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ABSTRACT

In this work, performance of composite membranes was investigated for desalination of
Kashan city’s water via pervaporation process. PEBA/PAN/PE, PEBA/PSF/PE and
PEBA+NaX/PSF/PE composite membranes that used, was synthesized via a phase
inversion route. For all experiments under 45°C, salt rejection was too high and equals
to 99.9% that this quantity dropped by increasing the temperature that cause membrane
swelling in high temperatures. Water contact angle and water take-up were measured to
evaluate the hydrophilicity of the membrane. Also the effect of operating conditions
including feed temperature and permeate pressure on permeability and selectivity is
discussed. A permeate flux of 4.93 kg/m2h with salt rejection of 99.9% could be
achieved at a feed temperature of 50 °C and a vacuum of 0.04 bar. Apparent diffusion
coefficients of water at various permeate pressure and feed temperature are calculated. The
most effective parameter was feed temperature.
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INTRODUCTION
In the past few decades, water scarcity has
become one of the most serious challenges globally

other is membrane-based desalination, including
nanofiltration, vacuum membrane distillation and

in the society. Over 2.3 billion people on the Earth
live in the water-stressed areas, and this number
is expected to increase to 3.5 billion by 2025 [1].
In order to maintain the sustainable development
of economy and environment, Global Water
Partnership (GWP) was established in 1996 to
develop Integrated Water Resources Management,
focusing on the adjustment, management and
development of water, land and related resources
[2]. Technologies for water desalination have
been developed in two approaches: one is based
on distillation, including multi-stage flash
distillation and multiple-effect distillation; the

* Corresponding Author Email: soheill.azadi.eng@gmail.com

reverse osmosis [3]. In recent years, membrane
separation processes become more and more
popular in desalination because the energy
requirements are lower than that of the traditional
distillation processes[4]. As a result, Membrane
processes are environmental friendly since the
membranes are made of relatively simple and non-
harmful materials. A large number of polymers can
be used to prepare membranes. In general, a high
salt rejection and permeation flux are required for
desalination with membrane processes. Until now,
RO has been one of the most important membrane
processes for desalination in industrial scale [5].
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Fig. 1. Chemical structure of PEBAX-1657 [10].
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Fig. 2. Schematic drawing of the pervaporation unit.
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Fig. 3. Water contact angle of hybrid membrane.

However, the wide spread use of RO process is
restricted by some operating conditions, high
energy cost and easy fouling [6,7]. To deal with
high-salinity water, an extremely high operating
pressure is needed in RO process. Comparing
with the membrane distillation, pervaporation
desalination using hydrophilic materials can
effectively reduce membrane fouling and maintain
membrane separation performance. Currentefforts
are focusing on pervaporation with the hope touse
this technology for sea water desalination in the
future [8,9].

The composite membranes used in this
study were made of poly(ether block amide)
(Pebax-1657) which is a hydrophilic polymer and
have been shown in Fig. 1. Pebax is copolymer
with soft and flexible segments, which make it
useful in many areas, including medical, textile
and membrane applications. The Pebax® polymer
used in this work had high sorption of water vapor
[10]. However, very little research is done related
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to Pebax for desalination applications. Therefore,
the performance of PEBA-based nanocomposite
membranes for desalination of high-salinity water
was studied in this work.

EXPERIMENTAL
Hybrid Membrane Synthesis and Characterization
The PEBA/PAN/PE, PEBA/PSF/PE and
PEBA+NaX/PSF/PE composite membranes was
synthesized via n phase inversion route. The
porous PAN and PSF substrate was prepared by
spin coating method. Solution of PAN or PSF was
casted by the spin coating method on the PE and
immediately submerged into a de-ionized water
bath as non-solvent at 40°C. Finally, the prepared
membrane was dried at room temperature. Then,
Polymer solution containing 8% PEBA granules or
PEBA+NaX and 92% de-ionized water and ethanol
(30/70) was prepared by stirring for 8 h. the prepared
solution was casted on prepared porous PAN or PSF
substrate in the last process and then put in oven at
50 °C for 48 h to evaporating of solvents. Pebax-1657
was chosen to enable greater interaction with H20
molecules through H-bonding as this grade of the
polymer contains 40% amide groups. Chemical
structure of PEBAX-1657 was shown in Fig.1.
Pebax-1657 was purchased from Arkema, France.
Reagent grade chemicals Polyacrylonitrile (PAN),
polyester (PE), Polysulfone (PSF) and NaX were
obtained from Sigma-Aldrich and used without
further purification.

Pervaporation Testing

The pervaporation experiments were carried
out at variable temperature (from 25 to 29 °C) on
a laboratory scale pervaporation unit as shown in
Fig. 2. The membrane was placed in the middle
of a pervaporation cell with an effective surface
area of the membrane of 21.237 cm2. During the
experiment, the feed solution was preheated in a
water bath to a desired temperature and pumped to
the pervaporation cell using a pump.

The pressure on the permeate side of the
membrane cell was maintained at constant pressure
with a vacuum pump. Permeate was collected in a
dry-ice cold trap that its temperature was under
—-196 °C. A thermometer fixed in the feed chamber
was used to measure the operating temperature of
feed solution and the feed temperature was varied
from 30 to 50 °C in this study. Kashan City’s water
containing 0.076 wt% NaCl (760 TDS) was used as
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Fig. 4. SEM of the top surface of the PEBAI1 composite
membrane (a), the cross-sectional SEM image of PEBA/
PAN layers (b), and a closer cross-sectional SEM image
of PEBA layer of the PEBA1 composite membrane (c)

the feed solution. 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

]=E (1)

The salt concentrations of the feed (C)) and the
permeate (CP) were determined from the
conductivity measured with an AZ ° 8361.Cond. &
TDS meter. The saltrejection (R) was determined
by the following equation:

C—C
R=-"L_"2x100% )
Cr

Diffusion coeflicient is an important factor to
estimate the diffusion of the penetrants through
membranes and permeation flux. Based on Fick’s
law, the apparent diffusion coefficient can be
calculated by the equation [11]:

_Is

D:
l Cl‘f

(€)

Where D, is diffusion coefficient (m2/s), J is the
permeate flux, is the membrane thickness, and C,,
is the concentration of component i in the feed.

SEM Analysis
Composite membrane was investigated
by scanning electron microscopy (SEM)

(VEGA \\TSCAN-LMU). SEM images of the
membranes reported the cross-sectional and
surface morphologies of the prepared composite
membrane.

Swelling Properties

PEBA side of composite membrane was in
contacted with water at room temperature for 24 h
to reach the absorption equilibrium. Wet layer was
then dried with filter paper carefully and quickly
weighed within 10 s (wet layer) following which the
membrane was dried in a vacuum oven at 50 °C for
overnight and then weighed (dried layer). Two tests
were conducted on each sample. The swelling
degree (S) of membrane was calculated according

to:

W

-w
5=5de100% (4)
S

Where W_and W, are the weight of wet and dry
membrane layers, respectively [12].

Contact Angle

The hydrophilic properties of membrane samples
were assessed by capturing of water droplet. Static
contact angles were measured by the sessile drop
method. A 6 pL water drop was formed on the
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Fig. 5. Effect of feed concentration on water flux and salt
rejection (feed temperature 40 °C, vacuum 0.04 bar) for
PEBA1 composite membrane.

levelled surface of the membrane for contact angle
measurements. Samples were fully dried before
testing and five different locations of each sample
were selected for testing.

RESULTS
SEM

SEM images of surface and cross-section of the
composite membrane are reported in Fig 4. Fig. 4
(a) exhibits the surface of the PEBA1 composite
membrane manufactured from pure PEBA 1657
which is dense, homogeneous, defect free, without
any leak, and suitable for gas separation.

Fig. 4 (b,c) represents the cross-section of the
composite membrane indicating a PAN ultra-
porous substrate with thickness of about 21 pm
without any defect or split formed on PE non-
woven paper layer. Also a PEBA dense layer with
thickness of about 11 pm shaped on PAN substrate.

Swelling and Contact Angle

Table 2 shows the contact angle and swelling
of composite membranes. As can be seen, the
swelling of the composite membrane has been
slightly reduced, indicating suppressed swelling
due to crosslinking among PEBA and NaX. The
composite membrane remained hydrophilic. This
could be due to the contribution of hydrophilic
—OH groups from.

Salt Rejection

Each experiment was run for 4 h. At the end of
each experiment, the downstream (permeate side)
of the membrane cell was flushed with a known
amount of de-ionized water and the conductivity of
this stream was measured to check the salt leaking.
In the study, hybrid membranes remained cleanand
there was no evidence of salt precipitation onthe
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Table 1. Membranes composition and codes.

Membrane composition Code
PEBA/PAN/PE PEBA1
PEBA/PSE/PE PEBA2
PEBA+NaX/PSF/PE PEBA2X

Table 2. Contact angle and swelling of composite

membranes.
Membrane  Contactangle  Swelling
PEBA1 53 21.8%
PEBA2 53 21.8%
PEBA2X 55 21.2%

permeate side of the membrane. The results during
pervaporation testing were reproducible, with the
variation generally within+0.2 kg/m2 h for water
flux and +1.0% for salt rejection.

Fig. 5 shows the pervaporation desalination
performance of PEBA hybrid membranes with
same thickness at a feed temperature of 40 °C and
a vacuum of 0.04 bar. All prepared membranes had
the same amount of PAN (40 wt% with respect to
PEBA. Overall, the PEBA based hybrid membranes
demonstrated good desalination performance with
high flux (>3 kg/m2 h) while maintaining a high
salt rejection (>93%). The salt rejection increased
with the filler content and achieved >99%. The
salt rejection increased with the filler content
and achieved >99%. The incorporation of NaX
nanoparticles in the polymer chain may disrupt
the polymer chain packing and therefore lead to
reduced free volume radius and consequently a
high salt rejection [13].

Effect of Feed Concentration

Fig. 6 shows the effect of salt concentration in
the feed solution on separation performance of
aqueous salt solution at various feed temperatures.
At room temperature, salt concentration has
negligible effect on water flux. At a higher
temperatures (50 °C), the water flux decreases
with increasing salt concentration. This increase
became more significant as the feed temperature
was increased further to 60 °C.

Feed concentration is believed to directly affect
the sorption of its components at the liquid/
membrane interface [14]. That is, the concentration
of the components in the membrane tends to
increase with its increase in the feed concentration.
Since diffusion in the membrane is concentration
dependent, the permeate flux generally increases
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Fig. 6. Effect of feed concentration on water flux (vacuum 0.04 bar).

with the bulk feed concentration [15].

As the salt concentration increased from 0.076
to 3.5 wt%, the water concentration decreased
from 99.924 to 96.5 wt%. At room temperature,
this decrease in water concentration may not
have any effect on diffusion within the membrane
as the majority of the feed is water and there
is no major difference of water vapor pressure
at salt concentration range of 96.5-99.924%. It
is therefore expected that the diffusivity of the
membrane towards water remained constant at
room temperature.

Therefore, there was no or negligible change
on the flux. On the otherhand, at the higher
temperatures, as the vapor pressure is exponentially
related to the temperature, differences in bulk
feed water concentration would have pronounced
effect on the water concentration in the membrane
surface, and consequently affect the diffusivity and
flux. Therefore, it is expected that, at the higher
temperature, that increasing salt concentration
would lead to adecrease in diffusivity in
the membrane due to the decreased water
concentration.

Effect of Feed Temperature

Fig. 7 shows the effect of feed temperature on the
pervaporation desalination performance of hybrid
PEBA composite membranes at a vacuum 0.04 bar.
For all feed concentrations, there was an exponential
increase of water flux when the feed temperature
increased from 30 to 60 °C. A high water flux of 7.63
kg/m2 h was achieved at the feed temperature of 60
°C. This is not surprising, as firstly, the driving force
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Fig. 7. Effect of feed temperature on water flux (vacuum 0.04 bar).

for the pervaporation process is the partial vapor
pressure difference of permeant between the feed
and permeate conditions. As the feed temperature
increased, the water vapor pressure on the feed side
increased exponentially. As the vapor pressure on
the permeate side was held constant, the increasing
vapor pressure in feed led to an increase in the
driving force and consequently the water flux.
Secondly, an increase in temperature also raises
the diffusion coeflicient for transport through the
membrane, making it easier for the transport of the
water molecules.

This is confirmed by the diffusion coefficient
results as shown in Table 2. As can be seen, there
is an increasing trend in the diffusivity coefficient
of water in the hybrid membrane as the feed
temperature rose. In addition, the mobility of
the polymer chains also increased with the feed
temperature, which led to the increase of the free
volume of the membranes. According to the free
volume theory [16], the thermal motion of polymer
chains in the amorphous region creates momentary
free volumes. As the temperature increases, the
frequency and amplitude of the chain motion
increase and the resulting free volumes become
larger. Consequently, water molecules which have
smaller size can diffuse through these free volumes
more easily. Therefore, the water flux increases.

Effect of Permeate Pressure

Permeate pressureisanotherimportantoperating
parameter as a high vacuum is directly related to a
high energy cost. Theoretically, the maximum flux
is achieved at zero absolute permeate pressure.
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Fig. 8. Effect of vacuum on water flux (feed temperature 40 °C).

Fig. 8 shows the effect of permeate pressure on
water flux. Generally, the water flux decreased as
the permeate pressure is increased since there is a
decrease of driving force for mass transport.

For pervaporation processes, the driving force
is provided by the vapor pressure difference
between the feed and permeate side of the
membrane. With increasing permeate pressure
(i.e. decreasing vacuum), as the feed side pressure
remains unchanged, the transmembrane vapor
pressure difference is increased. This leads to a
decreased driving force and consequently water
flux. It was observed that the water flux dropped
down to less than 0.5 kg/m2 h when the permeate
pressure increased to 0.07 bar. At temperature 40
°C, the saturation vapor pressure of water is about
0.073 bar [17]. When the permeate pressure is
increased 0.07 bar, the driving force for water
vaporization approaches zero, leading to near zero
net evaporation and consequently the low mass
transport of water. Table 3 presents the diffusion
coefficient of water at various permeate pressure.
Decreasing diffusion coefficient with permeate
pressure indicates that the permeation process
is mainly controlled by diffusion through the
hybrid membrane. As permeate pressure increased
above 0.07 bar, the diffusion coefficient dropped
significantly, by nearly90%, indicating the diffusion
of water has been greatly reduced.

CONCLUSIONS

Pervaporation under various operating
conditions was carried out to evaluate the
separation performance of aqueous salt solution
through the hybrid PEBA membranes. Membrane
PEBA1 showed the best performance leading to
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Table 3. Apparent diffusion coefficients of water at various
feed temperatures.

Feed temperature 30 40 50
(C°)

diffusion coefficient 0.525 0.922 1.370
(10 "' m?/s)

Table 4. Apparent diffusion coefficients of water at various
permeate pressure (feed temperature 40 °C).

Permeate pressure
(bar)
diffusion coefficient
(107" m?/s)

0.01 0.02 0.03 0.04 005

1451 1261 1020 0.823 0.578

interesting fluxes and salt rejection values for feed
salt concentrations of 0.076 and 3.5 wt%. A high
water flux of 4.93 kg/m2h could be achieved for
PEBA1 composite membrane at a feed temperature
of 50 °C and a vacuum of 0.04 bar, while for
PEBA2 and PEBA2X this quantity were 1.24 and
1.3 kg/m’h, respectively. Under all operating
conditions, salt rejection remained high (up to
99.9%), indicating salt rejection performance of
hybrid PEBA membranes is independent of the
operating conditions due to the non-volatile nature
of NaCl. High feed temperature and high vacuum
had a significant enhancing effect on the water
flux and diffusivity coeflicients of water due to the
increased driving force and increased free volume
of the membrane. The effect of feed concentration
had differing impacts depending on the operating
temperature. At low feed temperatures, the salt
concentration in the feed solution had little
or negligible effect on water flux and diffusion
coeflicients. However, at high feed temperature (50—
60 °C), feed flux and diffusivity of water decreased
with increasing salt concentration due to the
decreased water vapor pressure and consequently
water concentration in the membrane surface.
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