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ABSTRACT

Polyethersulfone (PES) hollow fiber ultrafiltration (UF) membranes were fabricated by the
dry/wet-spinning method; hydrophobic PDMS/PES composite membranes which were sup-
ported by self-prepared PES hollow fiber UF membranes were prepared for the pervapora-
tion (PV) separation of ethanol from water. Impacts of PES support layer on the PV
performances of PDMS/PES composite membranes were studied. Experimental results
showed that, while working as a support to PDMS active layer, PES hollow fiber membrane
could affect the PV performance of PDMS/PES membranes greatly. Pervaporation perfor-
mance of the membrane which its PES support layer had bigger porosity and bigger mean
pore size was apparently superior to that of the membrane which its PES support layer had
smaller porosity and smaller mean pore size. After being treated with ethanol and hexane,
PES membrane was dried in air for 20 min before being immersed in PDMS coating solution;
the prepared PDMS/PES membrane had the best PV performance with a permeate flux of
330 g/(m2 h) and a separation factor of 5.8. Effects of process parameters, such as feed tem-
perature, permeate pressure, and feed flow rate, on membrane properties were investigated.
For the separation of a 5 wt.% ethanol–water mixture, with an increase in feed temperature
from 30 to 60˚C, water flux and ethanol flux increased from 51 to 328 g/(m2 h) and from 14
to 88 g/(m2 h), respectively; the variation of permeation flux followed the Arrhenius relation-
ship and the activation energy values for water and ethanol were 54.54 and 53.44 kJ/mol,
respectively; separation factor varied from 5.1 to 6.0. When the feed temperature was 50˚C
and feed concentration was 5 wt.%, with an increase in permeate-side pressure from 1 to
40 mm Hg, water flux dropped sharply from 334 to 14 g/(m2 h) and ethanol flux dropped
moderately from 82 to 22 g/(m2 h), and as a result, separation factor increased. With the
increase in feed flow rate from 0.1 to 10 L/min, both flux and separation factor increased
rapidly at first and then leveled off at 2 L/min for the reason of concentration polarization.
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1. Introduction

Organophilic pervaporation separation of ethanol
from water has been studied widely for its potential
applications in the areas of the food and beverage
industry, biochemical engineering, and environmental
engineering. Since the concentration of ethanol in
fermentation broth is usually in the order of a few
percent by weight, pervaporation process could be
integrated into an alcohol fermentation process so as
to achieve the continuous production, and it has been
shown to be effective for the improvement of fer-
mentation production [1–9]. For this reason, separating
ethanol from water by pervaporation has been widely
investigated. For most of the studies, rubber polymers,
such as poly (dimethylsiloxane) (PDMS) [1,3,10], poly
(acetylene) polymers [11,12], carbon molecular sieve
[7], and hydrophobic zeolite [8], have been used as
membrane materials. Among these polymers, PDMS
has several advantages, such as low polarity, high
flexibility, and low polymerization temperature, and is
being used as a membrane material. In addition, with
two symmetrical hydrophobic methyl groups in each
repeating unit, PDMS has been found to have a high
selectivity towards ethanol [13]. The solubility parame-
ters for PDMS [14], ethanol, and water [15] are 15.5,
26, and 47.9 MPa2/1, respectively. In fact, PDMS is a
notable hydrophobic material that discourages the
transportation of water molecules, while at the same
time, allows the transportation of a wide range of lar-
ger organic molecules. For this reason, pervaporation
removal of ethanol from aqueous solution by PDMS
membrane is of great interest for researchers.

For the pervaporation separation of ethanol, most of
the studies have been concentrated on the flat sheet
composite membrane [1,2,4,5], although hollow fiber
composite membrane has much higher packing density
and larger membrane area than flat sheet membrane
[16–18]. From an application point of view, hollow fiber
membrane seems to be a better alternative than flat
sheet membrane. For the preparation of hollow fiber
composite membrane, the selection of the support layer
material is very important [2,19]. The impact of the
support layer on the membrane performance depends
on the morphology and chemical nature of the support
membrane. The polymers which are used to prepare
the hollow fiber support layer are mainly polysulfone,
polyethersulfone (PES), polyetherimide, polyimide,
polyacrylonitrile, and polyester. Generally, PES is

widely used for its good physical, chemical, and
mechanical properties [20–22].

In this study, PES ultrafiltration (UF) hollow fiber
membranes which had different cross-section struc-
tures were prepared by the dry/wet-spinning method.
Then PDMS/PES composite hollow fiber membranes
which had the same PDMS coating layer and different
PES support layer were prepared by dip-coating
method. Using the PDMS/PES membranes for the
pervaporation of dilute ethanol aqueous, the effects of
the preparing condition and the pretreating method of
the PES membrane, as well as the operating conditions
on pervaporation performance were discussed.

2. Experimental

2.1. Materials

Membrane support layer material, powder form
PES (Mw 146 × 103), was obtained from Jida High Per-
formance Material Co. Ltd (P.R. China). PDMS (Silicone
Rubber 107, Mw 5000), cross-linking agent ethyl silicate,
and curing agent dibutyltin dilaurate were purchased
from Shanghai resin Company (P.R. China). Reagent
grade N-methyyl-2-pyrrolidone (NMP), ethanol, and
glycerol were used as non-solvent additives and were
products of Shanghai Ruen Jie chemical reagent Com-
pany (P.R. China). Reagent grade ethanol and n-hexane
were used for the pretreatment of PES hollow fiber sup-
port membrane and were obtained from Shanghai Ruen
Jie chemical reagent Company (P.R. China).

2.2. Preparation of PES dope solution

PES dope solution was prepared by the following
procedure. First, PES polymer was dried in an oven
for 24 h at 80˚C under vacuum to remove its moisture.
Then, the non-solvent additive glycerol or ethanol was
mixed with NMP in a glass bottle. After that, the
dried polymer was added into the bottle to make the
dope solution. Finally, the solution was heated in an
oven at 60˚C until it became homogeneous.

2.3. Spinning of PES hollow fiber support membrane

PES UF hollow fiber base membranes (PES1–PES4)
were spun at 20˚C employing the dry/wet-spinning
method, described elsewhere [17]. Outer diameter and
thickness of the hollow fibers were measured by an
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optical microscope. Table 1 summarized the composi-
tion of the dope solutions and bore fluids. Spinning
condition and the dimension of PES hollow fiber
membranes were demonstrated in Table 2.

2.4. Pretreatment of PES hollow fiber membranes

After PES hollow fibers had been fabricated, they
were first soaked in water for 3 d, then were pre-
treated by the use of the following ethanol–hexane–air
solvent exchange drying procedure. First, taken out
from water, the PES hollow fibers were immersed in
pure ethanol for 1 h and then were taken out,
repeated this process two more times with two new
pure ethanol exchanges. Second, the ethanol-treated
membranes were treated with pure n-hexane with the
same three times immerse procedure as with the
ethanol. After that, the membranes were dried natu-
rally in ambient air for a certain period of time.

2.5. Preparation of PDMS/PES hollow fiber composite
membranes

PDMS casting solution was prepared by dissolving
PDMS, cross-linker (ethyl silicate), and curing agent
(dibutyltin dilaurate) in an n-hexane solution, with the
ratio of 10:1:0.5 (in weight). Immediately after the
coating solution was prepared, PES hollow fiber UF
membranes were put into the solution, after being
immersed in the solution for 15 s, the coated
membranes were dried in a sterile room at room

temperature for 24 h. Repeat the procedure certain
times, the cross-linked PDMS/PES hollow fiber
composite membranes were prepared. For simplicity,
PDMS/PES hollow fiber composite membranes were
designated as M1, M2, M3, and M4 which used PES1,
PES2, PES3, and PES4 as support layer in order.

2.6. Membrane UF performance

The UF property of PES membranes was studied
by the measurement of pure water permeation flux (J)
which was carried out by a self-made filtration device
showed in Fig. 1. In our experiment, for each mem-
brane, three samples were tested to obtain an average
value. To get a steady flux, permeate was collected
after the system run for at least 1 h at 0.1 MPa. Pure

Table 1
Composition of dope solution and bore fluid solution

Dope solution No. Polymer concentration (%) Polymer/additives/NMP ratio Bore fluid solution

1 18 PES/Glycerol/NMP 18:4:78 NMP/H2O 8:2
2 30 PES/Glycerol/NMP 30:5:65 NMP/H2O 8:2
3 18 PES/Ethanol/NMP 18:15:67 NMP/H2O 9:1
4 25 PES/Ethanol/NMP 25:10:65 NMP/H2O 9:1

Table 2
Spinning parameter and dimension of PES hollow fiber membranes

Base Membrane No. PES1 PES2 PES3 PES4

Dope solution No. 1 2 3 4
Dope fluid rate (mL/min) 1.0 0.4 1.2 0.7
Spinning temperature (˚C) 20 20 20 20
External coagulant Water Water Water Water
Dope pressure (MPa) 0.12 0.6 0.1 0.25
Air gap distance (cm) 0 0 0 0
Coagulant bath temperature (˚C) 20 20 20 20
Membrane outer diameter (μm) 1,180 1,000 990 1,010
Membrane inner diameter (μm) 640 770 650 570
Membrane thickness (μm) 270 115 170 220

Fig. 1. Schematic diagram of UF experimental equipment.
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water flux was measured at 25˚C and 0.1 MPa and
was calculated by:

JU ¼ V=ðA� TÞ (1)

where JU was membrane flux (L/m2 h), V was perme-
ation volume (L), A was effective membrane area, and
T was microfiltration time (h).

2.7. Membrane characterization

In order to investigate the impacts of PES base
membrane on PV properties of the PDMS/PES mem-
branes, surface and cross-sectional morphologies of
PES and PDMS/PES membranes were observed with
scanning electron microscope apparatus (SEM) (JEOL
Model JSM-6360 LV, Japan). First, membrane samples
were fractured in liquid nitrogen to prevent the
deformation of the samples. Second, coating the mem-
branes with gold for 5 min under vacuum using the
JS-1600 Ion Sputtering device was done. And then, the
structures of the top surface, bottom surface, and
cross-section were observed at 15 KV by the SEM.

Membrane porosity (ε) was determined by dry–wet
weight method. The soaking liquid used for porosity
measurement named Profil was supplied by IB-FT
GmbH Germany. The porosity ε was calculated from
the following equation:

e ¼ ðw1 � w2Þ= Admq (2)

where w1 is the weight of wet membrane (g), w2 is the
weight of dry membrane (g), A is the area of wet
membrane, δm is the thickness of wet membrane (cm),
and ρ is Profil density (1.87 g/cm3). In our experi-
ments, for each membrane, three samples were tested
to obtain an average value.

The mean pore size (rm) was defined by the filtra-
tion velocity method. The mean pore size was
described by the Guerout–Elford–Ferry equation [23]

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:75eÞ � 8glQ=ðeADPÞ

p
(3)

where η = 8.9 × 10−4 Pa s (viscosity of pure water at
278 K), Q is permeation rate of pure water (m3/s), l is
the thickness of the membranes (mm), and ΔP is the
operation pressure (0.1 MPa).

2.8. Pervaporation

Fig. 2 shows the schematic diagram of pervapora-
tion apparatus used in this case. The hollow fiber

membrane cell consisted three bundles of membranes
and each bundle consisting six fibers. The length of the
fibers was 20 cm and the ends of the hollow fiber bun-
dles were glued with thermo epoxy resin. The charac-
teristics of the hollow fiber membrane cell used in our
experiments are given in Table 3. Before pervaporation
experiment, hollow fiber membrane models were
tested under 1.5 MPa to ensure there was no leakage.
Dilute ethanol/water solution was used as the feed
and was circulated by a circulation pump. The hollow
fiber membrane cell was kept in a water bath and the
temperature of the water bath was kept constant with
a built-in booster heater controlled by a temperature
controller. The pressure at permeate side was main-
tained at a vacuum of 10–40 mm Hg by a vacuum
pump. After operation reached a steady state (about
1 h after the operation), collecting the permeate vapor
in a liquid nitrogen cold trap was started. Permeate
was then weighed and its composition was measured
by gas chromatography with a thermal conductivity
detector (TCD, Techcomp Ltd, GC7890). Permeation
flux (JP) and separation factor (α) are defined as:

JP ¼ m= Dt� Að Þ (4)

a ¼ yalcohol=ywater
� �

= xalcohol=xwaterð Þ (5)

where m was the total amount of permeate collected
during the time interval Δt, A was effective membrane
area, x and y represented the mole fraction of a
component in permeate and in feed, respectively.

3. Results and discussion

3.1. Characterizations of PES hollow fibers

In order to investigate the effects of PES base mem-
brane on PV performance of PDMS/PES composite
membrane, PES UF hollow fiber membranes (PES1–
PES4) were fabricated. The cross-section morphologies
of PES1–PES4 were presented in Fig. 3. Different mem-
brane morphologies of PES1–PES4 were obtained
under different membrane formation conditions as
shown in Table 1. PES1 showed an asymmetric finger-
like structure and had the outer and inner double skin
layers; PES2 showed a sponge-like structure with a
single skin layer; PES3 and PES4 had a finger-like
structure with a single skin layer. PES1–PES4 had dif-
ferent porosities and different mean pore sizes as
showed in Table 4. PES3 had the largest porosity and
the biggest mean pore size, whereas PES2 demon-
strated the smallest in porosity and mean pore size.
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PDMS/PES composite membrane (M3) which used
PES3 as the support layer was prepared; the SEM charac-
terizations of its surface and cross-section were carried
out and were demonstrated in Fig. 4. The dense PDMS
skin of about 7 μm was tightly adhered on the external
surface of PES3, demonstrating a good compatibility of
PDMS and PES. The internal surface of M3 was porous,
while its external surface was smooth and glossy.

3.2. Effect of hollow fiber base membrane on PV
performance

For the preparation of hollow fiber composite
membranes, usually the support layer only acts as a
mechanical support to the active layer and its resis-
tance to PV flux is regarded as negligible. But
sometimes, the support layer provides significant
resistance to the flux and can affect separation factor
significantly [2,18,19]. In an extreme case, however,
transfer resistance of the support layer may become so

dominant that the selectivity of the composite
membrane even reaches the intrinsic selectivity of the
support membrane. In Smart’s experiment of separat-
ing toluene from toluene–water solution by silicone
rubber membrane, a 40% reduction of toluene flux was
found provided by the additional resistance of the hol-
low fiber support layer [18]. In Kim’s experiment,
toluene flux was increased by 41.4% after the pretreat-
ment of the hollow fiber support membrane [2].

In this study, PDMS/PES hollow fiber composite
membranes (M1–M4) which had the same PDMS coat-
ing layer and different support layer (PES1–PES4) were
developed. The effects of support layer on pervapora-
tion performance were studied using a 5 wt.% ethanol–
water mixture at 10 mm Hg permeate pressure,
10 L/min feed flow rate, and different temperatures.
PV performances from M1 to M4 were illustrated in
Fig. 5. Total flux increased with the increase in feed
temperature, the total flux of M3 was significantly
larger than those of the others. Separation factor of M3
was also apparently bigger than those of the others.
That is to say, using PES3 as the base membrane, M3
had the best PV performance. These results corre-
sponded well with the measurement of pure water flux
(Table 4) of the base membranes PES1–PES4.

From Table 4, we can see that the pure water
fluxes of PES1–PES4 were significantly different from
one another. The Pure water flux of PES2 was the
smallest, only 1.20 L/(m2 h), which meant that PES2
was not suitable to be used as a base membrane. Pure
water flux of PES3 was 84.30 L/(m2 h) which was the
largest and was much larger than those of the others.

Fig. 2. Schematic diagram of pervaporation apparatus.

Table 3
Properties of hollow fiber membrane model

Housing material sealant
Stainless steel
epoxy resin

Inside diameter of the cell (mm) 100
The height of the cell (mm) 350
The distance among bundles (mm) 52
Number of hollow fibers 18
Effective length of hollow fibers (mm) 200
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Pore structure of base membrane could have a big
effect on pure water flux. For the PES UF membrane,
the higher the porosity and the bigger the mean pore
size are, the bigger the pure water flux will be. So,
with high porosity and big mean pore size, PES3 had
a very large pure water flux that its resistance to PV
mass transfer could be regarded as negligible [2,18].
To decrease the resistance of base membrane, in the
following experiments, PES3 was used as the base
membrane.

3.3. Effects of support layer pretreatment on PV
performance

For the preparation of hollow fiber composite
membrane, usually, hollow fiber base membrane was
used directly after the fabrication without pretreat-
ment. However, according to the literatures [24,25],

support layer pretreatment could have a notable
impact on PV performance. To minimize the intrusion
of PDMS into the support layer, in the making of
PVDF support membrane, Vankelecom et al. used
water-soluble polyethylene glycol as an additive to fill
up the pores in the support layer [24]. According to
Wang et al., they used alcohol to treat PVDF hollow
fiber, and the N2 permeation flux of the treated mem-
brane increased by 3–4 times [25]. In this study, PES
hollow fibers (PES3) were pretreated by the use of the
so-called ethanol–hexane–air solvent exchange drying
procedure as described in the Section 2.4. The effect of
support layer pretreatment on PV performance was
studied by a 5 wt.% ethanol–water mixture at
10 mm Hg, 10 L/min, and 50˚C; the experimental
results were illustrated in Table 5.

Base membrane pretreatment had a big effect on
PV properties, when PES3 was pretreated with ethanol
and hexane and was coated immediately after the
treatment, the flux of the pretreated M3 was more
than doubled compared with that of the non-treated
M3. This is because after being treated with ethanol
and hexane, the pores in the treated membrane were
filled with ethanol molecules and hexane molecules as
shown in Fig. 6, so when coated with PDMS polymer,
PDMS molecules could not intrude into the pores of
PES base membrane. Therefore, the PDMS coating
layer was relatively thinner, and resulted in a high
flux (484 g/(m2 h)) and a small separation factor (4.0).

Fig. 3. Cross-section structure SEM of PES hollow fiber base membranes (PES1–PES4) (original magnification: 200×).

Table 4
Characterization and pure water permeation flux of different
base membranes

Membrane ε (%) rm (nm) J (L/(m2 h))

PES1 75.17 8 30.35
PES2 63.65 2 1.20
PES3 83.24 10 84.30
PES4 71.39 7 28.50
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After treated with ethanol and hexane, some PES
membranes were dried in air for 20 min before being
immersed in PDMS coating solution. During the
20 min drying, the ethanol molecules and hexane
molecules on the outer surface of the PES base mem-
brane were evaporated. While the pores of PES base
membrane were still filled with ethanol and hexane
molecules. In fact, the ethanol and hexane molecules
in the pores not only minimized the intrusion of

PDMS in the support layer but also prevented the
reduction of the porosity and the pore size [25]. On
the other hand, the rapid evaporation of ethanol and
hexane caused the outer surface of PES membrane to
shrink, so the pore size on the outer surface of PES
membrane was reduced [25], which was equal to the
increase in thickness of the active layer. Because
the resistance of PES support was still neglectable, the
shrink of the membrane’s outer surface had no effect

Fig. 4. SEM structures of PDMS/PES hollow fiber composite membrane. A—cross-section (original magnification: 200×);
B—cross-section (original magnification: 5,000×); C—internal surface (original magnification: 500×); D—external surface
(original magnification: 500×).

Fig. 5. Effect of support layers on permeation flux (A) and separation factor (B) (downstream pressure: 10 mm Hg;
ethanol concentration in feed: 5 wt.%; feed flow rate: 10 L/min).
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to the flux, but it caused the increase in separation
factor. By conclusion, the ethanol and hexane
molecules in PES pores and the shrink of the outer
surface pore size led the PDMS/PES membrane to
have the best PV performance with a permeate flux of
330 g/(m2 h) and a higher separation factor of 5.8. But
when the pretreated membranes were dried in air for
24 h before coated, the ethanol and hexane molecules
both on the surface of the membrane and in the holes
of the PES evaporated, the PV performance of the
resulted membrane had no obvious difference with
that of the untreated membrane. So in the following
experiments, PES3 pretreated with ethanol–hexane
and then dried in the air for 20 min was adopted for
the preparation of PDMS/PES composite membrane.

3.4. Effects of feed temperature on membrane performance

For pervaporation, temperature is an important
process parameter; it affects PV performance by
varying vapor–liquid partitioning, altering sorption
behavior of membrane, and changing diffusion
coefficients of the components both in the feed and in

the membrane. Temperature affects the diffusivity
behavior and sorption behavior of the membrane in
two ways [14], one by modifying the sorption–
diffusion steps inside membrane, and the other by
changing the activity driving force across the
membrane. The higher the temperature is, the more
intensive the thermal motions of the polymer mole-
cules are and the larger the membrane free volume is.

Effect of feed temperature on total flux and separa-
tion factor as a function of feed concentration at
10 mm Hg and 10 L/min was shown in Fig. 7. With
the increase in feed temperature, total flux increased
significantly, but separation factors only varied a little,
and it increased slightly to a maximum, then
decreased. For the 5 wt.% solution, separation factor
was in a range of 5.1–6.0 and the maximum separation
factor was observed at 40˚C. A similar result was
observed by Nasiri and Aroujalian [26], who investi-
gated the pervaporation separation of ethanol aqueous
by the use of composite PDMS membrane supported
by PVDF-PP. Nasiri and Aroujalian [26] concluded
that the increase in total selectivity with temperature
is for the reason of the increase in diffusion selectivity.
But when temperature is too high, both sorption selec-
tivity and diffusion selectivity decrease according to
molecular dynamics simulation technique.

When ethanol concentration was 5 wt.%, with the
increase in feed temperature from 30 to 60˚C, total flux
increased apparently from 66 to 483 g/(m2 h), water
and ethanol fluxes increased from 51 to 328 g/(m2 h)
and from 14 to 88 g/(m2 h), respectively, as shown in
Fig. 8(A). According to solution–diffusion mechanism,
Arrhenius-type function can be used to express the
effect of temperature on flux as follows:

J ¼ J0 exp � Ea

RT

� �
(6)

Table 5
Effects of the pretreatment of PES support membranes on
pervaporation performances

Pretreatment ways
Flux
(g/(m2 h))

Separation
factor

Without pretreatment 248 4.7
Immediately used after

pretreatment
484 4.0

Put in the air for 20 min after
pretreatment

330 5.8

Put in the air for 24 h after
pretreatment

253 4.6

Fig. 6. SEM cross-sectional structures of PES3 hollow fiber membranes (original magnification: 1,500×). A—disposed with
ethanol and hexane; B—without disposition with ethanol and hexane.
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where J0 is pre-exponential factor, J is permeate flux,
Ea is permeation activation energy which represents
the relative change of the flux to the change of
temperature, R is gas constant, and T is absolute
feed temperature. A higher value of Ea means a
more sensitive behavior towards temperature
alteration. In order to get the value of Ea of each
component, a semi-logarithmic plot of permeation
flux against reciprocal of absolute temperature (1/T)
was developed, as showed in Fig. 8(B). The
calculated values of Ea of total, water, and ethanol
were 54.54, 54.79, and 53.44 kJ/mol, respectively.
There was no significant difference in the Ea of total,
water, and ethanol, and this also explained why with
the increase in operating temperature, total flux

increased and selectivity kept nearly constant
(Fig. 6). These results were in agreement with the
study of Yi et al. [27] who used vinyltriethoxysilane
(VTES) modified silicalite-1/PDMS hybrid pervapora-
tion membrane to separate ethanol aqueous. They
found that Ea for water and ethanol were close and
were in the range of 37.29–43.40 and 38.66–
42.73 kJ/mol, respectively. In the investigation of the
effect of PDMS molecular weights on the pervapora-
tion performance of PDMS/ceramic composite mem-
branes for the separation of ethanol from aqueous
solutions, Wei et al. [28] got similar results that the
values of Ea for total, water, and ethanol they
calculated were 30.13–36.18, 29.53–35.84, and 33.93–
37.22 kJ/mol, respectively.

Fig. 7. Effect of feed temperature on total flux (A) and separation factor (B) as a function of feed concentration (down-
stream pressure: 10 mm Hg; feed flow rate: 10 L/min).

Fig. 8. Effect of feed temperature on pervaporation performance: (A) total flux, water flux, and ethanol flux; (B) the
relation between ln(J) and 1/T (downstream pressure: 10 mm Hg; ethanol concentration in feed: 5 wt.%; feed flow rate:
10 L/min).
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3.5. Effect of permeate-side pressure on PV performance

The effects of permeate-side pressure on PV per-
formances including total flux, water flux, ethanol
flux, and separation factor were examined with a
5 wt.% ethanol–water mixture at 10 L/min. When the
pressure in permeate side increases, mass transfer
driving force decreases, so permeate flux decreases.
As showed in Fig. 9, as pressure increased from 1 to
40 mm Hg, total flux dropped non-linearly. For the
reason that the saturated vapor pressure of water is
lower than that of the ethanol, permeate-side pressure
has a significant effect on water flux but has only a
modest effect on ethanol flux. So, we could find in
Fig. 10, with the variation of permeate-side pressure
from 1 to 40 mm Hg at 50˚C, water flux decreased
sharply from 334 to 14 g/(m2 h), ethanol flux dropped
moderately only from 82 to 22 g/(m2 h).

The relationship between flux and permeate-side
pressure can be expressed by the following equation
in terms of partial pressure [29,30]:

Ji ¼ Ji0ðci0ci0pi0 � pi00 Þ (7)

where Ji (cm
3/(cm2 s)) is the permeation flux of spe-

cies i, Ji0 (cm3/(cm2 s mm Hg)) is the normalized
permeation flux of species i, ci0 is the mole fraction of
species i on upstream surface of the membrane, pi0
(mm Hg) is the saturation vapor pressure of pure i at
feed temperature, ci0 is the activity coefficient of i in
feed, and pi00 (mm Hg) is the partial pressure of i of
the permeate-side of membrane. For the 5 wt.% etha-
nol–water solution (ethanol mole fraction 0.02), when
feed temperature is 50˚C, the activity coefficients of
ethanol and water are 4.67 and 1.0, the saturation

vapor pressures of pure ethanol and pure water are
222.0 and 92.9 mm Hg, respectively,. The relationship
between permeate-side pressure and solute flux then
can be expressed as follows:

JEthanol ¼ JEthanol0ð20:4� pEthanol00 Þ (8)

JWater ¼ JWater0ð91:0� pWater00 Þ (9)

Apart from influencing driving force, Permeate-side
pressure also has impact on the diffusion path of
permeates. When permeate-side pressure decreases,
pressure gradient in the membrane increases which
makes the diffusion path shortened. On the other
hand, with the increase in permeate-side pressure, liq-
uid transfer path stretches into vapor transfer space,
and liquid transportation becomes the domination of

Fig. 9. Effect of downstream pressure on total flux (A) and separation factor (B) as a function of feed temperature
(ethanol concentration in feed: 5 wt. %; feed flow rate: 10 L/min).

Fig. 10. Effect of downstream pressure on total flux, water
flux, and ethanol flux (feed temperature: 50˚C; ethanol con-
centration in feed: 5 wt.%; feed flow rate: 10 L/min).
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total mass transfer process and causes the decreasing
of the total permeate rate. As it says [14]: “If perme-
ate-side pressure is raised and approaches the vapor
pressure of water, water transport may be reduced so
significantly that convective flow practically ceases,
stagnating the permeate.”

The fact that, with an increase in permeate-side
pressure, water flux decreased more dramatically than
that of the ethanol caused an increase in separation
factor as shown in Fig. 9(B). This suggests that, with
the increase in the liquid transfer depth and the
decrease in the vapor transfer depth, more ethanol can
pass through the membrane. In other words, ethanol
can more easily pass through the wet space inside the
membrane than water can. This is because the solubil-
ity parameter of ethanol is close to that of the mem-
brane [14,15]; therefore, ethanol molecules can be
more easily solved by membrane than water mole-
cules. As a result, selectivity may be determined by
the liquid transfer depth and will be greater when
permeate-side pressure approaches solution vapor
pressure. In addition, Fig. 9(B) also shows that, when
permeate-side pressure was below 20 mm Hg, its
effect on selectivity was not obvious, but when perme-
ate-side pressure was above 20 mm Hg, its effect on
selectivity was significant. This information is useful
for the determination of permeate-side pressure.

3.6. Effect of feed flow rate on PV performance

Effects of feed flow rate on PV performances
including total flux, ethanol flux, water flux, and sep-
aration factor have been investigated using the PES3
hollow fiber membrane under experimental conditions

of ethanol concentration 5 wt.%, feed temperature
60˚C, and permeate-side pressure 10 mm Hg. As
Fig. 11 demonstrated, with the increase in feed flow
rate, total flux, ethanol flux, water flux, and separation
factor, all increased rapidly at first and then leveled
off at feed flow rate 2 L/min. These results were in
accordance with the findings reported in the literature
[31] which used a hybrid pervaporation–distillation
separation process to recover ethanol from aqueous
solution. When membranes with high selectivity and
high permeability were used for the pervaporation of
low concentration aqueous, concentration polarization
may exist in the boundary layer adjacent to the mem-
brane surface. The PDMS membrane has much higher
permeability and selectivity for ethanol than for water,
so we believe concentration polarization occurred in
this study and it was confirmed by Fig. 11. When feed
flow rate increased from 0.1 to 2 L/min, all the
parameters of total flux, ethanol flux, water flux, and
separation factor increased linearly. It means that con-
centration polarization was the control step of mass
transfer when flow rate was less than 2 L/min. When
feed flow rate was higher than 2 L/min, there was not
an obvious increase for both flux and separation
factor. So in this situation, membrane resistance
became the control step of mass transfer. Conse-
quently, to study membrane permeation properties for
dilute solutions, feed flow rate must be big enough to
eliminate the influence of concentration polarization.

4. Conclusions

PES hollow fiber UF membranes with different
pore structures were fabricated employing the dry/
wet-spinning method. Using these PES hollow fiber
UF membranes as support layer, PDMS/PES hollow
fiber composite membranes which had the same
PDMS coating layer were developed to exam the effect
of support layer on pervaporation performances. The
hollow fiber support layer was observed to have a sig-
nificant effect on both total flux and ethanol selectiv-
ity. Pervaporation properties of the membrane with
big porosity and big mean pore size were apparently
superior to those of the membranes with small poros-
ity and small mean pore size. When PES membranes
were dried in air for 20 min after treated with ethanol
and hexane and then were immersed in PDMS coating
solution, the prepared PDMS/PES membranes had the
best PV performances with a permeate flux of
330 g/(m2 h) and a separation factor of 5.8.

Pervaporation properties of dilute ethanol aqueous
through PDMS/PES membranes were investigated,
the effects of process parameters such as temperature,
permeate pressure, and feed flow rate were discussed.

Fig. 11. Effects of feed flow rate on total flux, water flux,
ethanol flux, and separation factor (downstream pressure:
10 mm Hg; feed temperature: 60˚C; ethanol concentration
in feed: 5 wt.%).
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With the increase in feed temperature from 30 to 60˚C,
total flux increased significantly, but separation factors
increased slightly to a maximum then decreased; for
the 5 wt.% mixture, water and ethanol fluxes
increased from 51 to 328 g/(m2 h) and from 14 to
88 g/(m2 h), selectivity varied from 5.1 to 6.0. When
the permeate-side pressure was increased from 1 to
40 mm Hg, total flux showed a non-linear decrease,
permeate-side pressure had little effect on selectivity
while held below 20 mm Hg; however, when pressure
was above 20 mm Hg, the effect was significant. With
the increase in feed flow rate from 0.1 to 10 L/min,
both flux and separation factor increased rapidly at
first and then leveled off at feed flow rate 2 L/min for
the reason of concentration polarization at boundary
layer; when feed flow rate was less than 2 L/min, con-
centration polarization was the control step of mass
transfer, but when feed flow rate was higher than
2 L/min, membrane resistance became the control step
of mass transfer.
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