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Although poly(vinyl alcohol) (PVA) membranes are widely used in solvent dehydration by pervaporation, the

separation factor is rather limited. Considering this, novel PVA mixed matrix membranes with graphene

oxide (GO) nanosheets were prepared. poly(acrylonitrile) ultrafiltration (PAN) membrane was used as

support layer. The PVA/GO composite membranes were characterized by Fourier transform infrared

spectroscopy, X-ray diffractometry, scanning electron microscopy, thermogravimetric analysis and water

contact angle. We also explored the pervaporation performance of the membrane for ethanol

dehydration. GO slightly improves the thermal stability and crystallinity of the composite membranes. In

addition, the hydrophilicity of the composite membranes is weakened after GO addition, but the

crosslinking degree is increased, resulting a significant increase in the separation factor and a certain

decrease in the total flux. With the amount of GO addition increases, the total flux of the PVA/GO

composite membrane decreases, while the separation factor increases first and then decreases, and the

preferred amount of GO addition is 2.0 wt%. Especially, the separation factor of the composite

membranes with 2.0 wt% GO addition could reach 3 059, which is 16 times higher than PVA

membranes, with the corresponding permeability flux is 145 g m�2 h�1.
1. Introduction

As a renewable energy source, fuel ethanol is the development
focus of alternative fuels energy in the world, and it has good
economic and social benets and hopes to partially replace
gasoline and diesel.1,2 Pervaporation technology (PV)3 could
separate ethanol–water mixture with high efficiency and low
energy consumption,4 providing an opportunity for the appli-
cation of anhydrous fuel ethanol. At present, pervaporation
technology has been industrialized in the eld of organic
solvent dehydration. In 1982, GFT of Germany took the lead in
building the world's rst pervaporation unit for ethanol dehy-
dration via cross-linked poly(vinyl alcohol) (PVA) membranes.
PVA5,6 is non-toxic, inexpensive and biodegradable water-
soluble polymers with hydroxyl groups in molecular chain
and strict linear structures. It has high hydrophilicity and good
membrane forming property, which is used for organic solvents
dehydration and exhibits superior separation performance.
However, PVA is poor in water resistance and tends to swell
excessively in aqueous solution, which makes it weak in
mechanical strength and thermal stability, resulting in sharp
drops in separation performance. Table 1 contains some key
data on the PVA membrane for organic solvents dehydration by
ineering, China University of Mining and

caiweibin2000@126.com

hua University, Beijing 100084, China

hemistry 2019
pervaporation. As can be seen from Table 1, for the ethanol–
water system, the separation factor of PVA membranes with
different cross-linking methods was rather limited. To solve the
problem, various modication techniques such as blending,
graing, and crosslinking are employed. Among them, doping
inorganic nanomaterials have become an important research
direction, polymer nanocomposites membranes were prepared
by PVA with nano-SiO2,17,18 NaA zeolite,19 nano-TiO2,20 carbon
nitride,21,22 Ag,23,24 and other inorganic nanomaterials. Arif
et al.17 synthesized PVA/silica membranes by sol–gel derived
route for application in pervaporation of isopropanol–water
mixture. The chemically cross-linked composite membrane
prepared showed improved performance concerning ux and
selectivity when compared to the pristine PVA membrane. The
addition of silica changes semi-crystalline PVA to an amor-
phous polymer which favoured diffusion of the water molecule
to permeate through membrane hence ux increases. In the
work of Wang et al.21 hybrid membranes with excellent water/
ethanol separation performance and superior water channels
were fabricated by incorporating g-C3N4 nanosheets into a PVA
matrix. Due to the strong interfacial interactions between g-
C3N4 and PVA, the hybrid nanocomposite membranes showed
both high swelling resistance and mechanical stability. The
total ux and separation factor of the new membrane can reach
to 6332 g m�2 h�1, and 30.7 for 90 wt% ethanol, respectively.
Compared with the cross-linked pure PVA membrane (2337 g
m�2 h�1 and 11.2), the composite membrane could break the
RSC Adv., 2019, 9, 15457–15465 | 15457
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Table 1 Dehydration of organic solvents using PVA membranes

Solution–water mixture (mass ratio) Membrane Cross-linker Flux (g m�2 h�1)
Separation
factor Temperature (�C) Ref.

Isopropanol/water (90 : 10) PVA Glutaraldehyde 40 21 30 7
Isopropanol/water (90 : 10) PVA UFS solution 95 77 30 8
Isopropanol/water (80 : 20) PVA Thermally cross-linked 140 40 50 9
Acetic acid/water (90 : 10) PVA Glutaraldehyde 100 9 30 10
Acetic acid/water (90 : 10) PVA — 37.1 11.61 45 11
Acetic acid/water (90 : 10) PVA Malic acid 48 670 40 12
Tetrahydrofuran/water (95 : 5) PVA UFS solution 210 210 30 8
Ethanol/water (azeotrope) PVA — 120 10 60 13
Ethanol/water (90 : 10) PVA Dimethylolurea 120 115 60 14
Ethanol/water (90 : 10) PVA Glutaraldehyde 95 77.3 30 15
Ethanol/water (80 : 20) PVA Thermally cross-linked 183 15.5 50 9
Ethanol/water (95 : 5) PVA (GFT 1510/2510) Malic acid 600 258 60 16
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“trade-off effect” effectively. In the study of Premakshi et al.25

the silver nanoparticles were in situ prepared before cross-
linking PVA matrix by reducing of silver ions using sodium
borohydride. The membranes were under go pervaporation for
separation of water from isopropanol at different temperatures.
The results indicated that hydrophilicity and amorphous nature
of the membranes were increased with increasing silver nano-
particles in PVAmatrix, and permeation ux and selectivity were
increased simultaneously. Among the membranes studied, the
membrane containing 2.5 wt% of Ag-Nps demonstrated the
highest separation selectivity of 634 with a ux of 71.6 g m�2

h�1.
Graphene26 is a single-layer crystal with honeycomb lattice

structure. As a new type of nanomaterial with the thinnest,
strongest and thermal conductivity, the research trend of its
application value is still in the ascendant. The only one-atom
thick and nearly frictionless surface enables graphene to form
membranes that minimize transport resistance and maximize
permeate ux. Bunch et al.27 attributed the ultra-fast transport
of water to a low-friction ow of a monolayer of water through
2D capillaries formed by closely spaced graphene sheets and
diffusion of other molecules is blocked by reversible narrowing
of the capillaries in low humidity and/or by their clogging with
water. The graphene-based membranes28 could be used as
functional membranes for constructing high separation
performance, while graphene has strong hydrophobicity and
low reactivity and it has certain limitations as pervaporation
dehydration membranes. Graphene oxide (GO) is a derivative of
graphene,28,29 which has a similar two-dimensional structure to
graphene. In addition to the six-membered ring skeleton of
carbon atoms, it also contains polar oxygen-containing func-
tional groups such as hydroxyl groups, epoxy groups, carboxyl
groups, and carbonyl groups. The pioneering work of Geim
et al.30 found that submicrometer-thick laminates formed from
GO can be completely impermeable to liquids, vapors and
gases, yet allow unimpeded permeation of water. Besides,
molecular transport within GO-based membranes is particu-
larly beneted by the oxygen atoms bonded to the carbon atoms
in the oxidized regions of graphene play the role of spacers that
keep graphene planes about 0.7 to 1.0 nm apart in GO
15458 | RSC Adv., 2019, 9, 15457–15465
laminates, and the pristine regions create almost frictionless 2D
nanochannels for transporting water molecules across GO
laminates. GO exhibits outstanding hydrophilicity and facili-
tates to further modication attributed to the complex and
active structure, thereby preparing nanocomposite membranes
with excellent properties. Tang et al.31 assembled free-standing
GO membranes by pressurized ultraltration method, and
studied the pervaporation performance of ethanol dehydration.
Experimental results suggest that the interlaminar spacing is
determined by both packing density of GO nanosheets and
water content in the feed solution. By tuning the ultraltration
pressure, a high separation performance with water perme-
ability of 13 800 barrer (1 barrer ¼ 3.348 � 10�19 kmol m m�2

s�1 Pa�1) and water/ethanol selectivity of 227 is achieved for
dehydration of an 85 wt% ethanol aqueous solution at 24 �C.
The high stability and hydrophilic layered packing structure of
the GO sheets and the appropriate layer spacing allow it to
preferentially transport water.

In this paper, PVA/GO nanocomposite membranes32–34 with
different GO content were prepared and analysed by attenuated
total reectance-Fourier transform infrared spectroscopy (ATR-
FTIR), scanning electron microscopy (SEM), X-ray diffractom-
etry (XRD), and thermogravimetric analysis (TGA), water contact
angle (WCA) and degree of swelling. The pervaporation perfor-
mance of membranes for ethanol dehydration was also tested.
2. Experimental
2.1 Material

Poly(vinyl alcohol) (PVA) with Mw � 100 000 was obtained from
Beijing Organic Chemical Co., Ltd. (Beijing, China). Flake
graphite powder (325 mesh) was purchased from Nanjing Xian
Feng Nano Material Technology Co., Ltd. (China). Sulfuric acid
(H2SO4, >98%), sodium nitrate (NaNO3, AR) and potassium
permanganate (KMnO4, >99%) were supplied by Modern
Oriental (Beijing) Technology Development CD., LTD. (Beijing,
China). Hydrochloric acid (HCl, AR) and hydrogen peroxide
(H2O2, 30 vol%) were from Shanghai Jinlu Chemical Co., Ltd.
(Shanghai, China). Glutaraldehyde acts (GA, 50%) was
purchased from Tianjin Guangfu Fine Chemical Research
This journal is © The Royal Society of Chemistry 2019



Fig. 1 Flow chart of pervaporation evaluation apparatus.
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Institute (China). Acetic acid (HAc, AR) and ethanol (AR) were
supplied by Modern Oriental Technology Development Co., Ltd.
(Beijing, China).

2.2 Synthesis of GO

Graphene oxide was synthesized following the modied
Hummers' method.35 The steps were as follows: 2.5 g of NaNO3

and 115 ml of 98 wt% H2SO4 were mixed in an ice bath for
10 min. 5 g of graphite powder was added and stirred for 1 h.
Then 15 g of KMnO4 was slowly added in batches to keep the
temperature under 20 �C. Aer 1 h, stirring was continued for 2
hours at 35 �C. The temperature of the mixture was adjusted to
98 �C for 30 min while 230 ml of deionized water was added
continuously. Then stop the reaction with a large amount of
deionized water. Added 30% H2O2 to the solution, the reaction
product was centrifuged and washed deionized water and 5%
HCl solution repeatedly to remove the metal ions from the
product. Then sonicated for 1 h and freeze-drying to obtain dark
brown graphene oxide (GO) powder nally.36

2.3 Fabrication of composite PVA/GO membranes

The synthesized GO was ultrasonically dispersed in deionized
water to prepare GO suspension. PVA powder was dissolved in
2.0 wt% acetic acid solution, continuously stirred for 2 h at
90 �C to obtain PVA solutions.

Different amount of graphene oxide (GO) suspension was
added in PVA solutions. The solutions were sonication for
30 min to uniformly disperse GO in the PVA solution. Then, the
mixture were stirred in a water bath at 90 �C for 1 h, and
ultrasonic for 30 min. 2 wt% glutaraldehyde acts (GA) as
a crosslinking agent was added, and stirred for 1 h. Finally, the
obtained casting solution was degassed at room temperature.
Cut out a certain size of PAN ultraltration membrane and tape
it to clean and at glass plates. Then poured PVA/GO casting
solution onto the based membranes to cast and then dried for
12–14 h at room temperature. Finally react at 60 �C for 1 h to
prepare PVA/GO composite membranes with 0.0 wt%, 1.0 wt%,
2.0 wt%, 3.0 wt%, 4.0 wt% GO, recorded as GOP-0.0, GOP-0.5,
GOP-1.0, GOP-2.0, GOP-3.0, GOP-4.0.

2.4 Pervaporation performance of composite membranes

The pervaporation dehydration performance of the PVA/GO
composite membranes was assessed on a self-designed stain-
less steel apparatus in our lab, and ow diagram was illustrated
in Fig. 1. The PVA/GO composite membrane was cut and put
into the membrane cell (the effective area of the membrane was
2.2� 10�3 m2). The feed tank was heated by electric heating coil
and material liquid was pressurized by a magnetic pump from
the feed tank (about 2.5 � 10�3 m3) to the upper side of the
membrane cell under set temperature. The down-stream pres-
sure was maintained at 200 Pa. The permeate component was
condensed by liquid nitrogen and collected in the cold trap, and
the mass of the permeate component was accurately weighed.
Contents of upstream feed solution and downstream permeate,
which consisted of ethanol and water, were analysed with the
aid of chromatography (Shimadzu, GC-14C, Japan).
This journal is © The Royal Society of Chemistry 2019
Pervaporation performances indicators mainly include
permeate ux J and separation factor a, which are dened as
follows:

J ¼ m

A� t
(1)

a ¼ YA=YB

XA=XB

(2)

where m is the mass of permeating mixture (g), A is the
membrane effective surface area (m2), t is the collecting time
(h), J is the total ux (g m�2 h�1), YA and YB are the concentra-
tions (wt%) of ethanol and water in the permeate respectively.
XA and XB are the concentrations (wt%) of ethanol and water in
the feed solution respectively, and subscripts A and B represent
ethanol and water respectively.
2.5 Membrane characterization

The infrared spectra of composite membranes were analysed
with Fourier transform infrared spectroscopy (ATR-FTIR,
BRUKER TENSOR 27). All samples were collected from a wave
number of 700–4000 cm�1 at a resolution of 2.0 cm�1. The
diffraction patterns and the orientation of crystalline phases of
composite membranes were tested by Bruker D8 ADVANCE
Diffractometer (Germany) with l¼ 1.54 Å in the range 5� # 2q#
90�. The exfoliation of GO powder was also investigated via
XRD. Surface and cross section images of all types of
membranes were observed by scanning electron microscopy
(SEM, JSM7401F, Japan). The membranes were rst cryogeni-
cally fractured in liquid nitrogen bath to expose their cross-
sections. Prior to the measurement, all samples were adhered
to the metal sample stage with a conductive paste and gold
(GATAN MODEL-862; JEOL-JHC-1100) was applied under
vacuum. Water contact angle (WCA, Model PV-DP) was experi-
mented to show the hydrophobicity and hydrophilicity of
composite membrane. In a nitrogen atmosphere, thermogravi-
metric analysis (TGA, 1600 HT, Mettler-Toledo, Switzerland)
with a temperature range of 30–700 �C and a heating rate of
10�C min�1 was used to test the heat resistance and thermal
stability of the membrane varies with increasing temperature.
RSC Adv., 2019, 9, 15457–15465 | 15459



Fig. 3 XRD patterns of graphite and GO powder.
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Swelling tests on the membranes of the GOP membrane were
performed gravimetrically.

3. Results and discussion
3.1 Characterization of samples

The Fourier transform infrared spectroscopy (FTIR) of the
composite GOP membranes was analysed, as shown in Fig. 2.
There is a broad absorption peak at 3267 cm�1, which is
generated by the stretching vibration of the –OH groups. It
could be observed that the peak intensity of the PVA/GO
composite membranes here is weaker than that of the pristine
PVA membranes (GOP-0.0), and the peak intensity become
weaker with increasing GO in PVA matrix, which possible owing
to the crosslinking reaction between PVA and GA increases as
increasing GO, so the number of –OH groups decreases. The
C]O stretching vibration in the carboxyl group is observed at
1709 cm�1, and the absorption peak at 1234 cm�1 is generated
by the C–O groups stretching vibration. The absorption peak
observed at 1090 cm�1 is the asymmetric stretching vibration of
C–O–C groups, indicating that the aldehyde groups of GA cross-
linked with –OH groups of GO and PVA to produce C–O–C
bonds. In addition, the peak intensity of the PVA/GO composite
membranes is signicantly weaker than the PVA membrane at
1090 cm�1, further demonstrating that GO could enhance the
crosslinking degree of the composite membranes. The cross-
linking density of the composite membrane can be analysed
by semi-quantitative analysis of the peak height ratio of
3267 cm�1 (O–H) and 2940 cm�1 (C–H) in the infrared spec-
trum.37 It can be seen from Table 2 that with the amount of GO
addition increases, the peak height ratio of the composite
membrane decreases, indicating that cross linking density of
the composite membrane increases with GO content increases.
The ATR-FTIR analysis reasonably explains the strong interac-
tion between PVA and GO.
Fig. 2 ATR-FTIR spectra of GOP composite membranes.

Table 2 The peak height ratio of 3267 cm�1 and 2940 cm�1 in the infra

Membrane GOP-0.0 GOP-0.5

h (3267 cm�1)/h (2940 cm�1) 1.384 1.360

15460 | RSC Adv., 2019, 9, 15457–15465
PVA is a polymer with high crystallinity, and loading GO into
pristine PVA could affect its crystallinity.38 XRD patterns of the
graphite and GO powder is presented in Fig. 3, and the XRD
spectrum of crosslinked composite GOP membranes is shown
in Fig. 4. The d-spacing of the sheets structure was estimated by
the Bragg formula.

From Fig. 3, it was found that graphite showed a strong
diffraction peak at 2q ¼ 26.67� (d-spacing ¼ 3.34 Å), which
indicated a typical two dimensional layer structure of sp2

hybridization.39 No diffraction peak appeared at 2q ¼ 26.67� in
the graphene oxide XRD pattern, it shows that GO was
successfully synthesized and did not contain the graphite. In
contrast, GO exhibits a sharp diffraction peak at 2q¼ 10.57�, the
layer spacing of GO can be calculated to be 8.36 Å, which is
increased compared to the layer spacing of graphene (3.34 Å).
This is due to graphene have a large amount of oxygen-
containing functional groups aer oxidation, which increases
the GO d-spacing. According to Fig. 4, the pristine PVA
membranes (GOP-0.0) exhibits a strong diffraction peak at 2q ¼
red spectrum of different membranes

GOP-1.0 GOP-2.0 GOP-3.0 GOP-4.0

1.334 1.312 1.282 1.255

Fig. 4 XRD patterns of GOP membranes.

This journal is © The Royal Society of Chemistry 2019



Fig. 5 The surface (a–f) and cross section (g–l) images of GOP-0.0–GOP-4.0 membranes, respectively.
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19.57� (d-spacing of 4.53 Å), which is a semi-crystalline structure
and typical orthogonal lattice of PVA. The PVA/GO composite
membranes with different GO additions exhibits strong
diffraction peaks at 2q ¼ 19.54�, 19.37�, 19.57�, 19.46�, and
19.55�, and no diffraction peak appear at 2q ¼ 10.57�, possible
due to only the small amount of GO is doped in PVA. It could be
seen that the diffraction peak intensity of PVA/GO composite
membranes are weaker than that of pristine PVA membranes,
simultaneously the crystallinity of PVA is declined aer GO
addition, which indicating that the number of –OH groups
decreases resulting in the peak intensity decreases. Therefore, it
can be assumed based on FTIR and XRD spectral data, that the
PVA cross-linking by GO occurs according to an acetal reaction
mechanism, with ester formation by acid catalysis and
temperature.

The surface images and cross-section structures of the
composite membranes were observed by scanning electron
microscopy (SEM). The SEM images of all type of GOP
membranes are shown in the Fig. 5. The surface image of the
pristine PVA membrane (Fig. 5a) is at and almost wrinkle-free,
whereas the PVA/GO composite membranes have slight wrin-
kles, which are typical GO surface wrinkles. With increasing of
GO content, the surface unevenness of the PVA/GO composite
membranes increases. The cross-section structures of the
composite membranes are shown in the Fig. 5g–l, according to
the SEM images, the thickness of composite GOPmembranes is
Fig. 6 TGA curves of GOP-0.0 and GOP-2.0 composite membrane.

This journal is © The Royal Society of Chemistry 2019
about 8 mm. Compared with the pristine PVA membranes
(Fig. 5g), the separation layer and the support layer of the PVA/
GO composite membranes has a clear boundary line and the
pore intrusion phenomenon is limited, while the PVA
membranes could observe an pore intrusion.

Thermogravimetric analysis (TGA) indicated that the heat
resistance and thermal stability of the polymer vary with
increasing temperature. The composite GOP membranes were
further characterized using TGA analyses under a nitrogen
atmosphere. The results are presented in the Fig. 6. The initial
weight loss both begin at 250 �C, attributed to the evaporation
of physically absorbed water molecules in the membranes. The
second stage of weight loss are observed at about 360 �C and
370 �C for the composite GOP-0.0 membranes and the
composite GOP-2.0 membranes respectively. The second stage
of weight loss is mainly caused by the volatilization of the main
chain of PVA and the degradation of unstable oxygen functional
groups of GO. Due to the small amount of GO added and only
physical effects occurred between molecules, the two thermog-
ravimetric curves does not show signicant differences. The end
point weight of composite GOP-2.0 membrane at the second
stage is slightly higher, which is due to GO has better thermal
stability. However, the weight loss of the composite GOP-2.0
membranes in the second stage occurs at a higher tempera-
ture, which indicating that the thermal stability of the separa-
tion membranes is slightly improved aer GO addition.
Fig. 7 Water contact angles of PVA/GOmembranes with different GO
loadings.

RSC Adv., 2019, 9, 15457–15465 | 15461



Fig. 8 Swelling degree of GOP membranes with different GO
addition.
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The effect of the hydrophilicity of the composite membranes
with different GO additions was investigated by water contact
angle (WCA). As shown in the Fig. 7, the contact angle of the
pristine PVA membranes is 63.6�(average value), whereas the
PVA/GO composite membranes with different GO addition are
76.5�, 77.8�, 72.3�, 73.2� and 75.9� respectively. It can be
observed that the contact angle of the membranes increase, and
the hydrophilicity decrease aer GO addition. This is due to the
increases in the network crosslink density of the system aer
GO addition, which reduces –OH groups in the surface, result-
ing the increasing of contact angle.
Fig. 9 Pervaporation performance of GOP membranes. (a) Total flux
for membranes under varied GO concentration; (b) separation factor
for membranes under varied GO concentration.

15462 | RSC Adv., 2019, 9, 15457–15465
The swelling test results are shown in Fig. 8, the pre-dried
membrane samples were immersed in pure water and
different ethanol/water binary solutions, respectively. It can be
seen that the degree of swelling of the membranes decreases
with the increase of the GO addition amount, it is mainly
contributed by the hydrogen bonding between GO and PVA,
which enhances the membrane rigidity. In addition, as the
concentration of ethanol increases, the degree of swelling
decreases.
3.2 Pervaporation performance for ethanol dehydration

We further studied the pervaporation performance of the
composite GOP membranes at feed concentration is 90 wt%
ethanol and feed temperature of 45 �C and 69 �C respectively. As
shown in Fig. 9a, the total ux of PVA/GO composite
membranes are less than PVA membranes. Although the GO
nanosheets layer provide an ultra-fast transport pathway to
water, the increase of water contact angle makes water harder to
enter inmembrane, and the increase of PVA crosslinking degree
makes it more difficult for water to pass through themembrane,
thus the water ux decrease. As can see from Fig. 9b, the
separation factor is very high, and in this case, the total ux is
determined by the water ux, so total ux decreases. From
Fig. 9b, the separation factors rst increases and then decreases
with increasing GO. When the GO addition increases from 0.0%
to 2.0 wt%, the separation factor of the membrane increases
sharply, which can be attributed to the cross linking reaction
between the GO sheet and the PVA matrix, and the cross linking
density increases lead to the membrane more dense. For both
experimental temperatures, the separation factor reach the
highest value when the amount of GO is 2.0 wt%, which is 1143
for 65 �C and 3059 for 45 �C. Compared with the pristine PVA
membranes, the separation factor of all PVA/GO composite
membranes are more than 1 000, indicating that GO blending
in PVA could signicantly enhance the separation factor of the
membranes. When GO addition exceed 2.0 wt%, the decrease in
the separation factor may be due to the saturation limit of the
GO load, and higher than this concentration cause agglomera-
tion of GO, causing defects in the membrane.40–42 The GOP-2.0
membrane is the best selection for further study, due to excel-
lent separation factor and suitable ux. Fig. 10 describes the
effect of ethanol concentration on GOP-2.0 performance.
According to Fig. 10a, with the increase of ethanol concentra-
tion, the total ux decrease notably at experiment temperature,
45 �C and 69 �C. It is owing to that when the mass percentage of
water in the feed liquid is decreased, the degree of swelling of
the membrane is reduced and the free volume of the membrane
is decreased, so that the transport resistance of water and
ethanol is increased. At the same time, it is known from Fig. 11
that the ethanol ux is almost constant and close to zero, while
the ux of water is large and the trend is almost similar to the
total ux. Since the water is preferentially permeated and the
separation factor is large, the total ux is determined by the
water ux, so the total ux decreases as the ethanol concen-
tration increases. Otherwise, the separation factors of
membranes increases with increasing ethanol concentration
This journal is © The Royal Society of Chemistry 2019



Fig. 10 Pervaporation performance of GOP-2.0 membrane. Total flux
(a) and separation factor (b) for membranes under varied ethanol
concentration.

Fig. 12 Pervaporation performance of GOP-2.0 membrane. Total flux
(a) and separation factor (b) for membranes under varied temperature.
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(Fig. 10b), especially in the high ethanol concentration. This
may be caused by that, when the water concentration decreases,
the swelling degree of the membrane also decreases, the chain
activity spacing of the polymer become smaller, which makes
the ethanol diffuse harder that water for its large size.

Fig. 12 is the effect of operating temperature on pervapora-
tion performance with 90 wt% ethanol in feed concentration.
With the temperature rising from 37 �C to 69 �C, the total ux of
the composite GOP-2.0 membranes increase from 103 g m�2

h�1 to 364 g m�2 h�1, and the total ux of the composite GOP-
0.0 membranes increase from 139 g m�2 h�1 to 956 g m�2 h�1

(Fig. 12a). Temperature is an important factor affecting the total
Fig. 11 Pervaporation performance of GOP-2.0 membrane at 45 �C.
Water flux and ethanol flux under varied ethanol concentration.

This journal is © The Royal Society of Chemistry 2019
ux and separation factor. As the feed temperature increases,
the vapour pressure in the feed side increases simultaneously
and thus the mass transfer driving force of pervaporation
increases, which is benecial to mass transfer. At the same
time, the activity and exibility of the polymer chain are
strengthened and the molecular segment spacing increases
with increasing temperature, which is benet for the diffusion
of water and ethanol. The above-mentioned combined factors
lead to the increase in the total ux. From Fig. 12b, it could be
seen that the separation factor rst increases and then
decreases with increasing temperature. This may be due to
when the temperature increases from 37 �C to 45 �C, the activity
of polar groups in themembrane is intense, the permeation rate
of water and ethanol molecules increases, and the separation
effect is obvious. When the temperature exceeds 45 �C, it may be
that during the temperature increases, the membrane structure
undergoes subtle changes and the macromolecular segments in
the membrane are re-aligned, the free volume of the membrane
increases and the permeation resistance of the ethanol mole-
cules decreases lead to the permeation rate of ethanol exceeds
the rate of penetration of water, thereby reducing the separation
factor. At present, there is no clear rule about the relationship
between separation factor and temperature. This phenomenon
has also appeared in the previous literature.43 Membranes have
the best separation factor of 3059 at 45 �C, for the composite
GOP-2.0 membranes, much greater than the composite GOP-0.0
membranes (the pristine PVAmembranes) in this work, and the
PVA membranes obtained in previous studies (Table 3).
RSC Adv., 2019, 9, 15457–15465 | 15463



Table 3 Comparison of pervaporation performance of PVA hybrid membranes for ethanol dehydration

Membrane Temp. (�C) Feed, water (wt%) Flux (g m�2 h�1) Separation factor Ref.

PVA/g-C3N4 75 10 6332 30.7 19
PVA/CF (3.5%)-TSA (PVA-3) 50 30 127 775 44
PVA/silk broin 22 30 �80 23.7 45
PVA/ZIF-90 30 10 268 1379 46
PVA/Fe-DA 30 10 995 2980 41
PVA/SiO2 40 15 145 1026 47
PVA/N,N-methylene bisacrylamide 40 5 353 3781 48
PVA/ZIF-8-NH2 40 15 158 148 42
PVA/gelatin 80 10 1910 �60 49
PVA/H-ZSM5 30 15 182 46 52
PVA/NaY 60 20 300 450 53
PVA 40 10 280 104 50
PVA 30 20 201 22 51
PVA 45 10 200 185 This work
PVA/GO 45 10 145 3095 This work
PVA/GO 45 5 74 4281 This work
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4. Conclusions

In this work, PVA/GO nanocomposite membranes were fabricated
and used for ethanol dehydration by pervaporation. By GO addi-
tion, the crosslinking degree of PVA is effectively increased. When
GO content increases from 0.0–4.0 wt%, the PVA crosslinking
degree increases, the total ux of the PVA/GO composite
membranes decrease, while the separation factors rst increases
but then decreases, which may be attributed to defects caused by
GO aggregation. Of all the PVA/GO membranes, the composite
GOP-2.0 membranes had the best separation performance with
the separation factor of 3059 and the total ux of 145 g m�2 h�1 at
45 �C and 90 wt% ethanol concentration. The inuence of feed
concentration and temperature were also conducted. With the
increase of feed ethanol concentration, the separation factors of
membranes increases signicantly, while the total ux decrease.
Separation factor 9866 and permeation ux 74 g m�2 h�1 was
observed at 45 �C and 99 wt% ethanol concentration. Total ux
increase with feed temperature, while separation factor increase
rst and then decrease. Compared with pristine PVA membranes,
permeate ux of PVA/GO nanocomposite membranes decreased
a certain amount, but the separation factor were notably increased.
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