkably facilitate water-selective sorption via pro-

viding electrostatic interaction sites and expedite water-preferential dif-

fusion via conferring higher water mobility. The robust GO channels

and the efficient sulfonate promoters achieve the construction of

water-selective transport highways, resulting in the continuous

improvement in permeation flux and separation factor. This study offers

a promising approach to implement high-performance GO membranes

for water-selective separation, which is also effective for a wide range

of liquid separation systems.
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