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Abstract 

Manipulating the chemical structure of GO interlayer channels is an efficient strategy to 

improve the selective molecular transport through the resultant GO membrane. In this work, 

PEGylation of GO membrane was performed to incorporate hydrophilic ether bonds into the 

interlayer channels in GO membrane for efficient separation of ethanol and water mixtures 

via pervaporation. Poly(ethylene glycol) diamines (PEGDA) was adopted as the intercalation 

molecule to covalently bond with GO through the reaction between amine and epoxy groups. 

Numerous ether bonds increase membrane hydrophilicity and promote water adsorption, 

while the covalent cross-linking confers the membrane robustness for operation, thus 

achieving an increase in separation factor and stability. On this basis, highly hydrophilic 

sodium alginate (SA) was then coated on the surface of PEGDA-GO composite membrane to 

further strengthen the adsorption of water molecules on the membrane surface. Compared 

with pristine graphene, the SA/PEGDA-GO membrane shows a concurrent enhancement in 

the permeation flux and separation factor. The sodium alginate coated PEGylated GO 

composite membrane possesses an exceptional pervaporation performance with the 

permeation flux of 3595 g m
-2

 h
-1

 and water purity in permeate of 98.5% under the conditions 

of 70 °C and water concentration in feed of 20 wt%. The membrane performance remains 

stable during a long-term operation test for 120 h at 70 °C. 

                                                             
1
  These two authors made equal contribution. 
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1. Introduction 

The capability of fast selective permeation of water molecules through membrane plays 

a pivotal role in several typical membrane processes such as pervaporation [1-3], 

nanofiltration [4-6], reverse osmosis [7] and forward osmosis [8]. In 2012, Geim et al. first 

reported the peculiar unimpeded permeation of water molecules through the two-dimensional 

channels between orderly stacked graphene oxide (GO) nanosheets. However, these superfast 

water permeable GO membranes in submicron-thickness are totally impermeable to organic 

solvents, vapors and gases [9]. Since then, GO membranes have received worldwide research 

enthusiasm to explore their potentials in gas separation, water filtration and desalination 

[10-13]. 

Nowadays, most of the researches on GO membrane are focusing on tuning the 

interlayer structure between the GO laminates by incorporating appropriate intercalation 

materials including small molecules [14-16], soft polymer chains [17, 18], metal ions [19, 20] 

and nanoparticles [21, 22]. Such intercalation has two functions. On one hand, the interlayer 

space of GO membrane can be finely tuned according to the physical structure (size and 

rigidity) of intercalation materials, thus manipulating permeation flux. For instance, GO 

membranes with d-spacing varying in the range of 0.85-1.01 nm can be achieved by inserting 

diamine monomers [14]. On the other hand, the interlayer interaction in GO membrane can 

be strengthened based on the chemical bonding with the intercalation materials. For pure GO 

membrane, swelling would occur when immersed in aqueous solution due to the weak 

hydrogen bonds and π-π interactions between GO nanosheets [23]. Therefore, introducing 

stronger interactions (e.g., covalent bond and electrostatic interaction.) is imperative to 

suppress GO layer stretching in liquid and maintain d-spacing to realize sufficient selectivity 

for long term operation. Sun et al. utilized diboronic acid as intercalation material to 

incorporate covalent bonds in GO membrane, thus improving mechanical stability [24]. 



Recently, Chen et al. have designed a novel KCl-treated GO membrane, maintaining a 

constant d-spacing in different salt solutions due to the strong cation–π interaction [20]. 

For applications of pervaporation dehydration, covalent cross-linking of GO nanosheets 

with small molecules is a facile and effective approach to enhance the membrane stability and 

precisely control the interlayer spacing. These active oxygen containing (epoxy, hydroxyl and 

carboxyl) groups on the GO nanosheets are favorable to interact with intercalation materials 

or subnano spacers like diamine or dialdehyde [14, 16]. The small size between the GO 

layers and the robust structure endow ethylenediamine-GO membrane with a superb 

water/ethanol separation factor. As aforementioned, most of the current works are looking at 

the effect of intercalation materials on the physical structure of GO membrane (such as 

interlayer spacing and structural stability). Thus, the molecular size and the type of reactive 

groups are the primary factors when evaluating an intercalation molecule [25]. In fact, 

manipulating the chemical structure of GO interlayer channels via the intercalation materials 

is also a feasible strategy to efficiently improve the selective molecular transport in the 

resultant GO membranes [26, 27], yet its potential in pervaporation so far has not been 

explored sufficiently. 

Poly(ethylene glycol) (PEG) is a hydrophilic polymer with abundant ether bonds to 

interact with water molecules through hydrogen bond [28]. In this work, we proposed the 

PEGylation strategy to improve GO membrane performance in pervaporation separation of 

ethanol/water mixture. As shown in Fig. 1, GO nanosheets are cross-linked with 

poly(ethylene glycol) diamine (PEGDA) molecules through the chemical reaction between 

amine groups on PEGDA and epoxy groups on GO. Such crosslinking will immobilize 

PEGDA molecules and endow the GO membrane with robustness. Meanwhile, the 

considerable ether bonds promote the transport of water molecules in GO channels. 

Furthermore, a highly hydrophilic polymer such as sodium alginate (SA) can be applied as 

the membrane surface layer to selectively capture the plentiful water molecules from feed 

mixtures [29, 30]. Herein, in order to further improve the water absorption from 

ethanol/water mixture, SA will be coated on the surface of PEGDA-GO composite membrane. 

Hopefully, such synergistic impact of the highly hydrophilic SA and the PEGDA-crosslinked 



GO laminates will confer the composite GO membrane excellent performance in 

ethanol/water separation. 

 
Fig. 1. Schematic of the ethanol/water separation process through the synergistic effect of the highly 

hydrophilic SA and the PEGDA-crosslinked GO laminates. 

2. Experimental 

2.1. Materials 

GO (purchased from Nanjing XFNANO Tech Co., China) was prepared by the typical 

modified Hummers’ method. Poly(ethylene glycol) diamines (PEGDA) with a molecular 

weight of 600 was obtained from Shanghai Yuduo Biotech Co. Ltd. (Shanghai, China). 

Sodium alginate (SA) was received from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, 

China). Calcium chloride (CaCl2) was supplied by Xilong Scientific Co., Ltd. (Guangdong, 

China). The polyacrylonitrile (PAN) ultrafiltration membrane (molecular weight cut-off: 100 

kDa) with the flat-sheet configuration was purchased from Shandong MegaVision Membrane 

Technology & Engineering Co. Ltd. (Shandong, China). All chemicals used were of 

analytical grade. 

2.2. Fabrication of GO and GO composite membranes 

Raw GO dispersion was diluted by deionized water to form a 10 ppm GO suspension 

through ultrasonication. Subsequently, PEGDA in 0.002 M aqueous solution and SA 

dissolved in deionized water with the concentration of 0.01 wt% were prepared separately. A 

certain amount of GO and PEGDA dispersions was mixed and stirred for 1 h in ice bath. The 

resultant mixture was then filtered by a PAN substrate with the vacuum-assisted filtration 

method to form the PEGDA-GO membrane. A portion of SA solution was immediately 



deposited on the surface of the PEGDA-GO membrane to form the SA/PEGDA-GO 

composite membrane. Finally, the as-prepared composite membranes were soaked in a 0.5 M 

CaCl2 solution for 10 min, then flushed with deionized water and finally dried at room 

temperature. The obtained membranes were referred as PEGDA(X)-GO and 

SA(Y)/PEGDA(X)-GO, where X was donated as the actual PEGDA mass fraction (wt%) in 

the GO composite membrane and Y was the deposited amount of SA solution (g m
-2

). We 

investigated different amounts of PEGDA with the PEGDA/GO mass ratios of 10, 25, 50, 75 

and 100, respectively. In light of the N element content in the XPS results, the actual PEGDA 

mass fraction in GO composite membranes were calculated to be 26, 32, 36, 41 and 55 wt%, 

respectively. Pristine GO and SA membranes were prepared in similar manner. SA solution 

was also deposited on the surface of pristine GO membrane to form SA/GO membrane 

(referred as SA(Y)/GO). 

2.3. Characterization 

The morphologies of GO or GO composite membranes were observed by field emission 

scanning electron microscopy (FESEM, Hitachi Limited, S-4800, Japan). For membrane 

thickness measurement, ten different locations in the cross-sectional SEM images were 

measured and averaged to obtain the final result. The microstructures of membranes were 

revealed by X-ray diffraction (XRD, Rigaku, Miniflex 600, Japan). 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
-1

. X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250, 

USA) was utilized to analyze the chemical compositions. The functional groups of 

membranes were characterized by Fourier transform infrared (FTIR, AVATAR-FT-IR-360, 

Thermo Ncolet, USA) spectra with the range of 400-4000 cm
-1

. The quartz crystal 

microbalance technique (QCM200 Quartz Crystal Microbalance, Stanford Research Systems, 

Inc.) was used to measure the sorption ability of membranes towards water and ethanol. 

Water contact angles on the surface of membranes were tested by a contact angle drop-meter 

(A100P, MAIST Vision Inspection & Measurement Co., Ltd.). 

2.4. Pervaporation experiments 

In this study, ethanol dehydration via pervaporation was performed to evaluate the 

separation efficiency of the as-prepared composite membranes. 



Pervaporation test was conducted in a home-made module. The fabricated flat 

membranes were installed in the stainless steel pervaporation unit. The feed solution 

concentration and temperature were maintained at a steady state. The pressure of the 

permeate side of membrane was retained below 300 Pa via a vacuum pump, meanwhile the 

flow rate of the feed solution was controlled at 60 L h
-1

 by a peristaltic pump. After the 

permeation reached the steady state, the permeate vapor was collected in a liquid nitrogen 

cold trap by condensing into a liquid phase. The weight of the collected liquid permeate was 

then measured with analytical balance. The compositions of feed and permeate solution were 

analyzed using the gas chromatography (SP-6890, Shandong Lunan, China). The permeation 

flux (𝐽, g m
-2

 h
-1), separation factor (β) and pervaporation index (PSI) can be calculated as 

follows. 

 𝐽 =
𝑄

𝐴×𝑡
 (1) 

 𝛽 =
    ⁄

    ⁄
 (2) 

 𝑃𝑆𝐼 =  𝐽(𝛽 − 1) (3) 

Where Q is the mass of permeate (g); A is the actual membrane area (m
2
) and t is the time of 

permeate collection (h). X and Y are the mass fractions of water (W) or ethanol (E) in feed 

and permeate side, respectively. 

3. Results and discussion 

3.1. Characterizations of GO and GO composite membranes 

3.1.1. Membrane morphologies 

Fig. 2a-f show the surface and cross-section morphologies of GO and GO composite 

membranes. As displayed in Fig. 2a&b, the surfaces of pristine GO and PEGDA-GO 

membranes exhibit similar wrinkles arising from the edges and foldings of GO nanosheets 

but without notable differences in surface pattern. Moreover, the layer structure of GO 

nanosheets is clearly visible from the cross-section image. Fig. 2d and 2e exhibit that the 

average thickness of GO membrane is 168 nm, while the composite membrane cross-linked 

with PEGDA is 189 nm with a slight augmentation of 12.5%, confirming the GO-dominant 

structure of PEGDA-GO membrane. Incorporating PEGDA raises the membrane thickness 



because of the increased amount of materials deposited on the membrane. Fig. 2c and 2f 

reveal the surface and cross section appearance of SA/PEGDA-GO membrane. It is 

noteworthy that the surface is smooth without defect after deposition of SA. When SA 

deposition amount was 0.8 g m
-2

, the mean thickness of composite membranes increased to 

281 nm (Fig. 2f). 

 

Fig. 2. FESEM images of the surface and cross-section of (a, d) pristine GO; (b, e) PEGDA(32)-GO and (c, 

f) SA(0.8)/PEGDA(32)-GO composite membranes, inset of (e) shows the layered structure of 

PEGDA(32)-GO membrane (Each membrane was fabricated on PAN support). 
 

3.1.2. Membranes chemical and physical structures  

GO and GO composite membranes were analyzed by FTIR and XPS to confirm the 

covalent reaction between GO and PEGDA. Meanwhile, the existence of SA on membrane 

surface was verified by FTIR characterization. 

Fig. 3a shows the FTIR spectra of GO, SA, PEGDA-GO, SA/PEGDA-GO membranes 

and PAN support. The spectrum of pristine GO membrane exhibits characteristic peaks 

corresponding to the stretching of hydroxyl group (-OH) at 3267 cm
-1

, carboxyl group (C=O 

at 1731 cm
-1

 and C-OH at 1451 cm
-1

), aromatic ring (C=C) at 1626 cm
-1

 and epoxy group 

(C-O) at 1108 cm
-1

, respectively The result is consistent with the literature featuring a typical 

GO chemical structure [31, 32]. For the spectrum of PEGDA-GO membrane, the increased 

absorption intensity at 2878 cm
-1

 indicates the formation of C-N covalent bonds which arise 

from the reaction between amine from PEDGA and epoxy from GO. In addition, 

PEGDA-GO membrane reveals a decreased intensity of epoxy group (C-O) at 1108 cm
-1

. 

Furthermore, the alkoxy group (C-O) peak at 1092 cm
-1

 shows a conspicuously increased 



intensity arising from the abundant ether groups in PEGDA [33]. After depositing SA, since 

the characteristic peaks of PEGDA-GO are almost entirely covered by the characteristic 

peaks of SA, the SA/PEGDA-GO membrane shows virtually identical spectrum with SA 

membrane. This also confirms the coverage of SA on graphene surface without forming new 

covalent bonds. 

 

 

Fig. 3. (a) FT-IR spectra of membranes; XPS diagrams of (b) GO and (c) PEGDA(32)-GO membranes  

XPS analysis of GO and PEGDA-GO membranes is an effective approach to further 

prove the reaction mechanism. As shown in Fig. 3b, the pristine GO membrane shows curve 

fittings with four peaks at binding energies of 284.8, 287, 287.8 and 288.8 eV, which 

correspond with C-C/C=C, C-O/C-O-C, C=O and O-C=O, respectively [34]. Moreover, each 

group individually accounts for 65.71%, 27.26%, 5.18% and 1.85% of the total C1s peak area. 

The O/C ratio is around 0.47, which conforms to the previously reported studies. For the 

PEGDA modified composite membrane in Fig. 3c, one new peak of C-N appears at the 

binding energy of 285.7 eV with a proportion of about 16.22%. Although PEGDA molecule 

has abundant ether bonds, the intensity of C-O just slightly increases from 27.26% to 33.04%, 

indicating the consuming of epoxy groups in the covalent reaction. The above results further 

demonstrate that a nucleophilic substitution reaction has occurred between the amine group 



on PEGDA and the epoxy group on GO [35]. In addition, the ultrahigh ratio of C-O in 

PEGDA [36-38] leads to the decline of the relative intensities of C-C, C=O and O-C=O 

peaks. 

 

Fig. 4. (a) XRD patterns of GO and PEGDA-GO membranes at (a) dry state and (b) wet state; (c) Changes 

in d-spacing for pristine GO and composite GO membranes in dry and wet states.  

The physical structures of GO and GO composite membranes were characterized by 

XRD and the d-spacings of composite membranes can be calculated from 2θ values based on 

Bragg's Law. Fig. 4a and 4b show the XRD patterns of GO and PEGDA-GO membranes in 

dry and wet states, respectively. In dry state, with the increasing of the PEGDA amount, the 

characteristic peaks shift towards lower 2θ values, responding to the expanded interlayer 

space due to the intercalation of PEGDA. Meanwhile, the d-spacing is wider in wet state than 

that in dry state for all the membranes owing to the membrane swelling. However, the 

membranes show different dry-wet d-spacing disparities with the PEGDA/GO mass ratio 

increasing. As shown in Fig. 4c, the d-spacing of pristine GO membrane has an obvious 

change from 0.859 nm in dry state to 1.098 nm in wet state. When the mass fraction of 

PEGDA is 32 wt%, the d-spacing in the wet state is still slightly higher than that of the GO 

membrane because that the hydrophilic groups of the PEGDA molecule adsorbs more water 

molecules into the GO layers [39, 40]. However, the disparity of d-spacing between the dry 

and wet states is reduced to 0.057 nm (24% of GO membrane), indicating that the formed 

C-N covalent bonds inhibit membrane swelling to some extent. As the PEGDA content 



continues to increase, the membrane d-spacing keeps increasing in the wet state. Meanwhile, 

the d-spacing gap between the dry and wet states also begins to increase. On one hand, the 

hydrophilic groups adsorb more water molecules at higher PEGDA contents. On the other 

hand, the increased amount of amino group leads to high amino/epoxy ratios, which results in 

the fact that only one of the two amino groups participates in the covalent reaction for many 

PEGDA molecules, thus deteriorating the cross-linking effect. 

3.1.3. Surface hydrophilicity 

The surface hydrophilicity of GO and GO composite membranes was investigated by 

means of water contact angles. According to the data shown in Fig. 5a, the water contact 

angle of GO membrane is 54.9°, but that of PEGDA-GO and SA/PEGDA-GO membranes 

decrease to 45.9° and 22.7°, respectively. After intercalation of PEGDA, the unreacted amino 

groups on the membrane surface and the ether bonds on PEGDA molecules confer abundant 

hydrogen bonding sites to adsorb water molecules, thus enhancing the surface hydrophilicity 

of the membrane surface. After SA coating, the membrane surface hydrophilicity is further 

improved due to the substantial carboxyl groups brought in by SA, which can be partially 

ionized into carboxylate anion in aqueous solution. 

 

Fig. 5. (a) Water contact angle of GO and composite membranes; (b) QCM responses of the GO and 

PEGDA-GO sorption capacities for water and ethanol. 

3.1.4. Ethanol/water adsorption 

QCM is a convenient strategy to detect the ethanol/water adsorption capability of GO 

and PEGDA-GO membranes and then explore the influence of PEGDA on membrane 

performance. For QCM tests, 2 mL of GO or PEGDA-GO aqueous solution (0.1 mg mL
−1

) 

was dropped onto the quartz wafer and dried in a vacuum dryer at 35 °C. As shown in Fig. 5b, 

after continuous test for 250 min, the membrane adsorptions of water and ethanol molecules 

are almost stable. For GO membrane, the adsorption of water molecules is higher than 

ethanol molecules owing to the hydrophilic groups on the GO nanosheets. After intercalation 



of PEGDA, the copious hydrophilic groups significantly increase the water adsorption ability 

while decrease the ethanol adsorption, leading to a raised adsorption selectivity which 

benefits the separation of ethanol/water. 

3.2. Pervaporation test 

3.2.1. Effect of PEGDA mass fraction 

The effect of PEGDA mass fraction on the resultant PEGDA-GO membrane 

performance was investigated through the pervaporation dehydration test of ethanol/water 

mixture (90/10 wt%) at 70 °C. As shown in Fig. 6a, with the sustained increase of PEGDA 

mass fraction from 0 to 55 wt%, the flux decreased first and then increased while the 

separation factor displayed the opposite trend. As for the unmodified GO membrane, the 

weak hydrogen bonds and π-π interactions between GO nanosheets result in severe 

membrane swelling and interlayer spacing expansion. As a result, the pristine GO membrane 

exhibits a low separation factor of 70. After incorporating PEGDA into GO, the cross-linking 

reaction between epoxy groups on GO and amino groups on PEGDA generates covalent 

bonds, which effectively suppresses the swelling. Therefore, under the operating conditions, 

the channel structure of PEGDA-GO membrane almost remains stable evidenced by the 

observation that the membrane shows similar d-spacing in wet and dry states. Simultaneously, 

the abundant ether groups on the PEGDA molecules improve the hydrophilicity of interlayer 

channels and promote the selective adsorption of water on the membrane. Consequently, the 

membrane separation factor apparently increases. The existence of PEGDA molecules 

occupies part of the transport channels for permeation molecules, resulting in the decrease in 

effective channel size and permeation flux [41]. 

With the further increase of PEGDA mass fraction, more PEGDA participates in the 

covalent reaction with GO. Owing to the exorbitant proportion of amino group to epoxy 

group, the amount of PEGDA which plays the role of crosslinking decreases instead (some 

PEGDA molecules only provide one amino group to take part in the covalent reaction with 

GO), leading to the lower anti-swelling capacity. Furthermore, more water molecules are 

adsorbed by plentiful hydrophilic groups of PEGDA, which promote the membrane swelling. 

Consequently, the membrane shows an increase in permeation flux and a decrease in 

separation factor. The optimal mass fraction of PEGDA is determined by comparing the PSI 

of the membranes in Fig. 6b. When the mass fraction of PEGDA was 32 wt%, the composite 

membrane exhibited a comparatively high pervaporation performance at 70 °C, with the 



permeation flux and the separation factor reaching 1500 g m
-2

 h
-1

, and 187, respectively. 

 

Fig. 6. (a) Permeation flux and separation factor and (b) PSI of PEGDA-GO composite membranes with 

different PEGDA mass fractions. 

3.2.2. Effect of SA deposition 

Introducing PEGDA into the membrane improves the selective adsorption of GO 

composite membrane towards water molecules. Nevertheless, the hydrophilicity of the 

membrane is not sufficiently high according to the water contact angle measurement. Thus, 

SA, as one of the high-hydrophilicity polymers, was chosen to be deposited on the surface of 

the PEGDA-GO membrane to further improve the membrane performance. The effect of SA 

deposition amount was investigated on the resultant membrane (PEGDA(32)-GO) 

performance for pervaporation dehydration test at 70 °C using ethanol/water mixture (90/10 

wt%). 

As shown in Fig. 7a, with the larger SA amount being deposited, the permeation flux 

increased first and then decreased but the separation factor continuously improved. Less 

amount of SA leads to a sharp enhancement of the permeation flux due to the high 

hydrophilicity of SA to expedite the water molecule adsorption. The composite membrane 

gradually gets thicker with more SA deposited, thus declining the permeation flux but always 

promoting the separation factor. With the increase of SA deposition amount, SA/GO 

membrane exhibits similar trend as SA/PEGDA-GO membrane as shown in Fig. 7b. PSI 

values were calculated to comprehensively evaluate the separation performance of 

SA/PEGDA-GO composite membranes. From Fig. 7c, SA(0.8)/PEGDA(32)-GO has the 

maximum PSI, with the permeation flux of 2400 g m
-2

 h
-1

 and the separation factor of 480.  

By comparing PEGDA-GO and SA/GO membranes with SA/PEGDA-GO membrane, 

the performance of PEGDA-GO and SA/GO membranes was lower than that of the 

SA/PEGDA-GO membrane. Therefore, the PEGDA-GO layer and the SA layer exert 

synergistic effect on the separation performance in the SA/PEGDA-GO membrane. 



 

Fig. 7. Permeation flux and separation factor of (a) SA/PEGDA-GO, (b) SA/GO and (c) PSI of 

SA/PEGDA-GO composite membranes with different deposition amount of SA. 

3.2.3. Effect of feed temperature 

The pervaporation tests using pristine GO, PEGDA(32)-GO and 

SA(0.8)/PEGDA(32)-GO membranes were carried out with 90 wt% ethanol/water solution 

under different temperature regime from 30 to 70 °C. As shown in Fig. 8a-c, all the examined 

membranes displayed higher permeation flux and separation factor when temperature was 

raised. 

Driving force (concentration gradient and operation temperature), the membrane 

structure and its associated interactions with the permeated molecules are primary factors to 

influence the pervaporation process. To explore the influence of temperature in depth, we 

calculated the driving force-normalized permeation flux (permeance) and selectivity of GO, 

PEGDA(32)-GO and SA(0.8)/PEGDA(32)-GO membranes as listed in Table 1. The 

permeance ((𝑃/𝑙)𝑖, GPU) (1 GPU= 7.501*10−
12

 m
3
 (STP)/m

2
 s Pa) and selectivity (α) can be 

calculated as follows. 

 (𝑃/𝑙)𝑖 =
𝐽𝑖

𝑝𝑖𝑜−𝑝𝑖𝑙
=

𝐽𝑖

𝑦𝑖𝑜𝑥𝑖𝑜𝑝𝑖𝑜
𝑠𝑎𝑡−𝑝𝑖𝑙

 (4) 

 𝛼 =
(𝑃/𝑙)𝑊

(𝑃/𝑙)𝐸
 (5) 

where P is the permeability of component i (barrer); l is the membrane thickness (m); 



pi0-pil is the driving force for the permeation of component i (Pa); Ji is the permeation flux of 

component i (g m
-2

 h
-1

); pio and pil are the vapor pressure (Pa) of component i on the upstream 

and downstream sides of the membrane, respectively, pil can be treated as 0 because of the 

high vacuum of the downstream side; yio and xio are the activity coefficient and mole fraction 

of component i in the feed, respectively, and 𝑝𝑖𝑜
𝑠𝑎𝑡 is the saturated vapor pressure (Pa) of the 

pure component i at a certain temperature. When using the formula, the permeation flux of 

water and ethanol should be converted to the corresponding volume (STP) at standard 

temperature and pressure: for water vapor, 1 kg = 1.245 m
3
 (STP); for ethanol vapor 1 kg = 

0.487 m
3
 (STP). 

The trends of these three membranes with operation temperature roughly follow similar 

pattern, so we analyzed the data of SA(0.8)/PEGDA(32)-GO membrane as a representative. 

According to Table 1, though water and ethanol permeances both decline with the increase of 

the operation temperature, the decrease rate of water permeance is much lower than that of 

ethanol. Hence, the selectivity keeps increasing. The decreased permeance indicates that at 

higher temperature, the surpassed molecular adsorption plays a dominant role while the 

facilitated diffusion arising from membrane swelling makes rare contribution. This result 

proves that the membrane structure remains robust with increasing operation temperature. For 

ethanol molecules, the weakened coupling effect between water and ethanol at higher 

temperature inhibits the diffusion of ethanol concomitant with water molecules, thus leading 

to higher decrease rate of ethanol permeance. 

Fig. 8d shows Arrhenius plots of water and ethanol permeation through the 

SA(0.8)/PEGDA(32)-GO membrane. The relationship between operation temperature and 

permeation flux usually conforms to the Arrhenius law: 

                    𝐽𝑃 = 𝐽𝑃0exp (
−𝐸𝑃

𝑅𝑇
)                           (6) 

where JP, JP0, EP, R and T represent the permeation flux, pre-exponential factor, 

apparent activation energy, gas constant and feed temperature, respectively. Applying the 

Arrhenius equation, activation energies for water and ethanol transport operated from 

30-70 °C are 27.33 kJ/mol and 5.86 kJ/mol, respectively. The water activation energy is much 

higher than ethanol which elucidates that water permeation is much more sensitive to 

operation temperature than ethanol, resulting in the increased separation factor with the rise 



of operational temperature. 

 

Fig. 8. Effect of temperature on the separation performance of (a) pristine GO membrane; (b) 

PEGDA(32)-GO membrane; (c) SA(0.8)/PEGDA(32)-GO membrane with 90 wt% ethanol/water mixture; 

(d) Arrhenius plots of permeation flux for separating ethanol/water mixture by SA(0.8)/PEGDA(32)-GO 

membrane. 

 

Table 1 Permeance and selectivity of GO, PEGDA(32)-GO and SA(0.8)/PEGDA(32)-GO membrane 

under different temperatures. 

Temperature 

(°C) 

Water 

content 

in feed 

(wt%) 

GO PEGDA(32)-GO SA(0.8)/PEGDA(32)-GO 

(P/l)W 

(GPU) 

(P/l)E 

(GPU) 
Selectivity 

(P/l)W 

(GPU) 

(P/l)E 

(GPU) 
Selectivity 

(P/l)W 

(GPU) 

(P/l)E 

(GPU) 
Selectivity 

30 10 12734 326 39 8239 153 54 16348 87 189 

40 10 10482 209 50 8588 109 79 13016 58 226 

50 10 8275 137 60 7351 57 130 10166 37 272 

60 10 6525 99 66 6093 39 158 8097 24 331 

70 10 5750 78 74 4725 22 216 8208 15 547 

 

 

 

 

 

 



Table 2 Permeance and selectivity of GO, PEGDA(32)-GO and SA(0.8)/PEGDA(32)-GO membrane 

under different feed water contents. 

Temperature 

(°C) 

Water 

content 

in feed 

(wt%) 

GO PEGDA(32)-GO SA(0.8)/PEGDA(32)-GO 

(P/l)W 

(GPU) 

(P/l)E 

(GPU) 
Selectivity 

(P/l)W 

(GPU) 

(P/l)E 

(GPU) 
Selectivity 

(P/l)W 

(GPU) 

(P/l)E 

(GPU) 
Selectivity 

70 5 1667 66 25 1583 12 134 2597 14 189 

70 10 5750 78 74 4725 22 216 8208 15 547 

70 15 7065 92 77 7307 30 244 9685 17 561 

70 20 9428 116 81 9610 32 304 11727 18 658 

3.2.4. Effect of feed concentration 

To investigate the effect of feed concentration on membrane performance, the GO, 

PEGDA(32)-GO and SA(0.8)/PEGDA(32)-GO membranes were tested at 70 °C with feed 

concentration varied from 5 to 20 wt% as presented in Fig. 9. The permeation flux and water 

concentration in the permeate of all tested membranes rose constantly with water 

concentration in the feed. When the water concentration was 20 wt%, the 

SA(0.8)/PEGDA(32)-GO membrane possesses an exceptional pervaporation performance 

with the permeation flux of 3595 g m
-2

 h
-1

 and water content of 98.5%. 

Here, the driving force-normalized permeation flux (permeance) and selectivity of GO, 

PEGDA(32)-GO and SA(0.8)/PEGDA(32)-GO membranes is calculated to further analyze 

the influence of water concentration on membrane performance as listed in Table 2. The 

phenomenon of permeance increase for both water and ethanol indicates the aggravated 

membrane swelling at higher water concentration, reducing the diffusion resistance. However, 

such minor swelling does not sacrifice the selectivity as it facilities the permeation of water 

more than ethanol and no the contrary, the selectivity has been increased. 



 

Fig. 9. Effect of feed concentration on the separation performance of (a) GO pristine membrane; (b) 

PEGDA(32)-GO membrane; (c) SA(0.8)/PEGDA(32)-GO membrane at 70 °C. 

3.2.5. The long-term operation stability 

The long-term operational stability is a significant yardstick of membrane performance. 

Here the SA(0.8)/PEGDA(32)-GO composite membrane is selected for 120 h-test with 90 wt% 

ethanol in feed at 70 °C. Fig. 10 shows that the permeation flux initially experienced a minor 

decline during the first 10 h and then reached steady state at around 2000 g m
-2

 h
-1

 with water 

purity around 98.5%. GO is a metastable material with a certain relaxation time under 

different conditions. The O/C ratio continues decreasing to a constant about 0.38 during the 

relaxation time and then reaches a quasi-equilibrium state [42]. Compared to room 

temperature, high temperatures accelerate the reduction of O/C ratio in GO membranes [43], 

which may explain the flux decline in the first 10 h of the long-term pervaporation test. After 

testing for 120 h, the membrane to separate the ethanol/water mixture is still very stable 

without any sign of performance decay, from which it can be proved that the as-prepared 

membrane has excellent stability and great application potential in the future. 



 

Fig. 10. The long-time pervaporation performance of the SA(0.8)/PEGDA(32)-GO membrane. 

The unique 2D nanostructure, excellent water dispersity and high tunability of GO 

arising from the substantial oxygen-containing functional groups confer GO-based 

membranes with promising applications for pervaporation dehydration. Table 3 summaries 

the pervaporation dehydration performance recently published in literature of different 

GO-based membranes with ethanol/water mixtures. Due to the optimized GO interlayer 

structures via PEGDA and the intensified surface water adsorption via SA, the 

SA/PEGDA-GO composite membrane exhibits high permeation flux and desirable separation 

factor, compared favorably with the literature results. 

Table 3 Summary of GO-based membranes for pervaporation dehydration of ethanol/water mixtures 

Membrane 

Feed 

concentration 

(wt% EtOH) 

Temperature 

(°C) 

Permeation flux 

(g m
-2

h
-1

) 

Separation 

factor 

PSI 

(*10
5
) 

Reference 

GO/ceramic 90 70 1200 250 3.0 [44] 

GOF/PVA 90 70 300 330 1.0 [24] 

GO-TFNC 80 70 2200 308 6.8 [45] 

GO-GTA 85 60 950 68 0.6 [16] 

GO-PECs 95 50 268 394 1.1 [46] 

(GE/GO)10.5/H-P

AN 
80 77 2275 304 6.9 [3] 

FGO 75 24 1300 211 2.7 [47] 

SA(0.8)/PEGDA

(32)-GO 
90 70 2400 480 11.5 This work 

SA(0.8)/PEGDA

(32)-GO 
80 70 3595 263 9.4 This work 

4. Conclusions 



In summary, GO composite membranes modified with PEGDA and SA were 

successfully prepared and utilized for pervaporation dehydration of ethanol aqueous solution. 

After intercalation of PEGDA, the covalent crosslinking reaction occurred between PEGDA 

and GO by forming a brand-new C-N covalent bond, which not only favorably modifies the 

membrane channel structure but also restrains the expansion of the interlayer d-spacing under 

application conditions. Furthermore, the abundant ether bonds sourced from PEGDA promote 

the water adsorption capability of the resultant composite membrane. Subsequently, the SA 

coating on membrane surface reinforces the membrane hydrophilicity and further promotes 

water adsorption. The synergistice effect of PEGDA-GO layer (providing hydrophilic, 

ordered and robust channels) and SA layer (conferring a highly-hydrophilic surface) achieves 

the highly-efficient separation of water/ethanol mixture. Among all tested composite 

membranes, SA(0.8)/PEGDA(32)-GO exhibited the best separation performance with the 

permeation flux reaching 3595 g m
-2

 h
-1

 and water purity in permeate up to 98.5% operated at 

70 °C with 20 wt% water feed content in ethanol . In addition, the membrane also possesses 

exceptional stable performance during the long-term operation test at 70 °C for 120 h. The 

PEGylation strategy proposed in this work is effective to incorporate hydrophilic groups in 

GO membrane channels for water permeation, which can be extended to more hydrophilic 

groups or coupling with molecular-sieving effect. 
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Highlights 

 The PEGylation strategy was adopted to incorporate hydrophilic groups in GO channels. 

 Surface coating of SA further ameliorates the membrane hydrophilicity and water 

adsorption. 

 High permeation flux (3595 g m
-2

h
-1

) with high water content in permeate (98.5%) was 

realized. 

 




