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ABSTRACT: In this article, tert-butylcalix [4]arene (CA)-
filled poly dimethylsiloxane (PDMS) membranes (CA-f-
PDMS) were prepared for pervaporative removal of ben-
zene from aqueous solution. In comparison with unfilled
PDMS membrane, CA-f-PDMS membranes showed higher
permselectivity towards benzene due to the inclusion inter-
action between benzene and CA. The separation factor in-
creased from 3275 to 5604 when the CA content varies from
0 to 3 wt % in the PDMS membrane. On the other hand, the
normalized permeation rate of benzene (NPRb) decreased
with the increase of the degree of crystallization of the

membranes due to the crystallinity of CA. The membrane
with 1 wt % CA content had the highest degree of crystal-
lization and thus the lowest NPRb, whereas the membrane
with 3 wt % CA content was the opposite. Furthermore, the
addition of CA increased the elastic modulus of membranes
slightly. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101:
90–100, 2006
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poration; crystallization

INTRODUCTION

For the removal of volatile organic compounds
(VOCs) from their dilute aqueous solutions, separa-
tion technologies such as carbon adsorption and air
stripping are widely adopted at present. Pervapora-
tion has been proved as an attractive and potentially
cost-competitive candidate by many researches.1–10

Unlike air stripping, pervaporation releases negligible
amount of VOCs to the outside air. Unlike activated
carbon, the separating medium does not require fre-
quent replacement and disposal. Among common or-
ganophilic polymers, poly dimethylsiloxane (PDMS)
has been proven to have the best performance in the
pervaporative removal of volatile organic compounds
(VOCs) from their dilute aqueous solutions by many
researches.11–14 PDMS exhibits relatively high perme-
ability and is ideal for VOCs to pass through because
of the flexible molecule chains and high-free volume.

However, there is still much more room for the im-
provement of PDMS membrane performances, which
are evaluated by permeability, permselectivity, and
mechanical strength, etc. To serve this purpose, sev-
eral approaches have been employed, for example,
grafting,7,15,16 blocking,17 crosslinking,18,19 filling,11

and surface modification.20 As a simple and effective
way, the method of adding hydrophobic and organo-
philic filler into the matrix of PDMS membrane has
attracted considerable research interest.21–24 It is well
known that the �-rich calixarene cavity is suitable for
the inclusion of neutral guest of complementary size.
Therefore, the incorporation of calixarene with ad-
sorptive capability towards VOCs into PDMS mem-
brane may potentially increase the permselectivity
and/or permeability remarkably. Uragami et al.25 has
investigated the effect of the addition of tert-butylcalix
[4] arene (CA) to PMMA-b-PDMS membrane for the
removal of benzene from dilute aqueous solution. The
experimental results indicated that the addition of CA
to PMMA-b-PDMS membrane increased the separa-
tion factor from 1800 to 2300 and normalized the
permeation rate from 7 to 13 (10�6kgm/m2 h). How-
ever, the inherent glassy characteristics of PMMA and
the existence of microphase separation in PMMA-b-
PDMS membrane may limit the permselectivity and
permeability to some extent. We thus envisaged that
the permselectivity and permeability of CA-filled pure
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PDMS membranes may be higher than those CA-filled
PMMA-b-PDMS membranes.

In this article, CA-f-PDMS membranes were pre-
pared by adding different amount of CA into pure
PDMS membranes for the pervaporative removal of
benzene from its dilute aqueous solution. The effects
of filling amount and crystallization behavior of CA
on the permselectivity and permeability were also
investigated.

Mass transfer through the membrane

Pervaporation mass transport is most often described
according to the so-called solution–diffusion model,
considered as a cornerstone in this field.26 The perme-
ation process can be divided into three steps: (1) sorp-
tion into the membrane at the upstream, feed side, (2)
diffusion through the membrane, and (3) desorption
or vaporization at the downstream, permeate side.

Furthermore, there are also two assumptions in the
model developed here. (1) Mass transport through the
membrane is usually considered to be rate-determin-
ing. This assumption implies that surface processes
such as sorption at the feed-membrane interface and
vapor desorption at the membrane-permeate interface
are fast compared with diffusion processes through
the membrane. (2) The interfaces of the membrane are
in equilibrium with the upstream and downstream
phases. This assumption means that the chemical po-
tentials of component i in the upstream and down-
stream phases are equal to the chemical potential of
component i just inside the membrane.

According to Fick’s law, the permeation rate (PRi)
(kg/m2 h) of component i in a polymer membrane can
be defined as

PRi � � Di

dCi

dl (1)

or

PRi � Di

Cif � Cip

l (2)

where Di is the diffusion coefficient, which depends
strongly on the properties of components and the
microstructure of the membrane; l is the thickness of
the membrane; Cif,Cip are the component concentra-
tions in the feed side and permeate side of the mem-
brane.

Because of the extremely low pressure at the down-
stream, Cip is usually considered to be zero. To elimi-
nate the effect of the membrane thickness, the normal-
ized permeation rate (NPR), the product of l and PR, is
introduced. Then the eq. (2) may be expressed in a
simplified form.

NPRi � Ci � Di (3)

where Ci is the component concentration in the feed
side of the membrane.

To describe the permeability of the component in
heterogeneous polymer systems, several models have
been established. Among them, Maxwell model,
which was proposed for analyzing the specific resis-
tance of a continuum filled with dilute suspension of
spheres, was frequently adopted. In this article, NPR
can be described by eq.(4):

NPRi
fp

NPRi
p � 1 � 3�f�� � 2

� � 1 � �f��1

and � �
NPRi

f

NPRi
p (4)

where the superscript fp, p, and f represent the filled
polymer, the polymer, and the filler, respectively, and
�f is the volume fraction of the filler. When the filler is
impermeable, NPRi

f � 0 and eq. (4) can be simplified
into eq. (5):

NPRi
fp � NPRi

p�
1 � �f

1 �
�f

2 � (5)

Equation (5) has been used successfully to describe
the effect of filler content on permeability in a variety
of filled polymers.27,28 When eqs. (3) and (5) are com-
bined, NPRi

fp can be expressed by eq. (6):

NPRi
fp � Ci

fp � Di
fp � Ci

p � Di
p�

1 � �f

1 �
�f

2 � (6)

It is often assumed that in the eq. (6), Ci
fp is equal to

Ci
p. In fact, when the filler has a considerable adsorp-

tion capacity towards the permeating components, Ci
fp

is usually higher than Ci
p and eq. (6) needs to be further

modified as eq. (7):

NPRi
fp � Ci

fp � Di
p�

1 � �f

1 �
�f

2 � � Ci
fp �

Ci
p

Ci
p � Di

p�
1 � �f

1 �
�f

2 �
�

Ci
fp

Ci
p � NPRi

p�
1 � �f

1 �
�f

2 � (7)

Furthermore, when the filler is of crystallinity, the
diffusion behavior of the permeating components in
the membrane will alter more or less. To reflect the
effect of crystallization, the parameter Dc, which de-
notes the degree of crystallization, is introduced and
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the factor
1 � �f

1 �
�f

2

in eq. (7) is substituted by

� � � Dc
p

� � Dc
p � Dc

f�, where Dc
p is the Dc value of the polymer

determined by the ratio of the minicrystal area to the
total area in the XRD pattern and Dc

f is the Dc value of
the filler in the polymer determined by the ratio of the
filler’s crystal area to the total area in the XRD pat-
terns, as shown in Figure 11. A correction factor � is
introduced to eliminate the disturbance from the
amorphous part of polymer.

Considering all the above-mentioned factors, a new
model is tentatively proposed in hopes of fitting the
permeability of the component in the polymer filled
with crystal adsorbent more accurately (eq. (8)):

NPRi
fp � NPRi

p �
Ci

fp

Ci
p � � � � Dc

p

� � Dc
p � Dc

f� (8)

The selectivity of a polymer membrane for compo-
nent A relative to component B, 	A/B, is determined
by the concentration of components in feed and per-
meate, which in light of eq. (9) may be written as the
product of the solubility selectivity and the diffusivity
selectivity.

	A/B �
cAp

cBp



cAf

cBf
�

NPRA

NPRB



cAf

cBf
�

CA

CB
�

DA

DB



cAf

cBf

� �CA

CB



cAf

cBf
� � �DA

DB
� � SS � SD (9)

where cif, cip represent the concentration of compo-
nent i (A or B) in the feed and permeate, respectively,

(wt %), SS �
CA

CB



cAf

cBf
is the solubility selectivity and

SD �
DA

DB
is the diffusivity selectivity.

EXPERIMENTAL

Materials

Poly (dimethylsiloxane) (PDMS) prepolymer was pur-
chased from BEIJING HUAER CO., Ltd, and tert-
butylcalix[4]arene (CA) from NANKAI UNIVERSITY.
All the other solvents and reagents obtained from
commercial sources were of analytical grade and used
as received.

Membrane preparation

The mean diameter of CA particle is 25 �m, measured
by particle size analyser (MALVERN. Ltd, mastersizer
2000) and the BET surface area is 4 m2/g. The CA-
filled PDMS membranes were prepared by solution-
casting mixtures of CA particles and PDMS/toluene
solutions. The casting solutions were stirred for 10
min and then poured on a flat. The PDMS were
crosslinked by TEOS in the toluene solution at room
temperature under the catalytic action of dibutyltin
dilaurate. Twenty-four hours later, the CA-filled
PDMS membranes formed as toluene evaporated
completely. All the membranes were further dried in
vacuum for 24 h and swelled in the feed solutions for
more than 24 h before they were evaluated.

Pervaporation experiments

A schematic diagram of the pervaporation test unit is
shown in Figure 1. An aqueous solution of benzene
was used as the feed solution. It flows from the feed
tank by the circulation pump and passes the pervapo-
ration cell continuously. The permeate was collected
by a cold trap, which was dipped into liquid nitrogen.
In our pervaporation experiment, the air-side surface
of all the CA-filled PDMS membranes faced the feed
side of the pervaporation cell, and the effective mem-
brane area was 25.6 � 10�4 m2. The compositions of
the feed and the permeate were analyzed by a gas
chromatograph (HEWLETTPACKARD, 6890) equipped
with a flame ionization detector (FID) and a
PEG20,000-filled column heated to 100°C. The separa-
tion factor of benzene/water mixture was specifically
expressed as eq. (10) according to eq. (9)

	 �
cbp

cwp



cbf

cwf
(10)

where cbp, cwp represent the concentration of benzene
and water in the permeate (wt %), respectively, cbf, cwf

represent the concentration of benzene and water in
the feed (wt %), respectively. The normalized perme-
ation rate of benzene (NPRb) during pervaporation
was determined from eq. (11)

Figure 1 Schematic diagram of the PV experimental equip-
ment. 1-Heater; 2-Thermocouple; 3-Feed container; 4-Feed
circulator; 5-Flow meter; 6-Membrane cell; 7-Cold trap;
8-Liquid nitrogen; 9-Desiccator; 10-Buffer; and 11-Vacuum
pump.
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NPRb � �l � Wbp�/�t � S� (11)

where l is the thickness of the membrane, Wbp is the
weight of benzene in permeate, t is the permeation
time, and S is the effective membrane area.

Contact angle measurement

Contact angles for benzene and water on the surfaces
of the membranes with different CA content were
measured by a contact angle meter (Powereach.,
JC2000A) at room temperature.

Degree of swelling

The CA-filled PDMS membranes were completely
dried under a reduced pressure at room temperature.
The dried membranes were weighed and immersed
into feed solution, pure benzene, and distilled water in
sealed conical flasks, respectively. After the equilib-
rium reached at room temperature, the membranes
were taken out of the flasks, wiped quickly with filter
paper, and weighed. The degree of swelling (DS) of the
membranes is determined from eq. (12)

DS � �Ws � Wd�/Wd (12)

where Ws is the weight of the swollen membrane and
Wd is the weight of the dried membrane.

Distribution of CA

The distribution of CA in the membranes was ob-
served by polarizing microscopy (NIKON, E600).

Density

The density of the membranes, �m, was obtained by
weighing the samples of known area and thickness,
using electronic analytical balance (OHAUS Corp, Ad-
venture). To determine the density of CA (�CA), a

certain weight of CA was dipped into a certain weight
of ethanol and the total volume was measured at
20°C.Then CA density is determined by eq. (13).

�CA �
WCA

Vt �
Wet

�et

(13)

where WCA,Wet represent the weight of CA and etha-
nol, respectively, Vt is the total volume, �et is the
density of ethanol at 20°C (0.79 g/cm3). The mean
value of �CA from this three times reproducible mea-
surement is 1.22 g/cm3 and the relative errors are
within 3%.

Crosslinking density

The crosslinking density �Ct of the membranes with
different CA content can be calculated from Elastic
modulus (E�) using eq. (14), according to Uragami et
al.18

�Ct �
E�

3�m�RT (14)

where E� was determined by a dynamic mechanical
analyzer (PerkinElmer, Pyris Diamond) under the fol-
lowing conditions: frequency, 1, 2, 5, and 10 Hz; tem-
perature, 60°C; �m, the membrane density; �, the front
factor (where � � 1); R, the gas constant; and T, the
absolute temperature.

XRD measurement

X-ray diffraction (XRD) experiments were carried out
using Rigaku D/max2500 diffractometer in the scan
range of 3–35° (CuK	, 40 kV/100 mA).

TABLE I
Comparison of the Pervaporation Performance of Different Membranes for the Removal of Benzene

from Dilute Aqueous Solution

Membrane material Separation factor Benzene flux (g/m2 h) NPR (10�6 kgm/m2 h) Resource

PVDF 1100 43 — 322
Cross-linked PDMS 2886 70.9 1.96 18
PFA-g-PDMS 4600 — 6.5 332
PMMA-g-PDMS 3700 — 3.6 33
PEMA-g-PDMS 2400 — 2.8 7
CA-f-PDMS-g-PMMA 1800 — 7 29
CA-f-PDMS-b-PMMA 2300 — 13 25
Silicone rubber composite membrane 629 75 — 31
PDMS 3275 129 30.79 This work
CA-f-PDMS 5604 116 26.93 This work
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RESULTS AND DISCUSSION

Pervaporation performance of the filled
membranes

Table I shows the typical results of our work and
literature work. The membranes in our work show
higher pervaporation performance for the removal of
benzene from dilute aqueous solution.

Effects of CA content on the pervaporation
performance

The effects of CA content (the weight ratio of CA to
PDMS) on the separation factor and NPRb are shown
in Figure 2. The feed temperature is 333 K and the
benzene concentration in the feed is 0.14 wt %. As is
shown, there exists a valley value at 1 wt % CA
content and a peak value at 3 wt % CA content in
Figure 2(a,b), and in all cases, NPRb of the control
membrane (unfilled membrane) is higher than that of
the filled membranes. To explain this unusual phe-
nomenon, a series of experimental investigation is
carried out.

Permselectivity of CA-filled membranes

Contact angle measurement is a traditional method to
describe the hydrophobicity of a dense membrane.
The contact angle made by a liquid droplet deposited
onto the surface of a smooth solid will have a value
higher than 90° if there is low affinity between liquid
and solid, and lower than 90° in case of high affinity
between liquid and solid. The effect of CA content on
the contact angle for water and benzene on the un-
filled and filled membranes is shown in Figure 3. CA
content has little effect on the contact angle for ben-
zene; however, the contact angle for water had a max-
imum value at the 5 wt % CA content.

The experimental result of membrane swelling in
the distilled water, feed solution, and pure benzene is
shown in Figure 4(a–c). Since DS in the distilled water
is negligibly small (�0.005), the swelling in the feed
solution is mainly ascribed to the adsorptive dissolu-
tion of benzene. In the feed solution, the PDMS mol-
ecule chains extend slightly so that the adsorption of
benzene on CA particles can be reflected by the in-
crease of DS. This result proves that the addition of CA
can enhance the dissolution of benzene into the mem-
brane. On the other hand, DS in pure benzene is ex-
tremely high (	1.6) and fluctuates with the CA con-
tent [shown in Fig. 5(c)]. This may be caused by the
following three factors: (1) the serious extension of
PDMS molecule chains can accommodate larger
amount of benzene, (2) the adsorption character of CA
will promote the swelling degree, and (3) the effect of
CA as physical crosslinker will prevent the swelling
degree.

Since the concentration of water in the feed solution
is nearly 100% (99.86 wt %), the water concentration in
the membranes swelled in feed solution can be re-
placed by the water concentration in the membranes
swelled in distilled water. The benzene concentration
in the membrane swelled in feed solution (Cb) and the
SS of the membrane can be obtained according to
swelling experimental results, as shown in Figure 5

Figure 2 (a) Effect of the CA content on the separation
factor. Temperature, 333 K; benzene concentration in feed,
0.14 wt%; and downstream pressure, 1.3 kPa. (b) Effect of
the CA content on the normalized permeation rate of ben-
zene. Temperature, 333 K; benzene concentration in feed,
0.14 wt%; and downstream pressure 1.3 kPa.

Figure 3 Effects of the CA content on the content angle for
water and benzene on the membranes.
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and Figure 6. The increase of Cb by the incorporation
of CA is remarkable in Figure 6, and the experimental
data is fitted by eq. (15).

Cb � � 1.4476 � CCA
2 � 23.417 � CCA � 114.9

(15)

where CCA represents CA content (wt %) in the mem-
brane.

The changing trend of the Ss curve is coincidently
consistent with the curve of the contact angle of water,
as shown in Figure 6 and Figure 3.

Structure of CA-filled membranes

The distribution of CA particles in filled membranes
with CA content 1, 2, 3, 5, 7, and 10 wt % is observed
by the polarizing microscopy shown in Figure 7. The
aggregated size of CA increases significantly with CA
content.

For a binary polymer/filler system, the bulk density
can be estimated from pure component properties if
volume additivity is obeyed:

� �
1

1 � WCA

�p
�

WCA

�CA

(16)

where WCA represents weight fraction of CA, �p and
�CA represent the density of PDMS and CA, respec-
tively. As is shown in Figure 8, the experimental mem-
brane density is consistent with eq. (16) perfectly
within experimental uncertainty, which indicates that
volume additivity works very well in CA-filled PDMS
membranes.

In Figure 9, the elastic modulus, E�, of the mem-
branes is shown as a function of the CA content. These
E� values can be applied to estimate the crosslinking
density of the membranes by eq. (14), and subse-
quently the effect of CA content on the crosslinking

Figure 4 (a) Effects of CA content on the degree of swelling
in the distilled water. (b) Effects of CA content on the degree
of swelling in the feed solution. (c) Effects of CA content on
the degree of swelling in pure benzene.

Figure 5 Effects of CA content on the benzene concentra-
tion in membrane.

Figure 6 Effect of CA content on the solubility selectivity.
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density of the membranes is plotted in Figure 10. Both
the elastic modulus and crosslinking density of the
membranes increase with the CA content, which
proves that CA particles also act as reinforcing agent
and physical crosslinker for the membranes.

It has been mentioned by Uragami et al.29 that in-
creasing the membrane density often causes a lower

NPR due to a lowered diffusivity of the components in
the high-density matrix. Barrer and Skirrow30 have
reported that NPR decreases linearly with an increase
in crosslinking density of membrane. According to the
results of the membrane density and crosslinking den-
sity earlier, NPRb should decrease monotonously with
the increase of CA content. Obviously, this is contra-
dictory with our experimental results. Our attention is
thus switched to the investigation of the degree of
crystallization (Dc) of the membranes.

Dc can be estimated by the ratio of crystalline area to
total area in the XRD patterns. Figure 11 shows the
XRD patterns of the controlled membrane (with 0 wt
% CA content) and membranes with different CA
content (1 
 10 wt %). The XRD pattern of the con-
trolled membrane shows only a broad peak between
10°and 15°, which represents the diffraction of the
minicrystal of PDMS. All the XRD patterns of the
membranes with different CA contents (1 
 10 wt %)
show crystalline peaks with different intensity. The
CA crystal area, minicrystal area, total area, and the
calculated Dc

p and Dc
fof each membrane is listed in

Table II.
It is interesting to notice that the membrane with 1

wt % CA content shows much higher Dc
f than the other

filled membranes with higher CA content, whereas
the membrane with 3 wt % CA content shows the

Figure 7 Polarizing micrographs of the membranes with
different CA content.

Figure 8 Effects of CA content on the membrane density.
The line is the predicted density calculated from eq. (16).

Figure 9. Effect of CA content on the elastic modulus.

Figure 10. Effect of CA content on the crosslinked density.
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minimum Dc
f . Because of the existence of amorphous

part in the PDMS, the diffraction peak becomes
broader, and the crystalline area of PDMS in the XRD
patterns is thus overestimated. To eliminate this effect,
the correction factor � is introduced, and the fitting

value of � is 0.3308 according to our experimental data
and eq. (8). The correlation coefficient R2 is 0.9473.

On the other hand, the curve of separation factor
[Fig. 2(a)] shows a valley at 1 wt % CA content with
the highest Dc

f and a peak at 3 wt % CA content with

Figure 11 XRD pattern of different membranes.
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higher SS and lower Dc
f , which can be analyzed from

two factors. Firstly, affinity of CA towards benzene
from the �-rich calixarene cavity of CA can improve SS

as indicated in Figure 6. Secondly, the increase of Dc

induces the decrease of SD, which may be ascribed to
the bigger molecule volume of benzene.

Effect of feed temperature

As temperature increases, polymer chains will move
more freely and thus free volume in the polymer
increases. The corresponding greater kinetic energies
of diffusing components will result in an increase of
NPR. Figure 12(a) shows the effects of feed tempera-
tures on NPRb and NPRw of the membrane with 3 wt
% CA, both NPRb and NPRw increase with the increase
of temperature. Figure 12(b) shows an Arrhenius re-
lationship between NPR and T. The activation energy
for permeation can be calculated from an Arrhenius-
type expression of the form

NPRb � A exp� �
Ea,p

R � T� (17)

where A is a constant, T is the absolute temperature,
Ea,p is the activation energy for permeation, and R is
the gas constant. Many researchers simply used ln

(NPR) versus
1
T plot to calculate the activation energy.

The membrane with 3 wt % CA has 11.70 and 70.58
kJ/mol activation energies for benzene and water,
respectively. Activation energy of permeation shows
temperature dependency of NPR. As the temperature
increases, NPRw increases much more rapidly than
NPRb and thus the separation factor decreases [see Fig.
12(c)].

Effect of benzene concentration in feed

From Figure 13(a), an increase of benzene concentra-
tion in feed causes a linear increase of NPRb as also
reported by other researchers.1,2 When the benzene
concentration in feed increases, the sorption of ben-
zene in the membrane increases linearly, reflected by

TABLE II
The CA Crystal Area, Minicrystal Area, Total Area, Dc

p and Dc
f of the Membranes with Different CA Content

CA content
(wt %)

CA crystal
area

Minicrystal
area Total area Dc

p (%) Dc
f (%)

0 0 12,000 39,000 30.77 0.00
1 16,000 14,000 50,000 28.00 32.00
2 3,400 6,500 30,000 21.67 11.33
3 3,200 13,000 35,000 37.14 9.14
5 4,900 13,000 42,000 30.95 11.67
7 6,200 8,300 32,000 25.94 19.38

10 8,900 15,000 46,000 32.61 19.35

Figure 12 (a) Effect of T on NPR. Benzene concentration in
feed is 0.14 wt % and downstream pressure is 1.3 kPa. (b)
Relationship between 1/T and ln (NPR) (c) Effect of T on the
separation factor. Benzene concentration in feed is 0.14 wt %
and downstream pressure is 1.3 kPa.
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the linear increase of DS [see Fig. 13(b)]. Consequently,
NPRb increases because of the increase of driving force
for the transport of benzene. On the other hand, NPRw

keeps almost constant as the benzene concentration
increases because the benzene aqueous concentration
is very dilute (less than 0.14 wt %).

Effect of the downstream pressure

When the downstream pressure increases, both NPRb

and NPRw decrease because the pressure gradient
driving force across the membrane is reduced. NPR of
the feed component with the lower solubility in the
membrane [water for the data in Fig. 14(a)] decreases
more rapidly with pressure, resulting in higher sepa-
ration factors [see Fig. 14(b)].

CONCLUSIONS

The membranes in this work show strong benzene
permselectivity and high permeation flux. The CA
content has significant effect on the permselectivity,
the permeability, and the elastic modulus of the mem-
branes. Compared with the unfilled PDMS membrane,
NPRb of the filled membranes decreases in all the

cases. Among the filled membranes, the membrane
with 1 wt % CA content had the highest degree of
crystallization and thus the lowest NPRb, whereas the
membrane with 3 wt % CA content had the lowest
degree of crystallization and thus the highest NPRb.
The decrease of NPRb may be caused mainly by the
increase of the degree of crystallization. And thus, a
new model based on DS and DC is tentatively estab-
lished to describe the mass transport in the polymer
filled with crystalline adsorbent. The variation of the
separation factor is mainly determined by both SS and
SD, which are affected by the selective sorption of
benzene onto the CA surface and the crystallinity of
the membranes. Furthermore, the addition of CA in-
creases the elastic modulus of membranes slightly,
which indicates that CA particles also act as reinforc-
ing agent and physical crosslinker for the membranes.

The results of this work also show that the increase
of temperature and the decrease of downstream pres-
sure can both enhance NPRb and NPRw, but decrease
the separation factor simultaneously. As the benzene
concentration in feed increases, NPRb increases lin-
early but NPRw keeps almost a constant.

Figure 13 (a) Effect of benzene concentration in feed on
NPR. Temperature, 333 K and downstream pressure, 1.3
kPa. (b) Effect of benzene concentration in feed on the de-
gree of swelling.

Figure 14 (a) Effect of downstream pressure on NPR. Tem-
perature, 333 K and benzene concentration in feed, 0.14 wt
%. (b) Effect of downstream pressure on the separation
factor. Temperature, 333 K and benzene concentration in
feed, 0.14 wt %.
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