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ABSTRACT

A dense, thin, and hydrophobic active layer of polydimethylsiloxane (PDMS) on polyethersulfone
(PES) along with desired additives such as polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
and SiO, as support layers was successfully fabricated. The effect of types of support layers on
ethanol separation in pervaporation process was investigated. With desired composite PDMS/PES.
PVP (having 76% porosity), ethanol separation factor and total flux were 6.25 and 440 g/m>h, respec-
tively. In order to enhance membrane’s ethanol selectivity, specific additives were added; in fact,
extra improvements in ethanol separation with novel membrane were performed. To improve the
hydrophobicity of the fabricated membrane, multiwalled carbon nanotubes (MWCNT’s) with several
weight percentages were added to the active layer of the composite membrane matrix. At desired per-
centage of MWCNT (3 wt.%) and total flux of 420 g/m>h, the ethanol separation factor was enhanced
by 26.4%.

Keywords: Bioethanol; Pervaporation; Polydimethylsiloxane composite membrane; Multiwalled

carbon nanotubes

1. Introduction

Bioethanol as green fuel is an efficient octane booster;
also has special feature to be considered as an alternative
fuel. Due to high energy demand and fossil fuel depletion, an
alternative renewable source of energy is required to supply
fuel demand. High emission of fossil fuel, carbon mono and
dioxides may cause greenhouse gases and global warm-
ing. Use of green fuel may result in less gas emission and
carbon dioxide generated from renewable sources should
easily be entered into atmosphere for photosynthetic process.
Bioethanol as a desired fuel obtained via fermentation of
carbohydrates derived from biomass can be produced from
renewable carbon sources such as corn, sorghum, cellulose,
and algal biomass via fermentation process [1-9].

In fermentation of ethanol, the mixture of ethanol/
water should be separated; the process is energy intensive.
Although, distillation process is often used for the separation
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of ethanol, but this process is required high energy and
utility costs [5]. In fact, bioethanol should not be invasive
without any improvement in reducing energy requirements
[10]. In order to solve this problem, among different types
of separation methods, pervaporation (PV), is an attractive
in ethanol separation [3,11]. In PV process, it is possible for
us to produce highly concentrated ethanol using ethanol
selective membranes [5]. PV technology, compared with tra-
ditional separation technology such as distillation, molecular
sieve, and extraction, has many advantages: high separation
efficiency, low energy consumption and simple operation,
and low utility costs [12,13]. Partial vaporization of a liquid
through a dense polymeric membrane is called PV [14,15].
PV is one of the membrane technologies that utilize a dense
and nonporous membranes for separation [16]. The process
is commonly operated under vacuum in downstream side of
the membrane; because of an evaporative phase change usu-
ally occurred [7,17]. Gao et al. [18] implemented PDMS/PS
membrane to separate water and alcohol (8 wt.%) in PV pro-
cess. They have found ethanol separation factor and total flux
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of 6.4 and 265 g/m?”.h, respectively. Esfahanian et al. [2,9] used
polydimethylsiloxane (PDMS) membrane in PV process.
They have successfully separated ethanol/water with ethanol
productivities of 1.41 and 6.49 g/L.h in batch and continuous
bioreactor ethanol fermentations, respectively.

Among the composite membranes for ethanol/water sep-
aration in PV process, the PDMS is one of the most interesting
membranes that have been extensively studied as selective
layer in PV process [3]. PDMS has a high selectivity toward
ethanol because of its amorphous molecular structure and
rubbery state at ambient temperature [19,20]. The support
layers in composite membranes were mainly polysulfones,
polyimides, polyetherimides, polyethersulfones (PESs),
polyimides, polyvinylidene fluoride, cellulose acetate, and
polyesters [16,20-29]. Often, fillers such as polyvinylpyrroli-
done were added to the support layers for different purposes
such as improvement of surface roughness and total flux
enhancement. Shahrabi et al. [27] used PES membranes with
various additives including polyvinylpyrrolidone (PVP) and
polyethylene glycol (PEG) as support layers on the compos-
ite PDMS membranes. The effect of support layers on water/
toluene separation process was investigated. The results indi-
cated that use of support layer with higher porosity increased
the process flux by maintaining the value of separation fac-
tor. Lauren et al. [30] investigated on performance of PES
membrane with various additives. Among the membranes,
addition of PVP into the PES membrane enhanced the flux in
separation process.

A mixed matrix membranes (MMMs) consist of a base
polymer with additive fillers. Several kinds of fillers such
as nanosilica, zeolite, nanoiron, and carbon black (CB) were
used to increase ethanol selectivity. These unique fillers were
individually added into PDMS polymer casting solutions
[31,32]. Extensive studies have been performed on the effect
of carbon-based fillers such as CB, graphene, and carbon
nanotubes (CNT) into the matrix of polymeric membrane
for the improvement of the selectivity in gas separation pro-
cess [33-37]. Sanip et al. [36] made MMMs and investigated
the effect of addition of CNTs on CO,/CH, gas separation
process. It was observed that the addition of 0.5-10 wt.%
of CNT has improved the membrane separation factor by
100% in gas separation. Nour et al. [34] investigated on the
effect of addition of CNTs in PDMS membranes on H,/CH,
gas separation. The results indicated that addition of 1 wt.%
of multiwalled carbon nanotubes (MWCNT) to PDMS
membrane has enhanced the separation factor by 94.8%.

In this study, different PDMS composite membranes for
ethanol/water separation were fabricated. In order to evalu-
ate the ethanol separation factor at different conditions, the
fabricated composite membranes were tested in PV process.
For fabrication of composite membranes, PES membrane as
support layer was synthesized by phase inversion method.
Effects of addition of some filler such as PVP, PEG, and SiO,
in PES support layer on composite membrane performance
were investigated. The prepared support membranes were
studied by means of porosity and contact angle. The mem-
brane surface morphology and structure were characterized
using atomic force microscopy (AFM) and field emission
scanning electron microscopy (FESEM). Then, PDMS as an
ethanol selective and dense layer was established on the
support layer. Ethanol selectivity and flux of the fabricated

composite membranes in a PV process were examined.
In the following stage, the effects of MWCNT as filler on
PDMS membrane matrix were studied. All necessary ana-
lyzes for characterization such as AFM and FESEM were
fully conducted. Finally, the performances of the fabricated
membranes were compared with literature and commercial
composite membranes.

2. Experimental
2.1. Materials

PES Ultrason E6020 with molecular weight of 58,000 Da
was supplied (BASF, Germany). Dimethylacetamide (DMAc),
dibutyltindilaurate, tetraethyl orthosilicate (TEOS), and
n-heptane were purchased (Merck, Germany). Analytical
grade PDMS having viscosity of 150 c¢St.,, PVP K90 with
molecular weight of 360,000 Da and PEG with molecular
weight of 400 Da were supplied (Aldrich, USA). Glycerol
was purchased (Scharlau, Spain). MWCNT 99% pure carbon
was obtained from PPKK, Universiti Sains Malaysia [38];
the characteristic and physical properties of MWCNT are
summarized in Table 1.

A commercial composite membrane by effective thick-
ness of 5 um PDMS top layer was supplied by Pervatech
Company (the Netherland). A support consisting of PET
with thickness of 100 um as the sublayer to assure the
mechanical strength of the membrane and an intermediate
UF membrane polyimide (PI) as the first membrane layer
with thickness of 150 um were used in PV process.

2.2. Membrane support

Asymmetric layers of PES with additives such as poly-
vinylpyrrolidone, PEG, and SiO, were prepared for support
layers via phase inversion technique. This technique is
explained by the following method: homogeneous solutions
including PES, additives (PVP, PEG, and SiO,), and DMAc as
solvents were defined based on weight percentages [27,39].
Based on literature survey on combination and blend of mix-
ture of PEG, PVP, and SiO,; the weight percentages of PVP,
PEG, and SiO, as additives were 2 wt.% [27,39]. Table 2 sum-
marized the chemical composition of membrane supports.
The coagulation temperature was reported to be 40°C.

The prepared blends of solutions were casted on a glass
plate at room temperature. An automatic casting machine
was designed with constant speed to spread out uniformly

Table 1
Characteristic and physical properties of MWCNT

Property Value Method of
measurement

Average diameter, nm 6.2+0.5 TEM
Average length, pm 1-5 TEM

Carbon purity, % >99 TGA
Residuals, % <1 TGA
Amorphous carbon, % <0.1 TGA

Degree of graphitization, I /I ratio 0.575 Raman
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Table 2
Chemical composition of membrane support

Type of membrane  PES DMAc Additives Ref.
support Wt.%)  (wt%)  (wt%)

PES 16 84 0 [27,39]
PES and PVP 16 82 2 [27,39]
PES and PEG 16 82 2 [27,39]
PES and SiO, 16 82 2 [27,39]

the polymeric solution with high accuracy in thickness and
repeatability of the fabricated membrane. The thicknesses of
all the support layers were set 100 um. The glass plate was
immediately immersed in the coagulation bath. The formed
layer was stored in distilled water for 48 h. At the final stage,
the film was washed out with distilled water and then dried
and kept at room temperature for 48 h.

2.3. Preparation of composite membrane with active layer

For preparation of the active layer on support layer,
PDMS with different weight composition ratio was dis-
solved in n-heptane solution. The weight ratios of PDMS,
cross-linking agent (TEOS) and dibutyltin dilaurate as
catalyst were 10:1:0.2 in the solution. The solution was stirred
for 2 h at room temperature. In order to reduce mass trans-
fer resistance due to penetration of PDMS solution into the
porous substrate of porous support layer, prior to coating,
the PES support is prewetted by glycerol and the excess
glycerol was wiped off by filter paper [27]. The support layer
was pasted on a glass plate and the PDMS solution was uni-
formly casted on its surface. The active layers were allowed
to be partially cross-linked at room temperature for duration
of 24 h. The composite membrane was heat-treated put in an
oven set at 70°C for 4 h to complete the cross-linkage.

2.4. Nanocomposite membranes preparation using CNT in PDMS

For the fabrication of polymeric nanocomposites
membranes, four different MWCNT.PDMS nanocompos-
ite membranes with MWCNT weight percentages of 1, 3, 5,
and 10 wt.% were prepared [34]. MWCNT’s were dispersed
in toluene, to facilitate effective, and uniform dispersion of
MWCNT within the PDMS viscous matrix. The toluene/
MWCNT suspension was then added to PDMS by vigorous
mixing. This suspension (PDMS polymer, toluene solvent,
and MWCNT weight percentages of 1, 3, 5, and 10wt.%)
was sonicated in an ultrasonic bath (XB2 Ultrasonic Bath,

Table 3
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England) for 0.5 h. In the next step, the suspension was
mechanically stirred for 1 h at 70°C to evaporate the toluene
solvent. The suspension was allowed to cool down to room
temperature, then PDMS solvent (n-heptane) was added to
the mixture. The cross-linking agent and the catalyst were
dissolved in the solution based on Table 3. The mixture was
stirred for 2 h before casting and then the solution was casted
on the support layer. The active layers were cross-linked at
room temperature for 24 h and then it was heat treated in
an oven set at 70°C for 4 h to complete the cross-linking
phenomena.

2.5. Characterization

The membrane surfaces were characterized using AFM.
The AFM analyses were performed under AFM microscope
(Nanosurf easy scan2 flex, Switzerland). On different areas
of each membrane sample, the values of surface roughness
were determined. At least three different locations were
examined and the average values of surface roughness were
reported. The roughness was expressed as root mean square
and surface roughness (RMS and R ) values. The R, and RMS
were defined as the average area of roughness and the root
mean square roughness of the surface, respectively.

The cross-sectional morphologies of the fabricated
membranes were characterized by FESEM using a Hitachi
FESEM model S5-4160 (Hitachi, Japan,). For the cross-sectional
images, the membranes were fractured after immersion in
liquid nitrogen. All samples were stocked on a conductive
sample holder with double-sided copper tape. The mem-
brane samples were coated under vacuum by a thin layer of
gold with a sputtering system.

To measure the hydrophobicity of the membranes,
contact angle was performed. The contact angle of mem-
branes was measured by kruss-contact angle measuring
system-G10 (Germany). A water drop (5 uL) was lowered
onto the membrane’s surface from a needle tip. A magni-
fied image of the droplet was recorded by a digital camera.
Static contact angles were determined from these images
with automated software. The contact angle measurement
was taken as the mean value of 5 different points on each
membrane sample. If the angle is less than 90°, the surface of
the membrane is hydrophilic, and if it is more than 90°, the
membrane is hydrophobic.

To determine the support membrane porosity, the dry
membranes were cut in a definite size and then immersed in
distilled water for 1 d. Water on the surface of the membrane
was removed with a filter paper and the sample membrane
was weighed (W ). Then the membrane sample was dried
for 24 h in a desiccator and weighed again to determine the

Chemical composition of solute in nano composite PDMS.MWCNT casting solution

Type of composite membrane PDMS (wt.%) MWCNT (wt.%) Cross-linker (wt.%) Catalyst (wt.%)
PDMS.MWCNT (1 wt.%) 30 1 3 0.6
PDMS.MWCNT (3 wt.%) 30 3 3 0.6
PDMS.MWCNT (5 wt.%) 30 5 3 0.6
PDMS.MWCNT (10 wt.%) 30 10 3 0.6
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membrane sample dry weight (W,). The membrane porosity
(e) was calculated by the following equation:

Ll Q)
pV

where p is density of water at the room temperature and V

is the volume of the membrane in wet state.

The composite membrane swelling degree (SD) is defined
as a piece of membrane is weighted and immersed in the
solution at room temperature for 24 h. The surface of sample
is then wiped by filter paper and then weighed. The SD is
calculated by the following expression:

,Wz_‘/vl
W,

1

SD @)

where W, (g) and W, (g) are the weights of samples before
and after immersion, respectively.

2.6. Pervaporation

In PV, the membrane was installed in the PV cell. The
feed stream of ethanol by concentrations of 2-20 wt.% was
prepared. Vacuum on the permeate side was maintained by
vacuum pump (Edwards, England). Vapor-side pressure was
kept at lower than 2 mmHg. Permeate vapor was trapped in
a liquid nitrogen trap at —196°C. Two cold traps using liq-
uid nitrogen were set in parallel allowing the collection of
permeate. Then the sample was weighed and analyzed by
high-performance liquid chromatography (Smartline,
Knauer, Germany). HPLC column was Eurokat H (Knauer,
Germany). The oven temperature was set at 75°C. The
sample size, eluent, and flow rate were 20 uL, H,SO, (0.01 N),
and 0.5 mL/min, respectively.

The calculation for permeation of flux (J) was defined
as follows:

m

=6t ®

Also, membrane selectivity toward gas mixtures and
mixtures of organic liquids is usually expressed in terms of
separation factor (a) defined as follows:

Q:M

@
(xalcohol / xwatcr)
where m is the total amount of permeate collected during
the experimental period, At of 1 h at steady state; A is the
effective membrane area, x and y represent the mole fractions
of a component in the feed and permeate, respectively [40].

3. Results and discussion

Special composite ethanol selective membranes, PES
membrane supports with a dense layer of PDMS were
fabricated and characterized. The developed membranes
were used in pervaporative ethanol separation process.

3.1. Membrane support

Several mixtures of PES, PVP, PEG, and SiO, were used
for casting membrane supports. Fig. 1 shows FESEM of the
cross-sectional images of PES membrane supports along with
PEG 2 wt.%, PVP 2 wt.%, and SiO, 2 wt.%.

The membrane support without any additive (Fig. 1(a))
has a finger-like structure. Once PEG added to PES, there
were no significant changes observed in the membrane mor-
phology and the same finger-like structure can be seen in
Fig. 1(b). Addition of PVP to PES created wide channel-like
macrovoids with open end channels (Fig. 1(c)). SiO, addition
resulted in finger-like structure with some thin channel-like
structure with close end (Fig. 1(d)). The surface images of
four types of membrane supports were investigated by
AFM. Based on AFM results, addition of fillers and addi-
tives to PES support layer has created high surface rough-
ness. The surface roughness (R)) of PES without additive
was about 7.2 nm. The average roughness by addition of
PEG, PVP, and SiO, to PES increased to 12, 24, and 10.48 nm,
respectively.

The contact angle between membrane and water was
directly measured using an optical contact angle instrument.
The porosities of membrane supports were determined using
Eq. (1). Characterization of membrane supports is summarized
in Table 4.

Generally, additive with high molecular weight in com-
pare with low molecular weight have increased the porosity
of support layer. That is probably due to increase in replace-
ment speed of organic solvent and water at phase inversion
stage. Therefore, PES support with PVP (molecular weight of
360 kDa) has the highest porosity. Also, based on obtained
data, PES.PVP has the highest surface roughness among
the investigated support membranes. Increasing surface
roughness decreases the contact angle; that has subsequently
resulted in increase in membrane total flux.

3.2. Effect of fabricated support layers on pervaporation

PDMS mixture as active layer was casted on four kinds
of fabricated support layers and the performances of these
composite membranes were investigated in PV process for
separation of ethanol in dilute ethanol/water mixture. Fig. 2
depicts total flux and ethanol separation factor of composite
membranes with respect to types of support layers. Based on
obtained results, as the roughness of support layers increased
the composite membrane flux also increased; while the etha-
nol separation factor slightly decreased.

In next stages of experiments, based on obtained data for
maximum flux (440 g/m*h) and reasonable ethanol separa-
tion factor (6.25), the mixture of PES and PVP was selected
as support layer for the preparation of composite membrane
applied in PV process.

3.3. Composite membrane

Fig. 3 illustrates the FESEM cross-sectional images of
the fabricated composite membranes. The PDMS mixture
as hydrophobic active layer was casted for the thickness of
20 pm + 5 on the support layers (PES, PES.PEG, PES.PVP, and
PES.SiO,) which had thickness of 100 um + 5.
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Fig. 1. FESEM images of PES membrane support; (a) PES 16 wt.%, (b) PES 16 wt.% and PEG 2 wt.%, (c) PES 16 wt.% and PVP 2 wt.%,
(d) PES 16 wt.% and SiO, 2 wt.%.

Table 4
. . s
Characterization of membrane supports i Ethati Aeparation fecior
—a—Total flux 7 450
Membranes Contact Porosity Surface roughness ;
angle (°) (%) (nm) 8 400
PES 81 51 7.2 < o
PESand PEG 78 64 12 2° 0 5,
PESand PVP 71 76.5 24 3 x
PESand SiO, 795 54 10.48 s a0 =
2 =]
5 k=
= 250
As explained in Section 3.2, the PES.PVP was selected b
as the best support layer for preparation of the composite
membrane applied in PV process. For more clarification 200

about the fabricated membrane, the cross-sectional FESEM 3 3 2 2 3
images at two different magnifications, top surface FESEM
image, and AFM surface image of PDMS/PES.PVP are shown
in Fig. 4. In Figs. 4(a) and (b), two magnifications of cross- Fig. 2. Effect of fabricated support layers on pervaporation;
sectional FESEM images of composite PDMS/PES.PVP mem- (1) PDMS/PES, (2) PDMS/PES.SiO,, (3) PDMS/PES.PEG, (4) PDMS/
brane were placed. Fig. 4(c) shows the top surface of FESEM  PES.PVP, PDMS 30 wt.%, Temp. 25°C, and feed ethanol 2 wt.%.

Composite membranes
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(d)

Fig. 3. FESEM cross-sectional images of fabricated composite membrane; (a) PDMS/PES, (b) PDMS/PES.PEG, (c) PDMS/PES.PVP, and

(d) PDMS/PES SiO,.

image of the composite PDMS/PES.PVP membrane. Fig. 4(d)
depicts the AFM surface image of composite PDMS/PES.PVP
membrane. The PDMS mixture as hydrophobic active layer
was casted for the thickness of 20 um + 5 on PES.PVP support
layers, which had thickness of 100 um + 5. As is illustrated
the active layer is a dense layer on porous support membrane
for application in PV process. The surface roughness (R ) of
the composite PDMS/PES.PVP membranes was 0.621 nm.
Comparison between support membrane roughness and
composite membranes roughness proved that active layer
is formed on the support layer. In fact, in preparation of
composite membrane dense layer is placed on top of the
rough surface of membrane support. Finally, deposition of
selective layer resulted in low surface roughness.

3.4. Effect of PDMS concentration on pervaporation

In the next step, the concentration of PDMS as selec-
tive layer on PES.PVP support layer was varied from 10 to
50 wt.%. An automated machine was designed and fabri-
cated for membrane casting; the thickness was fixed while
concentration of PDMS was varied. All PDMS solutions were
casted on PES.PVP support layer by constant thickness of

20 pm * 5. As the concentration of dense layer of PDMS on
membrane support increased the flux has decreased while
the ethanol separation factor increased (Fig. 5). That was
due to high affinity of the top layer to ethanol at high PDMS
concentration.

Selection of the most desired condition is based on suit-
able PDMS concentration for desired flux and desired value
for ethanol separation factor. In fact, both flux and selectivity
were important in PV process. Therefore, the selective layer
of PDMS having 30 wt.% was selected for the next stage of
experiments.

3.5. Effect of ethanol concentration in feed on pervaporation

The effect of ethanol concentrations (2-20 wt.%) on PV
at constant temperature (25°C) with the defined concentra-
tion of composite PDMS (30 wt.%)/PES.PVP (2 wt.%) was
experimented. The effect of ethanol concentration on the
membrane flux and ethanol selectivity is illustrated in Fig. 6.

As ethanol concentration increased in feed stream the
total flux improved. In fact, high ethanol concentration
caused membrane swelling; as a result, separation fac-
tor decreased. Based on obtained results, the SD and the
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Fig. 4. (a) and (b) Cross-sectional FESEM images of composite PDMS/PES.PVP membrane by two magnification, (c) Top surface
FESEM image of composite PDMS/PES.PVP membrane, (d) AFM surface image of composite PDMS/PES.PVP membrane.
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Fig. 5. Effect of PDMS concentration on total flux and ethanol
separation factor, temp. 25°C, feed ethanol 2 wt.%.

polymer cross-linkage density have inverse relationship. As a
result, increase in the SD, PDMS polymer cross-linkage den-
sity has decreased and more water was penetrated into the
membrane. Therefore, permeation total flux has increased
and ethanol separation factor has decreased. The SD was
monitored while ethanol concentration in the feed stream
increased (Fig. 7). When ethanol concentration increased
from 2 to 20 wt.%, the SD has increased by 4%; as a result,
14.4% ethanol separation factor decreased.

3.6. Effect of feed temperature on pervaporation

The effect of feed temperature (25°C, 35°C, and 45°C) on
PV at constant ethanol concentration in feed (2 wt.%) with
composite PDMS (30 wt.%)/PES.PVP (2 wt.%) membrane
was experimented. The obtained results for the effect of feed
temperature on the membrane flux and ethanol selectivity is
shown in Fig. 8.

As illustrated in Fig. 8, increasing temperature increases
permeation flux and decreases ethanol separation factor.
These changes occurred due to the fact that during PV,
molecules diffused through free volumes of the polymeric
selective membrane. Thermal motions of polymer chains
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Fig. 7. Swelling degree in different feed concentrations.

produced free volumes in amorphous regions. As tempera-
ture increases, frequency and amplitude of polymer jumping
chains increase [15]. As a result, free volume of the PDMS
polymeric membrane increases and more water molecules
can penetrate into the membrane. Therefore, permeation of
total flux has increased and ethanol separation factor has
slightly decreased.

3.7. Effect of MWCNT in composite PDMS/PES membrane

The FESEM cross-sectional images of MWCNT in com-
posite membrane are shown in Fig. 9.

Composite MWCNT.PDMS/PES membranes are shown
in Fig. 9(a). At high magnification of the image, multiwalled
carbon nanotubes in the composite membrane are easily
observed in Fig. 9(b). The MWCNT’s were blended in active
layer matrix. The top surface layer FESEM images of com-
posite MWCNT.PDMS membranes with MWCNT weight
percentages of 1, 3, 5, and 10wt.% are shown in Fig. 10.
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Feed temperature (°C)

Fig. 8. Effect of feed temperature on ethanol separation factor and
total flux, PDMS concentration (30 wt.%), feed ethanol (2 wt.%).

The images in Figs. 10(a) and (b) show MWCNT dis-
persion was reasonably homogenous in the active layer; in
contrary Figs. 10(c) and (d) depict a massive coagulation
formed due to high concentration of MWCNT in PDMS
active layer.

Fig. 11 shows AFM surface image of the composite
membrane by addition of MWCNT into active layer. In fact,
addition of MWCNT in the composite membrane has cre-
ated high surface roughness. Addition of MWCNT from
1to 10 wt.% resulted in average roughness (R ) of 4.4-26 nm,
respectively.

Fig. 12(a) depicts ethanol separation factor with respect
to MWCNT concentration in the PDMS composite mem-
brane for ethanol/water separation. As the concentration
of MWCNT in PDMS selective layer increased, the ethanol
separation factor in PV process has substantially increased.
As illustrated in Fig. 11, the roughness has increased by the
enrichment of MWCNT concentration. In hydrophobic sur-
face, by increasing the surface roughness the contact angle has
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(@) (&)

Fig. 9. Cross-sectional FESEM images of composite PDMS.MWCNT (3 wt.%) /PES.PVP membrane; (a) magnification 3,000,
(b) magnification 30,000.

28.8kYV X1.080k Fa.Bum

Fig. 10. FESEM images of top surface MWCNT.PDMS nanocomposite membranes with MWCNT; (a) 1 wt.%, (b) 3 wt.%, (c) 5 wt.%,
and (d) 10 wt.%.
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Fig. 11. AFM images in nanocomposite membrane for; (a) MWCNT (1 wt.%) and (b) MWCNT (10 wt.%).
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Fig. 12. Effect of MWCNT concentration on; (a) ethanol separation factor, (b) ethanol flux.

to increase; that is, due to improvement of hydrophobicity of
the membrane [41]. Therefore, by improvement of the hydro-
phobicity, the ethanol separation factor has increased. But
when the concentration of the MWCNT increased more than
3 wt.% the separation factor gradually decreased. At high
MWCNT concentration (>3 wt.%) the coagulation similar to
cluster was formed. Based on obtained data the most desired
value for MWCNT concentration is defined 3 wt.%, which
has resulted in separation factor of 7.9. In fact, addition of
MWCNT up to 3 wt.% was in favor of ethanol separation
factor while behind that concentration caused decrease in
membrane performance.

Fig. 12(b) illustrates when the MWCNT is added to
the composite membrane, initially the total flux slightly
increased that is due to MWCNT act as filler; then, the flux

decreased which is due to high hydrophobicity of membrane.
By increasing in hydrophobicity less water can penetrate into
nanocomposite membrane. As a result, the permeation total
flux has decreased. Therefore, when the MWCNT concen-
tration increased beyond certain point, by enhancement of
hydrophobicity of the membrane flux has decreased.

3.8. Fabricated composite membrane versus data in literature
and commercial membrane

Based on experimental results for ethanol 2 wt.% as
feed, the ethanol separation factor for commercial composite
membrane was 6.5 and total flux of 375 g/m2.h was obtained.
Comparison between commercial composite membrane
data and experimental results obtained in this work for
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Table 5
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Comparison between several types of membrane for ethanol separation

Flux (g/m?/h) Feed ethanol concentration (wt.%) Ref.

Membrane type Separation factor
Fabricated PDMS/PES.PVP 6.25
Novel fabricated PDMS.MWCNT/PES.PVP 7.9
Commercial PDMS/PET/PI 6.5
PDMS-PS graft copolymer 6.2
PDMS-PI graft copolymer 6.6
PDMS-PS IPN supported membrane 55
PDMS/PEI/PPP 3.7
PDMS/PS 6.4
POMS 5
PDMS/PEI(hollow-fiber) 7-9
PDMS/PA 6
PDMS/CA 2.5

440 2 Present work
420 2 Present work
375 2 Present work
130 10 [42]
320 6.6 [43]
160 2 [44]
270 5 [25]
265 8 [18]
380 [45]
231-252 1-10 [46]
850 [16]
650 2 [16]

the fabricated membrane showed improvement in ethanol
separation factor using MWCNT. Due to high ethanol sepa-
ration factor in blended PDMS. MWCNT (3 wt.%)/PES.PVP
(2 wt.%) composite membrane was determined 7.9 and total
flux of 420 g/m2.h was obtained. In this study, the fabricated
composite MWCNT.PDMS/PES.PVP membrane improved
the commercial composite membrane for ethanol separation
by 21.5% with more total flux in PV process. The perfor-
mance of fabricated composite PDMS (30 wt.%). MWCNT
(3 wt.%)/PES.PVP (2 wt.%) was compared with reported
data in literature. Table 5 summarizes a comparison study
for several types of PDMS composite membrane for ethanol
separation factor and flux. Based on obtained data in this
work the performance of fabricated membrane is justified
as a suitable with high ethanol separation performance for
PV process.

4. Conclusion

In the study, the polymeric composite PDMS/PES mem-
brane was fabricated for ethanol separation in PV process.
Addition of suitable additives to PES support membrane
enhanced porosity and surface roughness of the support
layer; that resulted in membrane total flux to increase while
the ethanol separation factor has slightly decreased.

Increase in ethanol separation factor and decrease in
total flux were observed by increasing PDMS concentration
in active layer of composite membrane. By increasing the
ethanol concentration in the feed stream, the ethanol factor
decreased due to increase in SD of the polymeric membrane
matrix.

Addition of MWCNT to PDMS selective layer resulted in
significant increase in ethanol separation factor; while hydro-
phobicity of the composite membrane increased. MWCNT
addition more than 3 wt.% caused coagulation and cluster
formation in the PDMS selective layer that caused to decrease
in separation factor.
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