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High performance graphene oxide/polyacrylonitrile 

composite pervaporation membranes for desalination 

applications 

Bin Lianga,†, Wu Zhana,†, Genggeng. Qib, Sengseng Lina, Qian Nana, Yuxuan Liua, 
Bing Cao a,*and Kai Pana,* 

As an emerging technology, pervaporation (PV) has shown great promise in fresh water production from 

salty water. However, the low separation efficiency of the present membranes hinders their practical 

applications. Here, thin graphene oxide (GO) films with 2D nanochannels were fabricated on 

polyacrylonitrile (PAN) ultrafiltration membrane using vacuum filtration-assisted assembly method. The 

GO/PAN composite membrane exhibit a high water flux up to 65.1 L m-2 h-1 with high rejection (about 

99.8%) for desalination by pervaporation under the 90 ºC. It is noteworthy that the composite membranes 

show high performance in treating high salinity water even with a salt concentration up to 100,000 ppm. 

This makes it possible to use GO-based membrane for seawater desalination, brackish water desalination 

and reverse osmosis concentrate treatment. 

 

 

 

1 Introduction 

Shortage of water resources is one of the world’s most concerning 
problems. Presently, over a third of the world’s population suffer 
from inadequate safe drinking water.1,2 Desalination of saltwater, 
including seawater (a salinity of about 3.5%) and brackish water (a 
salinity of 0.05-3%), is an important technology for solving the 
water crisis.3,4 Among all the desalination applications, Reverse 
Osmosis (RO) is the major high-efficiency method in producing 
fresh water at relative low cost.5-7 However, a high operation 
pressure is required due to RO separation mechanism.8 In addition to 
the plant location and process design restrictions, the typical 
efficiency of the RO system for desalination is about 35% to 50%, 
which largely limits the RO productivity. Meanwhile, the 
concentrated sea water, a byproduct of the process, may also cause a 
secondary pollution.9 

To overcome these challenges of RO process, pervaporation, a novel 
membrane separation technology, has been developed for saltwater 
desalination. Compared with RO process, pervaporation can be used 
in desalination for high salinity water beyond RO process can 
handle. In a typical pervaporation process, a liquid mixture contacts 
with the pervaporation membrane and desorbs at the permeate 
side.10-12 The mass transfer driving force is the chemical potential 
between the two sides of the membrane, which is related to the 
difference of the affinity of the membrane to the components and 
their mass transfer resistance in the membrane. The chemical 
potential difference is provided by the vacuum or air blow. It has 
been widely accepted that the major mechanism of the pervaporation 
process is solution-diffusion which involves three steps: (1) the 
component is adsorbed and dissolved on the membrane surface; (2) 
the dissolved component diffuses through the membrane; (3) the 

component desorbs at the permeate side.13,14 At present, 
pervaporation has been widely used in organic solvent dehydration, 
removal of volatile organic compounds from aqueous feeds and 
organic mixture separation.15-18 However, the mass transfer 
efficiency of most pervaporation membranes currently is still 
relatively low compared with the RO membranes, which limits its 
application in practical field. 

A key component in design for high performance membrane is the 
chemical properties of membrane materials. At present, 
pervaporation membranes were fabricated by different materials, 
such as polymer material, inorganic material and polymer-inorganic 
hybrid material (crosslinked PVA, NaA zeolite, and PVA/ maleic 
acid (MA)/silica, respectively).19-21 All of these membranes showed 
good rejection performance for monovalence ions. But the water flux 
of all the membranes prepared by materials above is generally quite 
low, no more than 10 L m-2 h-1. It has been well known that graphene 
oxide (GO) is a new, intriguing material due to its ultra-thin 2D 
structure and multi-functional surface chemistry.22,23 Due to the 
fabrication process using acids and strong oxidizers, the surface of 
GO has a variety of functional groups such as epoxide, carbonyl and 
hydroxyl groups.24-26 Because of their unique transport properties, 
GO nanosheets have attracted intensive interests in the field of 
membrane applications.27-29 GO has been used as a starting material 
for preparation of thin films, paper-like materials or membranes.30-33 
Many efforts have been made to fabricate highly permeable GO-
based membranes by taking advantage of the fast water transport 
along the nanochannels between graphene sheets.34-36 

While desalination via nanofiltration, reverse osmosis and organic 
dehydration by pervaporation have been studied,37-39 there is no 
report for pervaporation desalination using GO-based membranes. In 
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the present work, using a facile vacuum filtration-assisted assembly 
method we fabricated the pervaporation composite membranes by 
depositing GO films with 2D nanochannels on a functionalized 
polyacrylonitrile (PAN) ultrafiltration membrane. These GO/PAN 
composite membranes show great potential for desalination 
applications by pervaporation. Under our testing conditions these 
pervaporation composite membranes exhibit a high water flux up to 
65.1 L m-2 h-1 with high rejection for desalination (about 99.8% 
under the 90 ºC). It is noteworthy that the composite membranes 
retain high performance in treating high salinity water even with a 
salt concentration up to 100,000 ppm. 

2 Experimental 

2.1 Materials 

Graphite powder (40 µm) was purchased from Qingdao Henglide 
Graphite Co., Ltd. Commercial PAN ultrafiltration membrane 
(molecule cutoff 40 W) used as the matrix to support the GO layer 
was purchased from company (Ande Membrane Inc., China). All of 
the water used in this work was Milli-Q deionized water (18.1 MΩ 
cm at 25 ºC). 

2.2 Preparation of GO aqueous suspensions 

Modified Hummers’ method40 was applied to prepare the GO 
aqueous suspensions (see Supporting Information). The resulting 
GO aqueous dispersion (1.23 g L-1) was sonicated for 30 min 
followed by centrifugation at 10,000 rpm for 30 min to obtain a 
homogeneous dispersed aqueous suspensions. Then the GO 
suspensions were diluted to 100 mg L-1 and 10 mg L-1 for the 
fabrication of GO layer. 

2.3 Preparation of GO/PAN composite membrane 

Commercial PAN ultrafiltration membrane was firstly immersed into 
NaOH solution (1 M) at 60 ºC for 2 h to modify the membrane 
surface by a hydrolysis process. GO/PAN composite membranes 
were prepared by vacuum filtration of the aforesaid GO suspensions 
(10 and 100 mg L-1) through modified PAN ultrafiltration 
membrane. 

2.4 Characterization of GO and GO/PAN composite membranes 

ATR-FTIR spectra were obtained on a Perkin-Elmer Spectrum 2000 
FTIR instrument (USA). XRD was carried out on an X’ Pert PRO 
diffractometer equipped with Cu Ka radiation (40 kV, 40 mA). TEM 
studies were conducted on a JEOL JEM 2010 electron microscope at 
200 kV. The TEM samples are prepared by placing a drop of diluted 
dispersion onto holey carbon grids. TGA was carried out on a 
Perkin-Elmer Pyris 6 TGA instrument under nitrogen with a heating 
rate of 10 ºC min-1. XPS measurements were carried out on a Kratos 
Axis Ultra DLD instrument equipped with a monochromated Al Ka 
x-ray source and hemispherical analyzer capable of an energy 
resolution of 0.5 eV. Raman measurements were conducted on a 
LabRam-1B Raman spectroscope equipped with a 633 nm laser 
source. The contact angle measurements were carried out on a JC 
2000 (MAIST Vision Inspection & Measurement Ltd. Co.). SEM 
images were obtained by Hitachi S-4700 field-emission SEM 
system. 

2.5 Pervaporation desalination measurements 

The pervaporation separation process was performed following the 
Solution-Diffusion model, where the feed solution directly contacts 

with the membrane, gets dissolved onto the membrane surface, 
diffuses through the membrane, and then evaporates. The vapor 
stream leaving the membrane is passed through a condenser, and the 
liquid collected is called “permeate”. The performance of the 
GO/PAN composite membranes for desalination with different 
concentrations of NaCl solution were measured at different 
temperatures. The flux was determined by dividing the weight of the 
collected permeate by the product of the membrane effective area 
and the sampling time. The concentration of feed solution and 
permeate were determined using conductivity meter (Oakton® Con 
110, China). The detailed description of pervaporation 
measurements can be found in our previous work.19 

 

Fig. 1 Schematic diagram of the pervaporation unit. 

Pervaporation experiments were carried out using a laboratory scale 
pervaporation unit as shown in Fig. 1. The membrane was placed in 
the middle of a pervaporation cell and the effective surface area of 
the membrane of 14.7 cm2. NaCl aqueous solutions with different 
concentrations were used as the feed solutions. During the 
experiment, the feed solution was preheated in a water bath to the 
required temperature and pumped to the pervaporation cell using a 
Langer® peristaltic pump. The pressure on the permeate side of the 
membrane cell was maintained at 100 Pa. The permeate was 
collected in a liquid nitrogen cold trap. 

The pervaporation desalination performance of composite 
membranes was evaluated by measuring water flux and salt 

rejection. The water flux ( J ) was determined from the mass (M ) 
of the permeate collected in the cold trap, the effective membrane 

area ( A ) and the experimental time ( t ) using the following 
equation: 

M
J

A t
=

×

  (1) 

The salt concentrations of the feed (
fC ) and the permeate (

pC ) 

were determined from the conductivity measured with an Oakton® 
Con 110 conductivity meter. The conductivity meter was calibrated 
using standard NaCl solutions with different concentrations from 0-
100,000 ppm. A calibration curve was then constructed. The salt 
rejection (�) was determined by the following equation: 

100%f p

f

C C
R

C

−
= ×

(2) 
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Fig. 2 (a) SEM and (b) TEM morphology of the GO sample. 

The permeate side of the membrane cell was flushed with deionized 
water after 10 h and the conductivity of the stream was measured to 
check for salt leaking or crystallization. In the whole study, the 
GO/PAN composite membranes were clean and no salt precipitation 
or crystallization on the permeate side of the membrane was 
observed. 

3 Results and discussion 

3.1 Characterization of GO structures 

Field emission scanning electron microscopy (FESEM) and 
transmission electron microscopy (TEM) were used to characterize 
the nanoscale morphology of the GO samples prepared following the 
modified Hummer’s method. From the SEM images in Fig. 2 (a) and 

Fig. S1 (a), exfoliated GO thin flakes with wavy wrinkles were 
found. Fig. 2 (b) and Fig. S1 (b) show the TEM images of GO 
samples. The GO sheets have a shape similar to large crumpled thin 
flakes, in consistent with the SEM results.41,42 

The attenuated total reflectance-fourier transform infrared (ATR-
FTIR) spectrum of the GO barrier layer (Fig. 3 (a)) indicates the 
presence of hydroxyl, carboxyl and epoxide functional groups (i.e., -
OH at 3430 cm-1, -COO- at 1720 cm-1, unoxidized sp2 -C=C- bonds 
in the carbon lattice at 1635 cm-1,43,44 -C-OH stretching at 1230 cm-1, 
and -C-O-C- stretching at 1072 cm-1) resulted from the oxidation 
process, leading to the hydrophilic nature of GO.45,46 From the 
thermogravimetric analysis (TGA) measurement, GO shows a great 
weight loss about 39.3 % before 250 ºC (Fig. 3 (b)). One main peak 
at 2θ= 12.02º was observed in the X-ray diffraction (XRD) pattern of 
GO (Fig. 3 (c)). The calculated average interlayer spacing of the GO 

 

Fig. 3 Characterization of GO nanosheets: (a) ATR-FTIR; (b) TGA; (c) XRD and (d) Raman shift. 
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Fig. 4 Surface chemistry of GO sample: (a) XPS spectrum and (b) XPS deconvolution results of the C1s spectrum. 

films is 7.36 Å. The Raman spectrum of the GO films shows the 
characteristic G and D bands (1590 and 1340 cm-1, respectively) of 
carbon materials, which are related to the graphitized structure and 
local defects/disorders particularly located at the edges of graphene 
and graphite platelets, respectively.47 Therefore, a lower ID/IG peak 
intensity ratio suggests fewer defects or disorders in the graphitized 
structure. From the Raman spectrum in Fig. 3 (d), the ratio of the 
ID/IG is 1.04, which is similar to those of GO films in previous 
studies.45,47 

The results of X-ray photoelectron spectroscopy (XPS) 
characterization show that the elementary composition of GO sheets 
(Fig. 4 (a)). The C/O molar ratio determined for the GO sheets is 
2.49. The XPS fitting data (Fig. 4 (b)) suggest the presence of C–
C/C=C groups (283.9 eV), C–O groups (286.7 eV), C=O groups 
(287.6 eV), and O–C=O groups (288.9 eV) with atomic percentages 
of 48.2%, 37.2%, 11.6% and 3.0%, respectively. The XPS results 
above agree well with the Lerf-Klinowski Model of GO, as shown in 
Fig. 5.48 

 

Fig. 5 The Lerf-Klinowski Model of the GO nanosheet structure. 

3.2 Microstructure of GO/PAN composite membranes 

The topographic and cross-section morphology of the GO/PAN 
membranes are characterized by SEM, as depicted in Fig. 6 (b) and 
(c). The PAN membrane consists of some nanopores at the upper 
surface and macroporous voids at the lower cross-section. The 
densely stacked GO films shows a good affinity to the modified 
PAN film (Fig. 6 (c)) so that they did not peel off from the modified 
PAN substrate (Fig. 6 (a)), which is possibly resulted from the strong 
hydrogen bonds between the -COOH or -CONH2 groups of modified 
PAN and the GO hydroxyl and carboxyl groups.49 

3.3 Pervaporation performance of membranes on desalination 

 

   

Fig. 6 Morphology of the GO/PAN composite membrane: (a) digital photo; (b) SEM images of the surface and (c) cross-section of the 
membrane. 
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Fig. 7 (a) Effects of specific GO deposition amount on the pervaporation performance of GO/PAN membranes and (b) Schematic 
representation of the mechanism for water molecule transport through GO sheet. 

It is well known that PAN ultrafiltration membrane can hardly reject 
salt ions. A series of GO/PAN composite membranes with different 
loadings of GO, ranging from 1.8 to 115.9 µg cm-2 (Fig. 7 (a)) were 
fabricated to evaluate the effect of specific GO deposition on water 
transportation performance at 30 ºC. The GO film thickness 
increases linearly with the specific GO deposition (Fig. S2). 
Increasing the specific GO deposition from 1.8×10-6 g cm-2 to 
115.9×10-6 g cm-2 resulted in an increase in the film thickness from 
30 to 1400 nm. At a specific GO deposition of 1.8×10-6 g cm-2, the 
GO film deposited on the substrate is rather transparent. It turned 
opaque with a blackish brown color at a higher deposition of 3.6×10-

6 g cm-2. The inset pictures in Fig. S3 also demonstrate the flexibility 
of the GO film, as the GO/PAN membranes can endure extensive 
bending without cracking the GO film. The fluxes were recorded 
until a steady state was reached, typically after half an hour. The 
highest steady flux up to 14.3 L m-2 h-1 was reached at a GO loading 
of about 1.8 µg cm-2. As shown in Fig. 7 (a), a significant decrease in 
the water flux was observed with increasing GO loading above 5 µg 
cm-2, which could be due to the higher mass transfer resistance as the 
transport path of water molecules are increased with thicker 
deposition of the GO films. In general, as the mass transfer 
resistance increases, the membrane efficiency drops.21,50 However, 
the rejection of the GO/PAN composite membrane maintained over 
99.7% with increasing thickness of the GO layers. Therefore, 
minimizing the thickness of the GO layer while maintaining its 
structural integrity is the key in fabricating high efficiency 
pervaporation membranes. We assumed that, as illustrated in Fig. 7 
(b), the “ideal” pathway for water molecules transport through the 
tortuous nano-capillaries between the well stacked GO sheets,34,51,52 
where the GO inter-sheet spacing determines the selectivity 
performance of membrane. 

 

Fig. 8 Effects of feed concentration on the pervaporation 
performance of GO/PAN membrane. 

The pervaporation desalination performances of the composite 
membrane were evaluated. Fig. 8 showed the effect of salt 
concentration in the feed solution on the separation performance of 
the GO/PAN membrane at 30 ºC. In general, the water permeate flux 
decreased as the solute concentration increased. The flux for 2000, 
35,000, 50,000 and 100,000 ppm NaCl solutions was 16.84, 14.31, 
13.56 and 11.23 L m-2 h-1, respectively. The corresponding values 
for salt rejection were 99.8%, 99.8%, 99.8% and 99.8%, 
respectively. An aqueous salt solution can be regarded as a pseudo-
liquid mixture containing free water molecules and bulkier hydrated 
ions formed in solution. As the salt concentration increased from 
2,000 to 100,000 ppm, the water concentration decreased from 99.8 
to 90.0 wt%. 

Table 1 Pervaporation performance of the membrane skin layer prepared by different materials 

Material 
Feed concentration 

(ppm) 

T 

(°C) 

Flux 

(L m-2 h-1) 

Rejection 

(%) 

Polyether amide53 35,000 68-70 0.2 >99.9 

Polyether ester54 5,200 22-29 0.15 >99 

NaA zeolite20 35,000 69 1.9 >99.9 

PVA/MA/Silica21 20,00 22 6.93 >99.5 

PVA/GA19 35,000 25 7.36 >99.8 

GO (this study) 35,000 30 14.3 >99.8 

GO (this study) 35,000 90 65.1 >99.8 
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Although the diffusion in the membrane is concentration 
independent, the adsorption of feed solution components at the 
interface between feed solution and membrane is affected directly by 
the feed concentration. Therefore, the concentration of hydrated ions 
on the membrane will increase with the increase of feed solution and 
thus decrease of water flux. In the other hand, the occurrence of 
increased concentration polarization with an increase in solute 
concentration adjacent to membrane surface may also cause the 
decrease in the water flux 

The pervaporation performance of the membranes prepared with 
different materials was also examined. As shown in Table 1, the 
composite membrane prepared with a GO skin layer exhibited a 
better separation performance compared with the membrane 
prepared using other materials. 

 

 

Fig. 9 (a) Effects of feed temperature on the pervaporation performance of GO/PAN membrane and (b) the Arrhenius plot of the water flux 
and feed temperature. 

Fig. 9 (a) shows the effect of the feed temperature on the 
pervaporation desalination performance of the GO/PAN composite 
membrane with a GO layer thickness of 100 nm at a vacuum of 100 
Pa. For all feed concentrations, there was an exponential increase in 
water flux when the feed temperature increased from 30 to 90 ºC. A 
high water flux of 65.1 L m-2 h-1 was achieved at a feed temperature 
of 90 ºC. This is not surprising, because the driving force for the 
pervaporation process is the partial vapor pressure difference 
between the feed and the permeate. As the feed temperature 
increased, the water vapor pressure on the feed side increased 
exponentially while the vapor pressure on the permeate side did not 
change, and therefore the driving force increased leading to the 
increase of water flux. 

The temperature dependence of the permeate flux for pervaporation 
generally follows an Arrhenius type relationship:55 

,exp( )p i

i i

E
J A

RT
= −   (3) 

where iJ is the permeate flux of membrane, iA  is the pre-

exponential factor, R  is the gas constant, T  is the absolute 

temperature and ,p iE  is the apparent activation energy for 

permeation, which depends on both the activation energy for 
diffusion and the heat of sorption. Fig. 9 (b) shows the Arrhenius 
plot of the water flux and feed temperature. The results show that the 
water flux and the reciprocal of the absolute temperature of the feed 
follow a linear relationship. The activation energy of water 
permeation (Ep,w) through the membrane was taken from the slope of 
the Arrhenius plot (Eq. (3)). And the activation energy of water 
permeation is about 22.19 kJ mol-1. The positive value of Ep,w 
suggests that water flux should increase with increasing temperature. 
The relatively low activation energy could be attributed to the unique 

structure of GO film. Water molecules can diffuse through the space 
between GO sheets easily. Therefore, the activation energy is low. 

4 Conclusions 

In summary, a thin GO film has been prepared on modified PAN 
ultrafiltration membrane by vacuum filtration-assisted assembly 
method. The morphology of the GO film reveals a well-packed 
structure with a layer-by-layer pattern. Pervaporation performance 
indicates that the GO film exhibits preferential water transport with 
particularly high water permeability and salt rejection for salty water 
with different concentrations. The GO/PAN composite membranes 
exhibit a high water flux up to 65.1 L m-2 h-1 with high rejection 
(about 99.8%) for desalination by pervaporation under the 90 ºC. It 
is noteworthy that the composite membranes show high performance 
in treating high salinity water even with a salt concentration up to 
100,000 ppm. This makes it possible to use GO-based membrane by 
pervaporation for seawater desalination, brackish water desalination 
and reverse osmosis concentrate treatment. 
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A GO/PAN pervaporation composite membrane was prepared for desalination with high 

performance. 
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