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High-performance sulfosuccinic acid cross-linked PVA composite pervaporation
membrane for desalination
Rui Zhang*, Bin Liang*, Ting Qu, Bing Cao and Pei Li

College of Materials Science and Engineering, Beijing University of Chemical Technology, Beijing, People’s Republic of China

ABSTRACT
Pervaperation (PV), as a novel technology, has shown great promise in fresh water production from
salty water. However, the low water flux of the present membranes hinders their practical
applications. Here, a new type of PV composite membrane, consisting of a selective skin layer
fabricated from poly(vinyl alcohol) (PVA) cross-linked by sulfosuccinic acid and a porous support
layer using a commercial polyacrylonitrile (PAN) ultrafiltration membrane, was developed for
applications in desalination. The separation performance of S-PVA/PAN composite PV
membranes with different S-PVA layer thicknesses was tested in detail. The best result showed a
water flux of 27.9 kg m−2 h−1 with a salt rejection of 99.8%, which was obtained at a vacuum of
100 Pa and temperature of 70°C when separating a 35,000 ppm NaCl solution. The S-PVA/PAN
composite membranes could also be used for the desalination of high-concentration (100,000
ppm) NaCl solutions with a water flux of 11.2 kg m−2 h−1 with a salt rejection of 99.8%.
Moreover, a stable desalination performance was obtained for a 120 h operation time. This study
shows the possibility of using PV in desalination applications for seawater, brackish water and
reverse osmosis concentrate treatment.
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1. Introduction

Shortage of water resource is one of the world’s most
concerning problems, which is threatening the lives
and development of humans [1,2]. Presently, how to
provide sufficient and safe drinking water has become
a challenge. Seawater desalination is an important tech-
nology for solving the water crisis [3–6]. Since membrane
separation technology has many advantages, such as a
low energy cost and a high efficiency, it is widely used
in desalination applications. Nowadays, reverse osmosis
(RO) has become the most applied seawater desalination
technology [7–11]. However, RO has limitations to treat
high concentrated salt water due to the high trans-mem-
brane pressure required for overcoming the osmotic
pressure. It increases the energy cost of the RO process
and reduces its economic efficiency. Moreover, the dis-
charge of concentrated seawater as a RO byproduct

may lead to ecology issues. As the energy requirement
for the pervaporation (PV) process is independent of
the salt concentration in the water, PV membranes
have the potential to treat concentrated salt water and
reduce the amount of discharged brine water. Thus, PV
for desalination has attracted widespread attention
[12–15].

PV is a membrane-based separation approach that
usually separates different components in a liquid
mixture according to their difference in solubility and dif-
fusivity in a dense membrane [16]. In the process of PV,
the feed solution is in direct contact with the feed side
of the membrane and the permeate is desorbed from
the permeate side in a vapor state. Diffusion through
the PV membrane is driven by a concentration gradient
of the solute between the feed solution and the permeate
vapor. The concentration gradient is created by applying
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a vacuum or sweeping a gas to the membrane permeate
side. The solution-diffusion mechanism is widely
accepted to describe mass transport in the PV process
[17,18]. According to thismechanism, PV occurs in the fol-
lowing steps: (1) the components in the feed are dissolved
into the membrane surface, (2) the components diffuse
through the PV membrane and (3) the components
desorb from the permeate side and diffuse to the vapor
phase [19]. PVmembranes arewidely studied in the dehy-
dration of organic solvents and the removal of volatile
organic compounds from aqueous feeds [20–25].

Poly(vinyl alcohol) (PVA) has been extensively studied
both in academia and industry for PV applications. Its
high hydrophilicity promotes the transport of water mol-
ecules and mitigates the membrane fouling by hydro-
phobic organic compounds. Since PVA is soluble in
water, it needs to be cross-linked to increase the stability
in water. In most cases, PVA is chemically cross-linked
using bifunctional or multifunctional acids, aldehydes or
acyl chlorides [26–28]. Previous studies have shown that
PV membranes containing sulfonated groups showed
enhanced separation performance for ethanol dehy-
dration, because the sulfonic acid groups could increase
the hydrophilicity of the polymer [29,30]. However, the
water fluxes of these sulfonated PV membranes at high
water concentration conditions were not reported.
Baker et al. suggested reporting PV data in terms of per-
meability, permeance and selectivity [31]. In this way, the
intrinsic water transport properties of different PV mem-
branes can be compared since permeability and per-
meance are based on the normalized membrane
driving force. If assuming water permeability and per-
meance are independent to the water concentration in
feed, we can conclude that PV membranes having high
performances in dehydration applications shall also
show highwater fluxes when they are applied to separate
salt waters which have high water concentrations. In this
study, we prepared sulfosuccinic acid (SSA) cross-linked
PVA composite membranes using the porous PAN mem-
brane as the substrate. The PV desalination properties of
the S-PVA/PAN composite membranes were investi-
gated. The effects of the SSA concentration, the thickness
of the S-PVA layer to the desalination properties were
studied. And the water permeance and permeability of
the S-PVA/PAN composite membranes were calculated
and compared with other PV membranes.

2. Experimental section

2.1. Materials

PVA (124,000 Da), with a hydrolysis degree of 99.4%, and
NaCl were purchased from Sinopharm Chemical Reagent

Co., Ltd (China). SSA (50% aqueous solution) was pur-
chased from Aldrich (USA). The PAN ultrafiltration mem-
brane was obtained from Ande Membrane Separation
Technology & Engineering Co., Ltd. All chemicals were
used as received. Deionized (DI) water (5.1 µS cm−1 at
20°C) was used to prepare the PVA solution and the
aqueous salt solutions.

2.2. Preparation of the S-PVA films and S-PVA/
PAN composite membranes

The SSA cross-linked PVA films were prepared using a
solution-casting method [32]. Specifically, a powder of
PVA (4 g) was first dissolved in DI water (100 mL) at 95°
C. The PVA solution (4 wt%) was allowed to cool to
room temperature and the pH of the PVA solution was
adjusted to a value of 1.7 ± 0.1 by adding HCl (1 M) sol-
ution dropwise. Then, a predetermined amount of SSA
was added to the PVA solution which was then placed
in a Teflon dish. The S-PVA dense film formed after
being air-dried for 3 days and then was cross-linked at
80°C for 2 h in a fan-forced oven. The mechanism of
the reaction is shown in Figure 1. Using this method,
the S-PVA dense films with different SSA concentrations
from 6 to 36 wt% were prepared and used for Fourier-
transform infrared (FTIR), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), water
contact angle and water uptake measurements. The S-
PVA/PAN composite membranes were prepared using
a dip-coating method [33]. First, the PAN ultrafiltration
membrane is smooth on the surface of the glass plate,

Figure 1. Mechanism of the reaction between PVA and SSA.
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and then fit the membrane all around with the water-
proof tapes. Dip the membrane horizontally into the
PVA solution for 10s, then remove it horizontally and
dry naturally. PVA is coated on one side of PAN ultrafiltra-
tion membrane. The thickness of the S-PVA coating
layers was controlled by adjusting the polymer concen-
trations of the SSA/PVA coating solutions. After the
dip-coating treatment, the S-PVA/PAN composite mem-
branes were heated at 80°C for 2 h in a fan-forced
oven to cross-link the S-PVA layers. The thickness of
the S-PVA skin layer was measured based on the scan-
ning electron microscopy images using image-proces-
sing software (accuracy ± 0.2 µm). An average of five
measurements at different locations of each sample
was taken as the sample thickness. The S-PVA/PAN com-
posite membranes were used for PV measurements.

2.3. Characterization

Attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectra of the S-PVA films were recorded on
a Perkin-Elmer Spectrum 2000 FTIR instrument (USA) in
the range of 4000–650 cm−1 with the resolution of
8 cm−1. TGA was conducted by Perkin-Elmer Pyris 1
thermogravimetric analyzer (USA) from 30°C to 800°C
at 10°C min−1 under nitrogen atmosphere. DSC was
probed on Perkin-Elmer Pyris-1 differential scanning
calorimeter (USA) to assess the glass transition tempera-
ture (Tg) of the PVA and S-PVA samples. The sample was
first heated to 40°C at 10°C min−1. After being equili-
brated for 10 min, the sample was heated to 200°C at
10°C min−1. The static contact angle of water was
obtained at room temperature using a contact angle
goniometer (JC2000C Contact Angle Meter, Powereach
Co., Shanghai, China). Morphologies of the membranes
were observed using field emission scanning electron
microscope (FESEM, Hitachi S-4700, Japan) after being
freeze-fractured in liquid nitrogen and then sputtered
with gold. Energy-dispersive X-ray spectrometry (EDS)
was performed using an EDAX detector on a Hitachi S-
4700 microscope with a voltage of 15 kV and a
working distance of 15 mm.

2.4. Measurements of water uptakes of the S-PVA
films

The dried PVA and S-PVA films were immersed in DI
water to reach the absorption equilibrium for 48 h at
room temperature. The samples were weighed (Ws)
after quickly removing the surface water. Then samples
were dried in an oven at 60°C for 48 h and then
weighed (Wd) again. Three independent tests were con-
ducted on each sample. The water uptake (S) of

membrane was calculated according to Equation (1) [34]:

S = Ws −Wd

Ws
× 100%, (1)

2.5. Evaluation of PV performances of the S-PVA/
PAN composite membranes

The PV experiments were conducted using a lab-made
pervaporation unit with an effective permeation area of
14 cm2. The detail information of the equipment can
be found in reference [35]. In a typical experiment,
an NaCl solution with the predetermined salt concen-
tration of 35,000, 50,000 or 100,000 ppm was pre-
heated to the required temperature and then fed
into the pervaporation unit. The membrane driving
force was imposed by applying vacuum in the perme-
ate side of 100 Pa and the permeate was collected in a
liquid-nitrogen cold trap.

The weight of permeate (W) in a unit of kg, membrane
effective permeation area (A) in a unit of m2 and perme-
ate time (t) in a unit of h were used to estimate the mem-
brane water flux (J) in a unit of kg m−2 h−1 using
Equation (2):

J = W
A× t

. (2)

The membrane salt rejection (R) was calculated by
using Equation (3):

R = 1− cp
cf

× 100%, (3)

where cf (ppm) and the cp (ppm) are the NaCl concen-
trations in the feed and permeate solutions, respectively.
Concentration of NaCl in the feed was controlled by dis-
solving a known amount of NaCl in 1 L DI water. The NaCl
concentration in the permeate was estimated using an
indirect method, since salt could not vaporized into the
vapor phase and be collected in the cold trap. Specifi-
cally, after the pervaporation test, the permeate side of
the membrane was flushed by a known amount of DI
water. Then the salt concentration in washing water
was measured using an Oakton® Con 110 conductivity
meter. After that, the moles of NaCl could be calculated
by knowing the concentration of NaCl and volume of the
washing water. Consequently, Cp was calculated by
knowing the moles of NaCl in the permeate side of the
membrane and the volume of the water collected in
the cold trap.

The water permeances of the S-PVA/PAN composite
membranes were calculated based on the water vapor
flux and the pressure difference between the water
vapor pressure of the feed side and the permeate side
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using the following equation:

Pw = Jv
Dp

, (4)

where Jv is the water vapor flux (cm3(stp)/(cm2s)); Dp is
the trans-membrane pressure difference of the water
vapor (cmHg); Pw is the water permeance in a unit of
GPU (1 GPU = 1 × 10−6 cm3(stp)/(cm2 s cmHg)). The
water permeability was calculated using the following
equation:

Pw = Pw × L, (5)

where L is the S-PVA layer thickness (cm) and Pw is the
water permeability (barrer) (1 barrer = 1 × 10−10 cm3(stp)
cm/(cm2 s cmHg)).

3. Results and discussion

3.1. ATR-FTIR spectroscopy

The chemical structure of the PVA and 18 wt% SSA cross-
linked S-PVA film are investigated by ATR-FTIR spectra as
shown in Figure 2. The pristine PVA film shows two broad
peaks at 3400 and 2900 cm−1, respectively, representing
the hydrogen-bonded hydroxyl group and a broad alkyl
C–H stretching band, respectively. The peak at
1100 cm−1 is assigned to the C–O stretching vibration
of the secondary alcohol (–CH–OH) of PVA. In addition,
a small and sharp peak at 1710 cm−1 represents the
residual vinyl acetate repeating units (–CO–O–) of the
PVA polymer. For the cross-linked S-PVA film, the peaks
at 1030 and 1226 cm−1 represent the S = O (asym) and
S = O (sym) bonds of the sulfonic acid group, respectively
[36]. The results confirm that the sulfonic acid groups are
incorporated and the cross-linking network forms.

3.2. Thermal stability

Figure 3(a) shows that the pristine PVA polymer has two
weight loss stages. The first one occurs at a temperature
range from 80°C to 140°C which is attributed to the loss
of absorbed water. The second weight loss of 80 wt%
occurs at temperatures ranging from 200°C to 350°C,
which is attributed to the elimination of hydroxyl
groups and hydrogen atoms from the PVA molecules.
For the 18 wt% SSA cross-linked S-PVA polymer, the
first weight loss happens at temperatures from 140°C
to 240°C. This weight loss is due to the loss of absorbed
water or water molecules generated as by-products from
further esterification of the S-PVA polymer. The second
broad transition occurs at temperatures between 260°C
and 350°C, which is attributed to the de-sulfonation
and dissociation of the ester bond (RCOO-R′) of S-PVAFigure 2. ATR-FTIR spectra of the PVA and S-PVA samples.

Figure 3. (a) TGA graphs for the PVA and S-PVA samples, (b) DSC curves for the PVA and S-PVA samples.
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[37]. Finally, the third weight loss occurs at temperatures
between 400°C and 600°C, which is attributed to the
thermal decomposition of polymer chains. Based on
the TGA result, the cross-linked S-PVA polymer has
higher thermal stability than the pristine PVA polymer.

Figure 3(b) shows the DSC curves for the pristine PVA
and 18 wt% SSA cross-linked S-PVA films. The pristine
PVA polymer has both glass transition temperature (Tg)
and melting temperature (Tm) at 73°C and 220°C, respect-
ively. The cross-linked S-PVA polymer has a higher Tg of
113°C, but does not show the melting peak. This result
indicates that the cross-link reaction prohibits the for-
mation of the crystalline structure of the PVA polymer
and increases the polymer chain rigidity [38].

3.3. Water uptake and contact angle

The pristine PVA polymer is soluble in hot water. There-
fore, it will be highly swollen by water and cause the
leakage of the PVA membrane. After the cross-link treat-
ment, the resulting S-PVA polymer shall have improved
stability in water. To compare the stabilities of the
cross-linked S-PVA and pristine PVA polymer in water,
the water uptakes of the two polymers are measured.
Table 1 shows that the water uptake of the pristine
PVA is very high (194.3%). But for the 18 wt% SSA
cross-linked S-PVA polymer, the water uptake decreases
to 83.5%. This indicates that the cross-linked PVA
polymer network reduces the swelling of the PVA
polymer by water molecules.

Generally, pure PVA and S-PVA are hydrophilic. The
pure PVA film is very hydrophilic, with a water contact
angle of 44.3° as shown in Table 1. After being cross-
linked by SSA, the contact angle increases to 77.1°, indi-
cating that the surface of the S-PVA sample has become
more hydrophobic. When SSA is incorporated with PVA,
the cross-linking between the PVA and the SSA led to the
consumption of –OH groups; therefore, the hydrophili-
city decreases [39].

3.4. Morphology of the S-PVA/PAN composite
membranes

As shown in Figure 4(a), a smooth and defect-free S-PVA
skin layer is formed on top of the PAN ultrafiltration
support. Moreover, the EDS spectrum confirms the

introduction of sulfonic acid groups in the S-PVA layer.
Figure 4(b) shows the S-PVA/PAN composite membrane
has a dense S-PVA layer of 4.9 µm with a porous PAN
substrate. There is intact adhesion between the S-PVA
skin layer and the PAN ultrafiltration support layer.

3.5. Effect of the concentration of SSA in S-PVA
layer on the separation performance

Figure 5 shows that the water flux first increases as the
concentration of SSA increases from 6 to 18 wt% and
then decreases as the SSA concentration further
increases to 36 wt%. The salt rejections of all membranes
are higher than 99.8%. The increase in the SSA concen-
trations corresponds to the increase in the sulfonic acid
concentration. And a high SSA concentration in PVA
results in a high cross-linking density of S-PVA. It leads
to a low diffusivity of the water molecules in the S-PVA
layer. However, a high content of sulfonic acid group
favors the facilitating of transport of water molecules in
the S-PVA layer. The experiment result shows that at
low SSA concentrations (below 18 wt%), the promotion
to the water transport by the incorporation of the sulfo-
nic acid groups overplays the restriction to water diffu-
sion by cross-linking. However, at a high SSA
concentration (36 wt%), the highly cross-linked S-PVA
polymer network restricts the water diffusion and

Table 1. The water uptake and contact angle of the PVA and
18 wt% SSA cross-link S-PVA films.
Sample ID Water uptake (%) Water contact angle (°)

PVA 194.3 ± 10.7 44.3 ± 2.7
S-PVA 83.5 ± 5.1 77.1 ± 3.0

Figure 4. (a) Surface SEM image and EDS spectra of the S-PVA/
PAN composite membrane; (b) cross-sectional SEM image of the
S-PVA membrane.
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results in a decreased water flux. In terms of salt rejec-
tion, the entire cross-linked PVA network structure exhi-
bits good interception against hydrated ions. Therefore,
the 18 wt% SSA cross-linked PVA/PAN composite mem-
brane has the best desalination performance.

3.6. Effect of the skin layer thickness on the
separation performance

The 18 wt% S-PVA/PAN composite membrane shows the
best desalination property. A series of S-PVA/PAN PV
composite membranes with different S-PVA skin layer
thicknesses (4.9, 10.5 and 18.4 µm) are prepared to
study the relation between the water flux and the S-
PVA layer thickness. Figure 6 shows that as the S-PVA
layer thickness increases from 4.9 to 18.4 µm, the salt

rejection is similar (about 99.8%) but the water flux
gradually decreases from 7.9 to 6.4 kg m−2 h−1. The
mass-transfer mechanism of the PV membrane follows
the solution-diffusion model. Then, as the S-PVA layer
thickness increases, the mass-transfer resistance also
increases [40]. This indicates that a PV membrane with
a higher water flux can be obtained by decreasing the
thickness of the skin layer while maintaining its structural
integrity.

3.7. Effect of feed concentration on separation
performance

The feed concentration is believed to directly affect the
sorption of its components at the interface between
the feed and the membrane surface [41,42]. That is,
when the concentration of the component in the feed
increases, its concentration in the membrane also
increases. Based on the solution-diffusion model, the
permeability of water shall increase with the water con-
centration in the feed. Moreover, the driving force of a
PV process is the vapor pressure difference between
the feed and permeate side of the membrane. As the
salt concentration increases, the saturate water pressure
in the feed side shall decrease leading to a decrease in
the water flux.

Figure 7 shows that as the salt concentration increases
from 35,000 to 100,000 ppm, the water flux decreases
from 7.9 to 4.5 kg m−2 h−1. Since the water concen-
tration in the feed decreases from 96.5 wt% to 90 wt%,
the corresponding water vapor pressure in the feed
decreases from 4.1 to 3.82 kPa. It indicates that the satu-
rate water vapor pressure in the feed side is barely
changed. According to the solution-diffusion mechan-
ism, the water flux shall be very similar in all three salt

Figure 6. Effect of S-PVA skin layer thickness on the water flux
(membrane containing 18 wt% SSA with respect to PVA; NaCl
feed solution concentration: 35,000 ppm, feed temperature:
30°C, vacuum: 100 Pa).

Figure 7. Effect of the feed concentration on the water flux (S-
PVA skin layer thickness: 4.9 µm, feed temperature: 30°C,
vacuum: 100 Pa).

Figure 5. PV testing results using the S-PVA membrane cross-
linked by different amounts of SSA (S-PVA skin layer thickness:
4.9 µm, NaCl feed solution concentration: 35,000 ppm, feed
temperature: 30°C, vacuum: 100 Pa).
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concentrations. Therefore, we believe that the significant
drop in water flux is due to the effect of concentration
polarization.

3.8. Effect of feed temperature on water flux

Figure 8(a) shows that there is an exponential increase in
water flux with the feed temperature for all three salt
concentrations. A high water flux of 27.9 kg m−2 h−1 is
achieved at a feed temperature of 70°C when separating
the 35,000 ppm salt solution. This is because the driving
force for the PV process is the partial vapor pressure
difference between the feed and the permeate. As the
feed temperature increases, the water vapor pressure
on the feed side increases exponentially [43]. When the
vapor pressure on the feed side increases but the
vapor pressure on the permeate side is maintained at
100 Pa, the driving force increases; therefore, the water
flux increases. In addition, when the feed temperature
increases, the mobility of the polymer chains also
increases; therefore, the free volume of the membranes
increases. According to free volume theory [44], momen-
tary free volumes are created by the thermal motion of
polymer chains in an amorphous region. As the tempera-
ture increases, the frequency and amplitude of chain
motion increase. The polymer-free volumes become
larger and water molecules can diffuse through them
more easily, thus the water flux increases.

The temperature dependence of the permeate flux for
PV generally follows an Arrhenius type relationship [45]:

Ji = Ai exp − Ep,i
RT

( )
, (6)

where Ji is the permeate flux of membrane, Ai is the pre-
exponential factor, R is the gas constant, T is the absolute

temperature and Ep,i is the apparent activation energy
for permeation, which depends on both the activation
energy for diffusion and the heat of sorption. Figure 8(b)
shows the Arrhenius plot of the water flux and feed
temperature at different feed concentrations. The
results show that the water flux and the reciprocal of
the absolute temperature of the feed follow a linear
relationship.

3.9. The long-term desalination performance

Figure 9 shows the 120-h continuous desalination per-
formance of the S-PVA/PAN composite membrane. The
S-PVA layer thickness of composite membrane used in
this test is 4.9 µm since it has the best desalination prop-
erties among all composite membranes. Both the water
flux and the salt rejection are stable in the entire

Figure 8. (a) Effect of the feed temperature on the water flux; (b) Arrhenius plot of the water flux at various feed temperatures (S-PVA
layer thickness: 4.9 µm, vacuum: 100 Pa).

Figure 9. The long-term desalination performance of the S-PVA/
PAN composite membrane (the thickness of S-PVA layer is
4.9 µm, operation temperature: 70°C, feed solution:
35,000 ppm NaCl).
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experiment period. The result further confirms that the S-
PVA skin layer of the composite membrane is stable.

3.10. The comparison of the brine transport
properties of the S-PVA/PAN composite
membrane with other reported data

The saline–water transport properties of different PV
membranes are listed in Table 2. Our S-PVA/PAN compo-
site membrane has the highest water flux among all PV
membranes. Moreover, the water permeance and per-
meability, which are estimated based on the normalized
membrane driving force, of the S-PVA/PAN membrane
are higher than the Polyether amide and NaA zeolite
membrane [14,46]. It may be because the sulfonic acid
improves on water transport properties in our mem-
brane. However, the water permeance and permeability
of the membranes containing nano-particles (PVA/
Maleic acid/Silica [13]) are higher than our membrane.
The reason why their water fluxes are lower is because
the water concentrations and temperature of their
feeds are lower and the dense layer thicknesses of their
membranes are higher than our membrane. This tells us
the desalination performance can be further improved
by adding nano-particles in the selective layer of the PV
membrane. This attempt will be made in our future work.

4. Conclusions

In summary, the SSA cross-linked S-PVA/PAN PV compo-
site membranes have been prepared. The sulfonic acid
functional groups were successfully introduced into the
PVA polymer matrix and the thermal stability of the PVA
polymer was enhanced. The water uptake measurements
revealed that the swelling degree of the S-PVA polymer in
water was greatly suppressed. The water contact angle
measurements indicated a slightly reduced but still
hydrophilic nature of the cross-linked S-PVA polymer. A
water flux of 27.9 kg m−2 h−1 with a salt rejection of
99.8%, for an NaCl solution with a concentration of
35,000 ppm, was achieved at a 100 Pa vacuum and a
feed temperature of 70°C. The membrane also showed
good desalination property when using water with high
NaCl concentration (100,000 ppm) as feed. These results
demonstrated that there was a potential application of

this PV membrane in seawater desalination, brackish
water desalination and RO concentrate treatment.
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