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ABSTRACT

The polytetrafluoroethylene (PTFE) particles filled polydimethylsiloxane (PDMS) composite
membranes supported by flat sheet PVDF membrane were prepared for the pervaporation
(PV) separation of acetone from water. The dissolution and diffusion behaviors of acetone and
water and the PV performances of acetone solution in the PDMS-PTFE/PVDF membranes
were studied. With increasing PTFE content from 0 to 40 wt.%, solubility selectivity increased
and diffusion selectivity firstly kept stable and then decreased; when PTFE loading was
20 wt.%, the composite membrane showed the best PV performance with acetone flux
169 g/(m2 h), separation factor (α) 40, and permeate separation index (PSI) 8,015 g/(m2 h).
With feed temperature increased from 30 to 50˚C, both solubility selectivity and diffusion
selectivity decreased; both acetone flux and water flux increased but separation factor
decreased at 20 wt.% PTFE content. With the increase in feed flow rate from 60 to 2,000 mL/h,
both separation factor and acetone flux firstly increased sharply then maintained steady.
When acetone concentration increased from 0.5 to 30.0 wt.%, acetone flux and separation fac-
tor increased; acetone permeance and selectivity decreased; the flux and permeance of water
remained constant.

Keywords: Poly (dimethylsiloxane); Polytetrafluoroethylene; Pervaporation; Acetone/Water
mixture

1. Introduction

Acetone is colorless, flammable, and soluble in
water. It is widely used in the production of plastics,
explosives, and chemicals and is a very important sol-
vent in pharmaceutical industry [1]. It is also used as
a demulsifier to turn stable seawater-in-petroleum

emulsions into reusable oil and clean aqueous phase
[2]. In one hand, the main traditional acetone produc-
tion is isopropyl benzene method, which is tedious
and causes environmental pollution. In another hand,
acetone wastewater generated in a number of indus-
trial processes can cause pollution to the environment.
So it is necessary to retrieve acetone from acetone–
butanol–ethanol (ABE) broth processes or wastewater
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stream which contains acetone. There have been lots
of methods (including distillation [3], adsorption [4–6],
gas stripping [7,8], liquid–liquid extraction [9], mem-
brane distillation [10], thermopervaporation [11,12],
and pervaporation [13–15]) to retrieve acetone. Among
these methods, pervaporation is considered as a better
separation technology for high efficiency and energy
saving.

Pervaporation (PV) is a separation process in
which one or more components of a liquid mixture
diffuse through a selective membrane, evaporate
under low pressure on the downstream side, and are
removed by a vacuum pump or a chilled condenser
[16]. Proper membrane materials are important to a
PV process. For pervaporation removing organics
from water, there are many kinds of materials that
have been studied. For example, Takegami et al. [17]
used PDMS membrane to separate ethanol/water
mixtures; Liu et al. [18] used silicalite membrane to
separate acetone solutions. In another report, ionic liq-
uid-PDMS membrane was applied by Izák et al. in
removing acetone from water [19]. Solak and Şanlı
[20] separated acetone/water mixture with sodium
alginate-poly (vinyl pyrrolidone) membrane. Sakaki
et al. [21] prepared a silicalite membrane to separate
1-butanol, 2-propanol, ethanol, and acetone from
dilute aqueous solutions by pervaporation. Among all
membrane materials, PDMS is regarded as the inter-
esting and promising one [22]. In order to improve
membrane organophilic property, many studies on
PDMS modifications have been delivered [23–31]. The
modifications encompass filling [27,28], blending
[25,31], coating [29,30], grafting [23,24,26], and so on.
Among these methods, filling obtained attentions
because of its simpleness in operation and low costing
in energy consumption. Many kinds of materials have
been used as fillings to improve the PV performance
of PDMS membranes. Polytetrafluoroethylene (PTFE)
is a super-hydrophobicity material, which possesses
the advantages of excellent thermal stability, erosive
resistance, no poisonous and, so on. It had been suc-
cessfully used in the fabrication of PVDF-PTFE hollow
fiber membrane for the desalination of sea water [32].

We have reported a literature about PDMS-PTFE
membranes which were supported by polyethylene
terephthalate (PET) non-woven fabrics to separate
chloroform from aqueous solution [33]. It showed that
the adding of PTFE particles in PDMS matrix
enhanced the crystallinity, hydrophobicity, mechanical
strength, and thermal stability of the PDMS mem-
brane. Through examination, the membrane possessed
striking advantages in flux and separation factor and
showed excellent PV performance in the separation of

chloroform/water mixture. In this study, using PVDF
as the support layer due to its good hydrophobic and
chemical stability, we prepared a PTFE filled PDMS
composite membrane for the pervaporation of acetone
from its aqueous. The effects of operating conditions
(including feed flow rate, feed temperature, and feed
concentration) and PTFE content in PTFE-PDMS mem-
brane on PV performance were systematically investi-
gated and the membranes showed good performance
for PV of an acetone/water mixture.

2. Materials and methods

2.1. Materials

PVDF (void fraction 72.5%, pore diameter 0.15 μm),
as membrane support layer, was obtained from
Changzhou Haoxin Insulation Material Co., Ltd,
China. Polydimethylsiloxane (PDMS) (Silicone Rubber
107, Mw 5000), cross linking agent ethyl silicate, and
curing agent dibutyltin dilaurate were purchased from
Shanghai resin Company, China. PTFE particles
(Dyneon TF-9207) were used as the additive and
their structural parameters, such as the density of
2.165 g/cm3, specific surface area of 17 m2/g, active
component of 100%, and primary particle size of
120 nm [33], were as listed elsewhere. Acetone and
n-heptane were reagent grade and obtained from
Shanghai Ruen Jie Chemical Reagent Company, China.

2.2. Preparation of PDMS composite membrane

The preparation of the unfilled PDMS and the PTFE
filled PDMS flat sheet composite membranes was
described in our previous work [33]. The unfilled PDMS
flat sheet composite membrane was prepared as follows.
The casting solution containing 17 wt.% PDMS was
prepared by dissolving PDMS, crosslinker ethyl silicate,
and curing agent dibutyltin dilaurate in n-heptane (the
mass ratio of them was mPDMS:methyl silicate:mdibutyltin

dilaurate = 10:1:0.5) and was magnetic stirred of about 3 h.
The casting solution was poured onto the surface of the
PVDF base membrane and was dried in the sterile room
at room temperature for 24 h to form the PDMS/PVDF
membrane. To prepare the PTFE-PDMS membranes, dif-
ferent amounts of dried PTFE particles were dispersed in
the previous PDMS casting solution under stirring for 3
h and the PTFE-PDMS composite membranes with
different PTFE contents (0 wt.% PTFE-PDMS, 10 wt.%
PTFE-PDMS, 20 wt.% PTFE-PDMS, 30 wt.%
PTFE-PDMS, and 40 wt.% PTFE-PDMS, according to the
PTFE content) were produced. Then, the unfilled and the
PTFE filled PDMS flat membranes were used to
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investigate the effects of the PTFE on membranes’ physi-
cal characterization and also on PV performances. In
addition, the unfilled and filled PDMS membranes with-
out support layer were also prepared to investigate the
influence of the physicochemical properties of the filled
membranes.

2.3. SEM characterization of membrane

In order to investigate the dispersion and compati-
bility of PTFE in PDMS polymer matrix, surface and
cross-section morphologies of different PDMS-PTFE/
PVDF composite membranes were observed through
the scanning electron microscope apparatus (SEM)
(JEOL Model JSM-5600 LV, Japan). The membranes
were firstly fractured in liquid nitrogen to prevent the
deformation of the samples, sputtered with gold, and
then the structure of top surface and cross section
were observed.

2.4. Swelling study

40 × 40 mm pieces of dried 20 wt.% PDMS-PTFE
composite membranes without support were weighted
by a highly sensitive electronic balance (JA2204E, Yoke
company Shanghai) with an accuracy of 0.0001 g and
were immersed in acetone aqueous at 30˚C for 48 h.
Then, the membranes were taken out from the solu-
tions and their weights were measured immediately
after wiping off the liquid on the membrane surfaces
by filter paper. The degree of swelling (DS) of the
membrane was determined by:

DS ¼ M1 �M0ð Þ
M0

(1)

where M∞ is the mass of the fully swollen membrane
in acetone aqueous and M0 is the dried membrane,
respectively.

2.5. Solution and diffusion experiments

According to the solution-diffusion mechanism,
which is used to describe the mass transport of com-
ponents through membrane, pervaporation process
contains sorption, diffusion, and evaporation in three
steps [15,34]. In other words, the separation perfor-
mance of a pervaporation membrane is the results of
the common actions of both solubility selectivity and
diffusion selectivity [35–37]. In this paper, the effects
of feed temperature and PTFE content on sorption
performance and diffusion performance of pure sol-
vent were studied. To get the amount of pure solvent
that dissolved in the membranes, the following weight
measurement was conducted. Dry membrane sample
of 40 × 40 mm was weighed using a microbalance
(JA2204E, 0.0001 g, Yoke company Shanghai), then it
was immersed into pure acetone solvent or deionized
water at different temperatures. Taken out from the
solvent, wiped with tissue paper to remove the sur-
face solvent, the sample was weighed as quickly as
possible, and then it was dipped back into the liquid.
The experiment was repeated several times at an inter-
val of certain time until the weight of the sample kept

Fig. 1. (a) Schematic representation of PV separation of acetone–water mixtures: (1) feed tank; (2) peristaltic pump; (3)
rotameter; (4) membrane module; (5) vacuum control valves; (6) cold trap; (7) surge flash; (8) vacuum indicator; (9) vac-
uum pump and (b) Schematic diagram of membrane module: (1) feed inlet; (2) retentate outlet; (3) O-ring; (4) membrane;
(5) sintered disk; (6) permeate outlet.

Q.-Z. Zhang et al. / Desalination and Water Treatment 57 (2016) 23489–23504 23491



approximately constant. The sorption coefficient (S) is
defined by [38]:

S ¼ M0
1 �M0

� �
=M0 (2)

where M0
1 is the mass of the fully swollen membrane

in pure acetone or water solution.
The diffusion coefficients (D) of water and acetone

in the membrane were measured from initial linear
sorption curves [38–40]:

Mt

M01
¼ 4

p1=2

ffiffiffiffiffiffi
Dt

L2

r
(3)

where Mt is the mass of the absorbed solvent in swol-
len membrane at time t. L is initial thickness of mem-
brane. The diffusion coefficients of the water and
acetone were obtained from the slopes of plots of Mt/
M0

1 vs. t1/2 according to above equation.
According to the solution-diffusion mechanism, we

defined ideal solubility selectivity αs, ideal diffusion
selectivity αD, and ideal separation factor αp as follows
[41]:

as ¼ Si=Sj (4)

aD ¼ Di;1=Dj;1 (5)

aP ¼ aS aD (6)

where i and j represent acetone and water,
respectively.

2.6. Pervaporation

Pervaporation experiments were performed using
a pervaporation laboratory rig schematically as shown
in Fig. 1(a) and (b), which shows the schematic dia-
gram of membrane module specifically. The pore size
and porosity of sintered disk (Fig. 1(b)) were about
40 μm and 80%, respectively.

Membrane sample was placed in a cross-flow labo-
ratory scale flat membrane unit. The effective area of
membrane was 28.26 cm2 and the capacity of the feed
compartment was 10 L. The feed was circulated
between membrane module and feed tank by a peri-
staltic pump. The downstream pressure of the mem-
brane cell was maintained at 1.3 kPa by a vacuum
pump. After the system reached a steady state (at least
2 h after starting), the permeate started to be collected
in a cold trap which was immersed in liquid nitrogen.

Then, the permeate was analyzed by a gas chro-
matograph (GC-2014c, Shimadzu, Japan), which was
equipped with a thermal conductivity detector (TCD)
(the type of column was Porapak and the carrier gas
was hydrogen (H2)). The operating temperatures for
the injector, detector, and oven were 250, 250, and
80˚C, respectively.

The PV performance of membrane is usually
expressed in terms of permeation flux J, separation fac-
tor α, and permeate separation index PSI as follows:

J ¼ Dm= A � Dtð Þ (7)

a ¼ yacetone=ywaterð Þ=ðxacetone=xwaterÞ (8)

PSI ¼ a� 1ð Þ � J (9)

where Δm is the weight of permeate, A is the effective
area of the membrane, and Δt is the time interval of
the permeation. x and y represent the mole fraction of
a component in the feed and the permeate,
respectively.

In some literatures [15,42], another approach to
present pervaporation results was proposed. Per-
meance (Pi/L) and selectivity (βi/j) were used to express
the intrinsic properties of membranes without taking
into account the experiment conditions and they are
defined by:

Pi

L
¼ Ji

xi ci p
sat
i � yi pp

(10)

where psat is the saturated vapor pressure of compo-
nent. γ is the activity coefficient. pp is the permeate
pressure.

Further, the fugacity (f) of component i on feed
side could be defined as [43]:

fi ¼ xi ci p
sat
i (11)

Hence,

Pi

L
¼ Ji

fi � yi ppð Þ (12)

bi=j ¼
Pi=L

Pj=L
¼ Pi

Pj
(13)

The values of activity coefficient and saturated vapor
pressure were calculated with Aspen Plus 7.3 and the
non-random two liquid (NRTL) model was used.
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3. Results and discussion

3.1. Membrane characterization

3.1.1. SEM studies

The surface and cross-section morphologies of the
PTFE-PDMS/PVDF composite membranes containing
different PTFE contents are presented in Fig. 2. The
surface of the unfilled membrane was smooth and
uniform. With the increasing in the PTFE content, the
surfaces of the composite PTFE-PDMS membranes
became rougher and rougher. According to literatures
[1,44], the rough appearance of the filled membrane
caused the increase in the effective contact area which
in turn could result in an enhancement in flux. When
the content of PTFE was 30 wt.%, the particle
aggregation appeared. When the content of PTFE
further increased to 40 wt.%, the surface was much
rougher than that of the 30 wt.% one’s: the PTFE
particles aggregated evidently and the appreciable
voids between PTFE and PDMS appeared, which also
could be observed clearly from the cross-section
(4,000×) picture of 40 wt.% PTFE-PDMS/PVDF
membrane. The cross-section pictures of various
composite membranes in Fig. 2 showed that the PTFE
filled PDMS skin layers of about 10 ± 1 μm in
thickness tightly adhered to the surfaces of the PVDF
support layers.

3.1.2. Membrane swelling studies

The effects of acetone content on the swelling
degree of the 20 wt.% PTFE-PDMS composite mem-
brane were investigated. As shown in Fig. 3, the swel-
ling degree of membrane was increased with the
increasing acetone content in feed. This indicated that
the membrane had good affinity for acetone.

3.1.3. Membrane solubility and diffusivity studies

In pervaporation, solubility and diffusivity of an
individual component in the feed are important for
the understanding of PV performance. Fig. 4 displays
the typical sorption isotherms of pure acetone (a) and
pure water (b) in PDMS and PTFE-PDMS composite
membranes. Fig. 5 shows the typical sorption iso-
therms of pure acetone (a) and pure water (b) for the
20 wt.% PTFE-PDMS membrane at different feed tem-
peratures. The uptake of water was far less than that
of acetone for all membranes. It was shown that
PDMS and PTFE-PDMS membranes had higher affin-
ity to acetone than to water. In order to compare the
interaction among acetone, water, and polymers,
Hansen solubility parameter (HSP) which describes

the cohesive energy between two molecules was
introduced. It can be expressed by the following
equation [45]:

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2d þ d2p þ d2h

q
(14)

where δ is the Hansen solubility parameter for the
component and δd, δp, δh refer to the dispersion solu-
bility parameter, polar solubility parameter, and
hydrogen bonding solubility parameter, respectively.
From the definition of HSP, we can conclude that the
more similar the HSPs of two components are, the
higher their affinities will be. Table 1 shows the HSP
data of PDMS, PTFE, acetone, and water. The affinities
of both PDMS and PTFE toward acetone were higher
than toward water. This was consistent with the
adsorption test results.

From Fig. 6(a), the sorption coefficient of composite
membranes in pure acetone solution decreased with
the increase in PTFE content in membranes. The rea-
son for this might be that the incorporation of PTFE
into PDMS resulted in an increase in membrane crys-
tallization and caused the increase in the rigidity of
the filled membranes, as we reported in our previous
work [33]. For the diffusion coefficients of acetone and
water, both of them increased evidently with the
increase in PTFE content in membrane. It might occur
for the reason that PTFE interfered with the tight
packing of PDMS chains [46], which made the diffu-
sion of the permeating molecules through the filled
membranes easier.

Fig. 6(b) shows the variations of the sorption coef-
ficient and diffusion coefficient of the 20 wt.% PTFE-
PDMS membrane in pure acetone and water at dif-
ferent temperatures. With the increase in temperature
from 30 to 50˚C, sorption coefficient of membrane in
acetone increased from 0.249 to 0.296. It might be
that during the dissolving process, the interactions of
permeates, such as water–water, water–acetone and
acetone–acetone, might have an enhancing effect on
the energy required for the dissolution. In contrast,
the interactions of permeates and the membrane were
thought to diminish the energy required for dissolv-
ing. Therefore, the lower the temperature and the
stronger the association of permeates are, the lower
the sorption coefficient would be. As feed tempera-
ture increased, the interaction between two permeate
molecules became weaker and the interaction
between a permeate molecule and the membrane
became stronger; so with the increase in feed temper-
ature, solubility coefficient increased. Similarly, diffu-
sion coefficients of both acetone and water also
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Fig. 2. SEM photographs of the PTFE-PDMS/PVDF composite membranes with different PTFE contents: (a–e) represent
0–40 wt.% PTFE-PDMS/PVDF composite membranes; (1) Top surface (500×) and (2) cross section (300×) of various
composite membranes.
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increased obviously with the increasing feed tempera-
ture. This could be interpreted from two aspects. On
the one hand, with the increase in feed temperature,
the interaction of the permeate molecules as men-
tioned above became weaker which reduced the
transfer resistance and stimulated the diffusions of
the permeate molecules through the membrane [47].
On the other hand, it was well known that, the
higher the temperature is, the greater the kinetic
energy will be. So with the increase in feed tempera-
ture, the mobility of polymer chains increased and
free volume of the matrix enhanced.

Fig. 7(a) shows the effects of PTFE content on solu-
bility selectivity and diffusion selectivity of pure ace-
tone and water at 30˚C. With an increase in PTFE

content from 0 to 40 wt.%, solubility selectivity
increased; diffusion selectivity firstly increased slightly
and then decreased. This might be because that, with
the increase in PTFE content, membranes hydropho-
bicity increased (the contact angle increased from
109.5˚ to 119.0˚ as studied from our previous work
[33]), which caused the increase in solubility selectiv-
ity. However, when PTFE content exceeded 20 wt.%,
according to the analysis of Section 3.1.1, on the sur-
face of membrane, the particle aggregation and appre-
ciable voids with no selectivity made the diffusion of
permeates through the membrane easier. In addition,
water molecule (0.3 nm) is much smaller than that of
acetone one (0.47 nm) [15], so water can diffuse
through membrane easier. As a result, diffusion
selectivity decreased. The varying trends of solubility
selectivity and diffusion selectivity made the ideal sep-
aration factor firstly increased and then decreased as
shown in Fig. 7(b).

The effects of feed temperature on acetone solubil-
ity selectivity and diffusion selectivity were studied
using the 20 wt.% PTFE-PDMS membrane as showed
in Fig. 8(a). With the increase in feed temperature
from 30 to 50˚C, both solubility selectivity and diffu-
sion selectivity of acetone decreased. Possible explana-
tion could be that, firstly, with increasing feed
temperature, water uptake increased more quickly
than acetone (as seen from Fig. 5), which caused the
decrease in solubility selectivity. Secondly, as we men-
tioned before, the increase in feed temperature would
cause the increases in the mobility of the polymer
chains and in the free volume of the matrix. Further-
more, high-feed temperature favored the diffusion of
the small molecules of water over that of the large

Fig. 3. Effect of acetone content on the swelling degree of
20 wt.% PTFE-PDMS composite membrane in various
acetone aqueous.

Fig. 4. Sorption isotherms of (a) pure acetone and (b) water in different PTFE-PDMS membranes at 30˚C.
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molecules of acetone [48]. So diffusion selectivity
decreased. As a result, the ideal separation decreased
with the increase in feed temperature as shown in
Fig. 8(b).

3.2. PV performance

3.2.1. Effect of PTFE content

The effects of PTFE content on partial flux and sep-
aration factor are shown in Fig. 9(a) (acetone concen-
tration 30 wt.%, feed temperature 30˚C, permeate-side
vacuum 1.3 kPa, and feed flow rate 1,600 mL/min).
Transport properties of water and acetone through
PDMS-PTFE membranes depended strongly on PTFE
content in the membrane. When there was no filling
of PTFE, which means for the pure PDMS membrane,
the fluxes of both water and acetone were the lowest.
With an increase in PTFE adding, acetone and water
fluxes increased correspondingly. When PTFE content
was larger than 20 wt.%, the fluxes followed a rapid

Fig. 5. Sorption isotherms of (a) pure acetone and (b) water in PTFE-PDMS membranes (PTFE: 20 wt.%) at different
temperatures.

Table 1
Hansen solubility parameters of PDMS, PTFE, acetone,
and water

Materials δd [41] δp [41] δh [41] δ

PDMS 15.9 0.10 4.7 16.6
PTFE 12.7 0.0 0.0 12.7
Acetone 15.5 10.4 7.0 19.9
Water 15.5 16.0 42.4 47.9

Fig. 6. Effects of (a) PTFE content and (b) temperature on solubility coefficient and diffusion coefficient of acetone and
water.
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enhancement. Similar changing trend was also found
by Kumar et al. [49], who studied the separation of
n-hexane/acetone mixtures using the high density
polyethylene (HDPE)/ethylene propylene diene ter-
polymer rubber (EPDM) blend polymer membranes
by pervaporation.

Due to the higher affinity between an acetone
molecule and the PTFE matrix, as analyzed in Sec-
tion 3.1.3, acetone molecules could be preferentially
adsorbed and diffused in the membrane (as shown in
Fig. 6(a)) than water, which led to the increased ace-
tone flux with the increase in PTFE content, and from
Fig. 9(a), when PTFE content was 20 wt.%, acetone
flux was 169 g/(m2 h). We also found, with the
increase in PTFE content, water flux increased too.

This could be that the agglomerate of the PTFE parti-
cles generated lots of interspaces among primary PTFE
particles, which was beneficial to the diffusion of
water molecules [31] (as shown in Fig. 6(a)). When
PTFE content increased, separation factor increased to
its maximum value 40 at 20 wt.% PTFE content and
then decreased sharply. This is because, as analyzed
for Fig. 2, particle aggregation appeared on the surface
of the 30 wt.% PTFE membrane and when PTFE con-
tent reached 40 wt.%, appreciable voids emerged.

For the reason that separation factor and flux pre-
sented reversed changing trends when PTFE content
exceeded 20 wt.%, we introduced PSI to evaluate the
overall performance of the PTFE-PDMS membranes.
Fig. 9(b) showed that the changing trend of PSI was

Fig. 7. Effects of PTFE content on (a) solubility selectivity, diffusion selectivity, and (b) ideal separation factor for pure
acetone over water.

Fig. 8. Effects of operating temperature on (a) solubility selectivity, diffusion selectivity, and (b) ideal separation factor
for pure acetone over water.
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similar to that of the separation factor. When PTFE
filling was 20 wt.%, PSI reached its maximum value
8,015 g/(m2 h), a 168.3% improvement compared
with the unfilled PDMS membrane which was
4,769 g/(m2 h). So we could conclude that the 20 wt.%
PTFE filled membrane had the best pervaporation
properties for the separation of acetone aqueous
solution.

3.2.2. Effect of feed temperature

The effects of operating temperature on partial per-
meation flux and separation factor for the 30 wt.% ace-
tone solution at 1.3 kPa vacuum and 1,600 mL/min
feed flow rate are illustrated in Fig. 10. The increase in
feed temperature resulted in the slight increase in
fluxes of acetone and water for the 20 wt.% PTFE-
PDMS membrane. The reason is that the increasing
feed temperature weakened the interactions among
the permeate molecules (as analyzed in Section 3.1.3)
and caused the increase in driving force, which
promoted the dissolution and diffusion of permeate
molecules (as shown in Fig. 6(b)). Therefore, as shown
in Fig. 10, with the increase in feed temperature,
partial fluxes of both water and acetone increased.
Similar results were reported by Khayet, et al. [13],
who investigated the separation of acetone solution by
membrane Pervap 4060. They reported that with the
increase in feed temperature, feed vapor pressure
increased exponentially, so overall mass transfer
coefficient increased, consequently permeate flux
increased. However, with the increase in feed temper-
ature, acetone solubility selectivity and diffusion selec-
tivity decreased, as showed in Fig. 8(a), and caused

the slight decrease in the separation factor, which was
in close agreement with the changing trend of ideal
separation factor (Fig. 8(b)).

Generally, from the view of thermodynamics, the
effects of feed temperature on permeate flux can be
described by Arrhenius equation which was reported
frequently in pervaportion processes [15,50–53]:

J ¼ J0 exp � Ea

RT

� �
(15)

where J0 is pre-exponential factor, J is permeate flux,
Ea is the apparent activation energy, which includes

Fig. 9. Effects of PTFE content on (a) flux and separation factor and (b) PSI (Conditions: acetone concentration 30 wt.%,
feed temperature 30˚C, permeate-side vacuum 1.3 kPa, and feed flow rate 1,600 mL/min).

Fig. 10. Effect of temperature on flux and separation factor
(Conditions: PTFE content 20 wt.%, acetone concentration
30 wt.%, permeate-side vacuum 1.3 kPa, and feed flow rate
1,600 mL/min).
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the activation energy for permeability and the heat of
vaporization. R is gas constant and T is absolute feed
temperature. In order to determine the Ea of each
component, a semi-logarithmic plot of permeation flux
against reciprocal of absolute temperature (1/T) was
developed, as shown in Fig. 11. The calculated appar-
ent activity energy values for acetone and water were
0.504 and 4.08 kJ/mol, respectively. A higher value of
the Ea implies a more sensitive behavior toward
temperature alteration [54]. For the reason that the Ea

of water was bigger than that of the acetone, water
flux was more dependent on the changing of feed
temperature [55], which resulted in the separation fac-
tor of acetone decreased with the increasing in feed
temperature.

3.2.3. Effect of feed flow rate

Fig. 12 presents the effects of feed flow rate on par-
tial flux and separation factor for the 20 wt.% PTFE-
PDMS composite membrane at 30˚C and 1.3 kPa for
the separation of the 30 wt.% acetone solution. Date in
Fig. 12 indicates that when feed flow rate increased
from 60 to 2,000 mL/min, flux firstly increased and
then kept an asymptotic value when feed flow rate
exceeded 900 mL/min, where the separation factor
reached its maximum value of 40 and then kept con-
stant.

It is well known that concentration polarization
has an important influence on the penetration of
VOCs through the composite membrane in pervapora-
tion process [56,57]. Due to the PTFE-PDMS mem-
branes are much more permeable to acetone than to

water, the layer of acetone aqueous immediately
adjacent to the membrane surface becomes depleted
and the concentration polarization occurred accord-
ingly. According to Baker and Wijmans’s studies for
concentration polarization [57], the turbulence, which
determined by the feed flow rate through a membrane
module, has an effect on controlling the concentration
polarization and the minimum effective fluid velocity
could be determined by the curve of fluid velocity
and separation factor. From Fig. 12, when the feed
flow rate is less than 900 mL/min, partial fluxes and
separation factor increased with the increase in feed
flow rate. This might be due to the increased feed flow
rate that decreased the thickness of stagnant boundary
layer next to the membrane and then decreased the
permeation resistance of components. With the further
increase in feed flow rate, acetone flux, water flux,
and separation factor tend to be constant, which might
be the result of the disappearance of the stagnant
boundary layer. And the velocity of 900 mL/min is
the minimum effective fluid velocity to control the
effect of concentration polarization.

3.2.4. Effect of feed concentration

Fig. 13 shows the effects of feed concentration
(0.5–30 wt.%) on acetone flux, water flux, and separa-
tion factor at 30˚C, 1.3 kPa, and 1,600 mL/min for the
20 wt.% PTFE-PDMS membrane. With the increasing
in feed concentration, acetone flux and separation fac-
tor increased obviously; water flux remained constant
and was far less than acetone flux. The increase in

Fig. 11. Arrhenius plot of ln J vs. 1/T (Conditions: PTFE
content 20 wt.%, acetone concentration 30 wt.%, permeate-
side vacuum 1.3 kPa, and feed flow rate 1,600 mL/min).

Fig. 12. Effects of feed flow rate on flux and separation
factor.
Notes: Conditions: PTFE content 20 wt.%, feed temperature
30˚C, acetone concentration 30 wt.%, and permeate-side
vacuum 1.3 kPa.
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acetone flux might be due to the increase in acetone
vapor partial pressure, which caused the increase in
the driving force for acetone to penetrate the mem-
brane. Theoretically, with the decrease in water con-
tent in feed, the vapor partial pressure of water
should decrease, which should in turn cause the
decrease in the water flux. However, in this study,
water flux remained constant. This could attribute to
the swelling of membrane in acetone aqueous as ana-
lyzed in Section 3.1.2. With the increasing in acetone
content in feed, the swelling degree of composite
membrane increased, which benefits the penetration of
water through the membrane [27,33]. As a result, with
the change of feed concentration, there was not a big
change in water flux. The swelling of the membrane
could also promote the permeation of acetone in mem-
brane, accordingly, with the increasing in acetone con-
tent in feed, acetone flux increased obviously. The
changes of acetone flux and water flux resulted in the
change of separation factor which increased with the
increasing in feed concentration according to Eq. (8).

In order to study the effects of feed concentration
on membrane intrinsic properties, Fig. 14 displays the
relationships of permeance and selectivity to feed con-
centration. With the increase in acetone content from
0.5 to 10 wt.%, acetone permeance and selectivity
decreased sharply, but with the further increase in
feed concentration, acetone permeance and selectivity
remained to a plateau value. In addition, water perme-
ance kept constant in the studied concentration range.
The reduced acetone permeance and selectivity might
be explained by Baker’s crowding (saturation) effect

[42]: with the increase in feed concentration, the
adsorption of acetone on composite membrane would
gradually get close to the saturation, which could lead
to the increment of acetone content slowdown in
membrane. The similar result was reported by Zhou
et al. [58], who used PDMS/PVDF composite mem-
brane to separate dimethyl carbonate from a methanol
solution. According to the definition of permeance
(Eq. (12)), the constant water permeance could attri-
bute to the marginal change of water flux (Fig. 13)
and water fugacity (Fig. 15) with the change of feed
concentration. Similar phenomenon was reported

Fig. 13. Effects of feed concentration on acetone flux, water
flux, and separation factor.
Notes: Conditions: PTFE content 20 wt.%, feed temperature
30˚C, permeate-side vacuum 1.3 kPa, and feed flow rate
1,600 mL/min.

Fig. 14. Effect of feed concentration on the acetone and
water permeance and intrinsic selectivity of 20 wt.% PTFE-
PDMS composite membrane.
Notes: Conditions: feed temperature 30˚C, permeate-side
pressure 1.3 kPa, and feed flow rate 1600 mL/min.

Fig. 15. Effects of feed concentration on fugacity of acetone
and water.
Notes: Conditions: feed temperature 30˚C, permeate-side
pressure 1.3 kPa.
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elsewhere for other organic-water mixtures [43,59].
The permeance changes of acetone and water resulted
in selectivity decreased in line with Eq. (13).

4. Conclusion

A composite membrane with the PTFE filled
PDMS as the top active layer and PVDF membrane as
the support layer was prepared for the pervaporation
of acetone/water aqueous solution. Membrane SEM
graphs showed that the surfaces of the PTFE-PDMS
membranes became rougher and rougher with the
increasing PTFE content. When the PTFE content was
30 wt.%, the particle aggregation appeared; when the
content of PTFE reached 40 wt.%, the particle aggre-
gated more evidently and appreciable voids between
PTFE and PDMS appeared. According to the cross-sec-
tion pictures of various PDMS-PTFE/PVDF mem-
branes, the PTFE filled PDMS skin layers were about
10 ± 1 μm.

Due to the good affinity between membrane and
acetone, the swelling degree of 20 wt.% PTFE-PDMS
membrane was increased with the increasing acetone
concentration in feed. In addition, this good affinity
also made the uptake of the water less than the uptake
of the acetone according to membrane solubility and
diffusivity studies. With an increase in PTFE content
from 0 to 40 wt.%, membrane crystallization increased
and the tight packing of PDMS chains was interfered,
which led to the solubility selectivity increased and
diffusion selectivity firstly increased and then
decreased. When the temperature increased from 30 to
50˚C, solubility selectivity, diffusion selectivity, and
ideal separation factor had the same trends in which
they decreased for the reasons of the increased interac-
tion between the acetone and the membrane and the
decreased transfer resistance of the permeate.

Incorporating PTFE into PDMS membrane could
significantly influence the PV properties of the mem-
branes for the 30 wt.% acetone aqueous. With an
increase in PTFE content from 0 to 40 wt.%, acetone
flux increased accordingly. This was because the HSP
of acetone and polymer matrix were very similar, so
acetone could be preferentially adsorbed and diffused
in membrane. However, due to the particle aggrega-
tion appeared when PTFE content exceed 20 wt.%,
separation factor reached its maximum when PTFE
content was 20 wt.%. For the influence of feed temper-
ature, fluxes of acetone and water increased and sepa-
ration factor decreased slightly with the increase in
feed temperature for the tested 20 wt.% PTFE-PDMS
composite membrane when feed concentration was
30 wt.% and the permeate-side vacuum was 1.3 kPa.

The effects of feed temperature on permeate flux fol-
lowed the Arrhenius relationship and the apparent
activation energy calculated from the slope were 0.50
and 4.08 kJ/mol for acetone and water, respectively.
With the increase in feed flow rate from 60 to
2,000 mL/min, acetone flux and separation factor
increased at the beginning and then tended to be con-
stant which attributed to the effects of the increased
turbulence on the concentration polarization. Feed
concentration also influenced the permeation perfor-
mance, when feed concentration increased from 0.5 to
30 wt.%, acetone flux and separation factor increased,
while water flux remained stable. Moreover, the
crowding effect made the permeance of acetone and
selectivity decreased firstly and then maintained a pla-
teau value. The small changes in water flux and fugac-
ity resulted in a constant water permeance.
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List of symbols

S sorption coefficient
M0 — mass of dried membrane (g)
Mi,∞ — mass of wet membrane at solution equilibrium

(g)
Mt — the mass of the absorbed solvent in swollen

membrane at time t (g)
D — diffusion coefficient
Di,∞ — diffusion coefficient of component i in

membrane at solution equilibrium
αs — ideal solubility selectivity
αD — ideal diffusion selectivity
αP — ideal separation factor
t — time in min
L — thickness of membrane (μm)
J — permeate flux (g/(m2 h))
m — weight of permeate (g)
A — effective area of membrane (m2)
Δt — time interval of the permeation (h)
α — separation factor
x — mole fraction of a component in the feed
y — mole fraction of a component in the permeate
PSI — permeate separation index (g/(m2 h))
δ — Hansen solubility parameter of component
δd — dispersion solubility parameter
δp — polar solubility parameter
δh — hydrogen bonding solubility parameter
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