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ABSTRACT: In the present work, the pervaporation (PV) separation of a MeOH/MTBE
mixture system was studied using a CTA dense membrane. The PV performances were
characterized by changing the operating conditions, such as the feed composition and
permeation temperature. The results show that the CTA membrane favors MeOH
permeation and exhibits specificity during the PV separation process for the MeOH/
MTBE system due to the existence of the plasticization effect from the MeOH compo-
nent. Furthermore, the swelling sorption measurements reaffirm that the plasticiza-
tion effect has a dominant effect on the transport of the penetrants through the
membrane and substantially determines the PV permeation properties. © 1999 John
Wiley & Sons, Inc. J Appl Polym Sci 71: 377–386, 1999
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INTRODUCTION

With the problem of air pollution from the lead in
gasoline becoming more serious, more and more
attention is being paid to the substitutes for oc-
tane boosters, such as methyl tert-butyl ether
(MTBE), ethyl tert-butyl ether (ETBE), and tert-
amyl methyl ethers (TAME),1 wherein MTBE has
been extensively tested and proved to be an effec-
tive octane enhancer.2 As an oxygenated fuel ad-
ditive needed to reformulate gasoline, which
meets the requirements of the Clean Air Amend-
ments of the U. S. Government, MTBE was the
fastest-growing chemical of the top 50 species in
the 1980s.3 According to the legislation, MTBE,
with a gasoline component of up to 9 wt % and
even more, it will likely maintain its growth.

MTBE is produced by the reaction of methanol
(MeOH) with isobutylene in the liquid phase

through a strongly acidic ion-exchange resin cat-
alyst.4 Since the reaction is an equilibrium one,
an excessive quantity of methanol of even up to
20% of a stoichiometric amount is used to achieve
the high conversion of isobutylene. The excessive
methanol should be removed from the final prod-
ucts, but methanol can form azeotropes with
MTBE at a composition of 14.3 wt % methanol. In
industrial processes, the reaction mixtures are
washed by a large amount of water and distillated
to methanol separation.5 This conventional pro-
cess is very cost- and energy-intensive. ETBE is
produced by the reaction of ethanol and isobuty-
lene by a similar method as with MTBE and also
can form azeotropes with ethanol at a composition
of 20 wt % ethanol.1

Pervaporation (PV) is an attractive alternative
technique to conventional processes for the separa-
tion of liquid mixtures, particularly in close-boiling-
point or azeotropic mixtures. In 1988, the Air Prod-
ucts & Chemicals Co.6 proposed a hybrid distilla-
tion–PV process to separate methanol from MTBE
using cellulose acetate (CA) membranes. Since
then, Nafion,7 a silicalilte membrane,8 PVA/PAA
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blend membranes,9 polysulfone,10 a polyelectrolyte
complex of surfactants,11 and a plasma graft mem-
brane,1 among others, were tested to separate this
mixture system, wherein most studies have been
concerned with the appraisal of new membrane ma-
terials. Meanwhile, cellulose ester-based polymer-
blend membranes,12 that is, CAB/CAP blending
membranes,13 have been used to separate ethanol/
ETBE mixtures. Jonquieres et al.14 studied PV
transport modeling in the ETBE/EtOH/polyuretha-
neimide ternary system. Their results gave some
references for the PV separation of the MeOH/
MTBE system.

To fully investigate the PV separation proper-
ties and the mechanism for the MeOH/MTBE sys-
tem, we chose cellulose triacetate to explore the
PV characteristics, whose lower cost, availability
in a wide variety of viscosity grades, outstand-
ing tractability, and reasonable resistance to
oxidation will guarantee its continued utility for
the foreseeable future. Additionally, the acetyl
groups, which are smaller than the acyl groups in
the CAP and CAB, have little influence on the
internal plasticizers of the membrane matrix.15

This article reports the PV–separation proper-
ties of MeOH/MTBE through CTA dense mem-
branes, wherein including the effect of feed com-
position, permeation temperature on the PV prop-
erties, and the swelling sorption results thus
elucidates the PV separation mechanism of this
mixture with the CTA dense membranes.

EXPERIMENTAL

Membrane Preparation

Cellulose triacetate (CTA) was from Herculs Ltd.,
England, type TH 22, with a 43.4% acetylation
degree. To obtain the desired membranes, a diox-
ane solution of 2.0 wt % CTA was cast onto a glass
plate after being filtered and degassed and then
was dried at room temperature for 48 h. The
membrane thickness was 25 mm.

PV Measurement

The PV test unit is illustrated in Figure 1. A
membrane sample with a 25-cm2 permeation area
was placed on a porous metal-supporting plate in
the permeation cell and sealed with a rubber O-
ring. At the downstream side, a vacuum pump
was used to remove the permeate, maintaining a
pressure less than 200 Pa. The permeate vapor

was collected in a trap cooled with liquid nitrogen
and the composition was analyzed using a GC-
8810 gas chromatograph (Kechuan Instruments
Ltd.) with an FID detector. The permeation selec-
tivity is defined as

apsep 5
PMeOH/PMTBE

FMeOH/FMTBE

where P and F are the weight fraction of each
component in the permeate and the feed, respec-
tively. The PV was performed with every feed for
7 h. After that, the used membrane was main-
tained in the membrane cell with the permeate
side vented to the atmosphere overnight and then
the same PV experiment was carried out again
the next day.

Swelling Experiments and Sorption Measurement

Dry CTA membrane samples of a known weight
were immersed in different MeOH/MTBE mix-
tures to reach the swelling equilibrium. The swol-
len samples were taken out from the mixtures,
and the solution was rapidly wiped onto the sur-
face with tissue paper and then quickly weighted.
The swelling degree S is defined as

S 5
Ws 2 Wd

Wd
3 100

where Wd and Ws indicate the weight of the dry
and the swollen samples, respectively.

After being weighted, the swollen membranes
were placed into a dry flask which was connected
to a cold trap and a vacuum pump. With the flask
heated by boiling water, the absorbed components

Figure 1 Schematic diagram of PV apparatus: (1)
permeate cell; (2) stirrer; (3) heater; (4) thermometer;
(5) permeate collector; (6) vacuometer; (7) tube for safe-
ty; (8) cold trap; (9) vacuum pump.
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were extracted from the membranes and then
collected in the cold trap for 2 h under a vacuum
condition. The composition of the collected solu-
tion was analyzed with a gas chromatograph. The
sorption selectivity is defined as

assorp 5
AMeOH/AMTBE

FMeOH/FMTBE

where A and F are the weight fractions of each
component in the absorbed mixtures and feeds,
respectively.

RESULTS AND DISCUSSION

Effect of Feed Composition on PV Properties

The effect of the feed composition on the PV char-
acteristics was determined over a range of 2–40
wt % MeOH in the feed at 50°C and the results
are shown in Figure 2. The total flux increased
monotonously with the MeOH content in the feed,
while at the initial time, the permeate selectivity
decreased with increasing MeOH content in the
feed; then, there was a light resilience above 20
wt % MeOH in the feed. Furthermore, the partial
flux and permeate concentration of MeOH and
MTBE at 40 and 50°C are also shown in Figures
3 and 4. In the permeate, the MeOH concentra-
tion has a minimum value at 19.41 wt % MeOH in
the feed and the flux always increases; on the
other hand, both the concentration and flux of
MTBE have maximum values. The higher the
operation temperature, the more significant the
change. This is a coupling phenomenon and can

be explained in terms of the plasticization effects
of the permeants and the interaction between the
permeants and the polymer.16 A strong interac-
tion can be found at low temperature for this
azeotropic mixture and it reduces the plasticiza-
tion effect. However, as temperature increases,
the interaction becomes weaker and the plastici-
zation effect can be recovered. The interacted
molecules can cause the immobilization of the
permeant molecules and reduce the plasticization
effect, so a smaller flux at lower temperature is
obtained.

For insight into the permeation behavior in the
MeOH–MTBE–CTA system, a deviation coeffi-
cient, «, was introduced, which is a measure of the
deviation of the actual molar permeation flux (J)
from the ideal molar flux (J0) to describe the in-
teractions between the polymer and the per-
meants.17 For ideal binary liquid permeation, the
component molar flux in the mixture can be ex-
pressed in terms of the pure component molar
permeation flux as follows:

Ji
I 5 xiJi

0

Jj
I 5 xj Jj

0

where i and j denote the individual components in
the mixture, x is the molar fraction in the feed,
the superscript denotes the ideal permeation, and
J0 is the pure component molar permeation flux
(the J0 of MeOH is 811.94 mol m22 h21 and the J0

of MTBE is 0.162 mol m22 h21). To determine the
deviation of the actual permeation from the ideal
situation, the phenomenological deviation coeffi-
cients «i and «j are used as defined below:

«i 5
Ji

Ji
I

«j 5
Jj

Jj
I

The deviation coefficients «MeOH and «MTBE for
each component are described in Figure 5. The
values of both «MeOH and «MTBE over the range of
feed composition are well above unity. This posi-
tive deviation indicates that a plasticization effect
from MeOH and MTBE existed in the system. The
value of «MTBE is much higher than that of «MeOH.
This means that the plasticization effect of MeOH
is much more intensive than that of MTBE, and

Figure 2 Total flux and selectivity factor as a func-
tion of feed composition.
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the plasticization effect of MeOH more remark-
ably enhances the permeation of MTBE than
MTBE does to MeOH. This is why there is a
minimum value for the separation factor in Fig-
ure 2.

In fact, the details in the deviation coefficient
greatly correlates with the results indicated in
the PV tests. For the PV properties of MTBE in
the tested system, below approximately 20 wt %
MeOH content in feeds, the plasticization effect of
MeOH increases with increasing MeOH content
and enhances the diffusion of MTBE compared
with the flux of a pure MTBE solvent at 50°C. So,
in this range, the flux and concentration of MTBE
in the permeate always increases. But above ap-
proximately 20 wt % MeOH content, the plastici-
zation effect of MeOH decreases with increasing

Figure 3 MeOH content in the permeant (a) and partial flux (b) as a function of feed
composition at 50 and 40°C, respectively.

Figure 4 Partial flux of MTBE as a function of feed
composition at 50 and 40°C, respectively.
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MeOH content; as a result, the flux and concen-
tration of MTBE in the permeate also decreases.

For the PV properties of MeOH in the tested
system, the MeOH content in the permeate is
very high even with a high MTBE content in the
feed because the membrane performs almost no
permeation for the pure MTBE solvent and then
decreases because of the permeation of MTBE
being enhanced. At high MeOH concentration,
the MeOH content in the permeate increases be-
cause the membrane is fully swollen so that there
is even more MeOH dissolved or absorbed in the
membrane compared with the case where MTBE
is absent. This will result in that the MeOH mol-
ecules occupy many more hydrophilic groups of a
membrane polymer and orientation of the dis-

solved molecules creates obstacles for the MTBE
so that the flux of the MTBE decreases. All these
will be proved in the swelling sorption results in
the case of a thermodynamical equilibrium.

Effect of Temperature on PV Properties

The effect of temperature on PV performance was
tested at different temperatures in this study. Fig-
ure 6 depicts the permeability and separation factor
at 40 and 50°C for a MeOH concentration range
over 2–40 wt %. It is shown that the flux increased
and the separation factor decreased with increasing
temperature. Particularly at 50°C, the changes are
more intensive than are those at 40°C. The reason
is that increasing temperature can enhance the

Figure 5 Plot of the deviation coefficient of each component versus feed composition.
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polymeric chain, resulting in the enlargement of the
occupation volume of the chains and the formation
of voids or channels that help the transport in the
polymer, but increasing of the voids or channels
decreased the selectivity. Empirically, the temper-
ature dependence of the permeation flux often fol-
lows an exponential fashion (i.e., an Arrhenius
equation), as shown in Figure 7 by semilogarithmic
plots for feeds with 13.04, 19.41, and 37.52 wt %
MeOH content over the range of 30–50°C, respec-
tively. For both feeds with 19.41 and 37.52 wt %
MeOH content, a good linear relationship existed in
the plot; for feed with 13.04 wt % MeOH, there is an
inflection at 40°C in the whole curve, wherein the
part of the curve over 40–50°C almost parallels
both of the other curves, but it has a very different
condition over 30–40°C. The data of the activation
energy for the three contents were calculated from
the Arrehenius equation and are listed in Table I.
Generally, the activation energy for permeation is
regarded as a combination of the enthalpy of the
permeant sorption in the membrane and the acti-
vation energy of the permeant diffusion through the
membrane, so it can reveal some characteristics of
the diffusion mechanism. It is known that there are
two ways to improve the plasticization effect to re-
sult in polymer relaxation: (1) increasing the oper-
ation temperature, and (2) increasing the MeOH
content in the feeds. But the result of the polymer
relaxation is that there may be a morphological
alternation and a transport mechanism transition
during the permeation processes. By deduction
from the results of the apparent activation energy of
the PV, the PV separation mechanism for the above
three feeds should be in two pathways for the pen-
etrate through the membranes: One is that for

13.04 wt % feeds (over 40–50°C) and 19.41 and
37.52 wt % feeds; the other is that for 13.04 wt %
feeds (over 30–40°C). Meanwhile, it was also found
that the activation energy of MeOH permeation is
much lower than that of MTBE and close to the
total activation energy, indicating that the perme-
ation of MeOH molecules through the membranes
consumes less energy than that of the MTBE mol-
ecules at this concentration and that the energy
consumption in the PV lies mainly on the perme-
ation of MeOH molecules for highly MeOH-selective
materials.

The variation in the MeOH content in the per-
meate can be related to the difference in the ac-
tivation energy for MeOH and MTBE and is ex-
pressed by the Arrhenius-like equation18 for both
MeOH and MTBE:

yMeOH 5
1

1 1
AMeOH

AMTBE
exp~2

EMeOH 2 EMTBE

RT !

where yMeOH is the MeOH content in the perme-
ate. AMeOH and AMTBR are the preexponential fac-
tors, and EMeOH and EMTBE are the activation
energy for both. The equation suggests that the
larger the difference in the activation energy be-
tween MeOH and MTBE the sharper is the de-
crease in the MeOH content in the permeate and
the separation factor. This result can correlate
with the effect of the feed composition on the PV
properties mentioned above.

Solubility–Diffusion Mechanism
in the PV Permeation

In the PV process, generally, the penetrant
through the membrane is thought to be the solu-
bility–diffusion mechanism. The permeability of
a penetrant through a membrane is a function of
the solubility and diffusivity in the membrane
phase. To investigate the solubility–diffusion
mechanism during the PV processes, the swelling
sorption results were obtained for the three feeds
with 13.04, 19.41, and 37.52 wt % MeOH con-
tent and are listed in Table II. Moreover, the
sorption kinetics Mt/M` 2 t1/2 were also con-
ducted for the diffusion coefficient with the ini-
tial slope19 in Figure 8, where Mt is the mass of
the sorbed mixture at time t and M` is the
equilibrium mass of the absorbed mixture dur-
ing the sorption experiment. Table II shows

Figure 6 Total flux and selectivity factor as a func-
tion of feed composition at 50 and 40°C, respectively.
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that there is no substantial difference among
the solubility coefficients, and the sorption se-
lectivity has the same changing tendency with

the selectivity results. Compared with the sol-
ubility coefficient, the diffusion coefficient acts
with a decisive character for the PV transport

Figure 7 (a) Ln total flux, (b) partial flux of MeOH, and (c) partial flux of MTBE
versus 1/T for three feeds of different contents over 30–50°C.
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and correlates with the obtained flux of differ-
ent feed compositions.

According to the Flory–Huggins equation,20

ln as 5 ln fs 1 fp 1 xfp
2

with x the polymer–solvent interaction parame-
ter, it can be achieved by the swelling in the pure
solvent through

x 5 2 S ln~1 2 fp! 1 fp

fp
2 D

and then the mean clustering sizes in a given
polymer–solvent system can be written as21

MCS 5 S 1
1 2 2xfs

D
It is known that during the diffusion process

there exists a plasticization effect and clustering
behaviors for the solvent molecule penetration
through the membrane matrix, wherein the plas-
ticization effect can enhance the transport and

the clustering will hinder the transport. Accord-
ing to the swelling sorption results, the calculated
clustering sizes are listed in Table II and did have
any large differences for any of the three feeds. In
reviewing the results of the effect of the feed
composition on the permeability, the results ob-
tained from the swelling sorption reaffirms that it
is a plasticization effect that caused the relax-
ation, increasing the relaxation-deducing sorp-
tion fraction and thus substantially determining
the permeability.

On the other hand, the sorption kinetics Mt/M`

2 t1/2 showed that for the feed with 13.04 wt %
MeOH content the curve is two-staged with a
second jump presented after 3 days. For the feeds
with 19.41 and 37.52 wt % MeOH content, both
curves exhibited one platform after undergoing
the beginning increase. Since the absorbed mole-
cules could significantly plasticize the glassy poly-
mer during the sorption process, the polymer
chains will undergo the relaxation process,
wherein the relaxation time depends mainly on
the operation temperature and the amount of the
absorbed permeate molecules, particularly the

Table I Total and Partial Activation Energy of the Three Different Feed Contents

Feeds Et EMeOH EMTBE EMTBE 2 EMeOH

13.04% 64.61 (30–40) 38.27 (30–40) 26.58 (30–40) 211.69
7.352 (40–50) 6.68 (40–50) 14.88 (40–50) 8.2

19.41% 7.278 6.15 17.57 11.42
37.52% 7.19 5.92 15.58 9.66

Temperature range 30–50°C; unit: kJ/mol.

Figure 8 Sorption kinetics Mt/M` 2 t1/2 for three feed contents at 30°C.
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stronger polarity molecules.22 Under this circum-
stance, there are two sorption behaviors of the
permeate molecules in the glassy membrane: dif-
fusion (Fickian) sorption and relaxation-deducing
sorption. As both the permeate concentration and
the operation temperature increases, the polymer
relaxation is quickly exhibited and the relaxation-
deducing sorption quickly occupies the sorption
sites. As a result, the ratio of the relaxation-re-
ducing sorption to the Fickian sorption also in-
creases. If the permeate concentration and oper-
ation temperature are high enough, the relax-
ation time will be significantly reduced. The
relaxation-deducing sorption will dominate the
total sorption and a situation may occur where no
Fickian sorption can be observed. The results
hold a reverse position for lower permeate concen-
tration and operation temperature.

The above facts can account here for the sorption
behavior. For the sorption of the feed with 13.04 wt
% MeOH content, initially, the diffusion sorption
occurs first and tend to equilibrium. But since the
polymer relaxation-deducing occurs slowly, the re-
laxation-deducing sorption would be present and,
thus, there finally exists a second jump in the curve.
According to the extent of the increase, the diffusion
sorption is dominant for the total sorption of the
feed with 13.04 wt % MeOH content. For the sorp-
tion of the feeds with 19.41 and 37.52 wt % MeOH
content, the deduced relaxation time will be re-
duced with respect to a higher MeOH content. Ac-
cording to Figure 8, the relaxation-deducing sorp-
tion simultaneously is exhibited with the diffusion
sorption at the beginning of the sorption because
there is only one platform.

Based on the sorption results, we can also dis-
cuss the PV properties. With the increasing per-
meate concentration, the plasticization effect in-

creases so that the polymer relaxation is fully
exhibited. As a result, the flux synchronously in-
creases (Fig. 2). Comprehending the results of the
temperature dependence (Fig. 7) and the sorption
behavior, for the permeation of feeds with 13.04
wt % MeOH content over 30–40°C, the polymer
relaxation occurs slowly with a lower tempera-
ture and a lower permeate concentration. So, the
diffusion sorption is dominant. But over 40–50°C,
the situation is reverse because there is an inflec-
tion in the plot of the temperature dependence. It
means that there is an alternation in the trans-
port mechanism with the plasticization effect im-
proving over the range of 40–50°C. So, it is
thought that the relaxation-deducing sorption is
dominant over 40–50°C. For the permeation of
feeds with 19.41 and 37.52 wt % MeOH content
over 30–50°C, the temperature dependence is
similar to that of the feed with 13.04 wt % MeOH
content over 40–50°C. It indicates that there is a
similar transport mechanism for both. Of course,
this result is from the relaxation deduced by the
plasticization effect of the permeant molecules
based on the higher permeate concentration. So,
it is thought that the relaxation-deducing sorp-
tion is dominant for the permeation of feeds with
19.41 and 37.52 wt % MeOH content.

CONCLUSIONS

In this article, the PV separation of MeOH/MTBE
mixtures by a CTA dense membrane was studied.
For the feeds with a range over 2–40 wt % MeOH,
the flux always increases and the selectivity fac-
tor has a minimum value, wherein the partial flux
of MeOH always increases and its concentration
in the permeate also has a minimum value, but

Table II Swelling Sorption Results for the Three Different Feed Contents

Feeds
MeOH
(wt %)

Absorbed Mixture Inside Membrane

Diffusion
CoefficientdSolubilitya Selectivityb

Clustering
Sizesc

13.04% 70.60 9.02 3 1022 16.20 /176.24 1.45 /1.21 2.924 3 1028

19.41% 67.87 14.26 3 1022 8.77 /23.22 1.81 /1.35 5.428 3 1028

37.52% 94.48 10.93 3 1022 28.50 /43.34 2.02 /1.04 30.914 3 1028

Sorption temperature: 50°C.
a Total amount of absorbed mixture g/100 g dry membrane.
b The first no. is sorption selectivity; the second no. is PV selectivity.
c The first no. is the mean clustering size of MeOH; the second no. is the mean clustering size of MTBE.
d The initial slope of the sorption kinetics Mt/M` 2 t1/ 2; unit: cm2/s.
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both of those of MTBE have maximum values.
The possible explanation contributes to the differ-
ence in the plasticization effect between the per-
meants and this has been proved in the swelling
sorption measurements. In regard to the effect of
temperature, the activation energy data prove
that the membrane is permselective for MeOH
and exposes the different PV separation mecha-
nisms for the different feed compositions through
the polymer matrix.

During the swelling sorption experiments, the
data of the sorption kinetics Mt/M` 2 t1/2 can well
correlate the above results and confirm the exis-
tence of the different PV separation mechanisms
for the different feed compositions. The analysis
results show that it is the plasticization effect
that causes the relaxation, increasing the relax-
ation-deducing sorption fraction and thus sub-
stantially deciding the permeability.

This work was supported by the National Natural Sci-
ence Foundation of China. The authors also thank Dr.
Zhang Shimin for helpful discussions.

REFERENCES

1. Streicher, C.; Kremer, P.; Tomas, V.; Hubner, A.;
Ellinghorst, G. In Proceedings of Seventh Interna-
tional Conference on Pervaporation Processed in
the Chemical Industry, Reno, Nevada, 1995, p 297.

2. Pecci, G.; Floris, T. Hydrocarb Process 1977, 56, 98.
3. Ainsworth, S. J. C&EN 1991, June 10, 13–16.
4. Bitar, L. S.; Hazbun, E. A.; Piel, W. J. Hydrocarb

Process 1984, 63, 63.
5. Yang, Z.; Hao, X.; Wang, J. U.S. Patent 5 308 592,

1994.

6. Chen, M.S.; Eng, R. M.; Glazer, J. L.; Wensley, C.
G. U.S. Patent 4 774 365, 1988.

7. Pasternakk, M. U.S. Patent 5 238 573, 1993.
8. Sano, T.; Hasegawa, M.; Kawakami, Y.; Yanagi-

shita, H.; J Membr Sci 1995, 107, 193.
9. Park, H. C.; Ramaker, N. E.; Mulder, M. H. V.;

Smolder, C. A. Sep Sci Tech 1995, 30, 419.
10. Chen, W. J.,.Martin, C. R. J Membr Sci 1995, 104,

101.
11. Schwarz, H. H.; Apostel, T.; Richau, K; Paul, D. In

Proceedings of Seventh International Conference
on Pervaporation Processed in the Chemical Indus-
try, Reno, Nevada, 1995, p 374.

12. Noezar, I.; Nguyen, Q. T.; Clement, R.; Neel, J. In
Proceedings of Seventh International Conference
on Pervaporation Processed in the Chemical Indus-
try, Reno, Nevada, 1995, p 45.

13. Luo, G. S.; Niang, M.; Schaetzel, P. J Membr Sci
1997, 125, 237.

14. Jonquireres, A.; Clement, R.; Roizard, D.; Lochon,
P. J Membr Sci 1995, 109, 65.

15. Kesting, R. Synthetic Polymeric Membranes, 2nd
ed.; Wiley: New York, 1985; Chapter 4.

16. Huang R. Y. M.; Yeom, C. K. J Membr Sci 1990, 51,
273.

17. Drioli, E.; Zhang , S.; Basile, A. J Membr Sci 1993,
81, 43.

18. Ping, Z. H.; Nguyen, Q. T.; Clement, R.; Neel, J. J
Membr Sci 1990, 48, 297.

19. Schult, K. A.; Paul, D. R. J Polym.Sci Phys 1996,
34, 2805.

20. .Flory, P. J. Principles of Polymer Chemistry; Cor-
nell University: Ithaca, NY, 1953.

21. Starkweather, H. W. Structure–Solubility Rela-
tionships in Polymers; Academic: New York,
1977.

22. Wessling, M.; Huisma, I.; Boomgaard, Th.v.d;
Smolders, C. A. J. Polym Sci Phys 1995, 33, 1371.

386 CAO, SHI, AND CHEN


