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ABSTRACT: Aromatic copolyester of poly(trimethylene-
co-ethylene terephthalate) (PTET) with different composition
was synthesized and the PTET sample with 60% weight frac-
tion of polytrimethylene (PTET-60) was amorphous. The
compatibility of PTET-60/cellose acetate (CA) blends and the
pervaporation of their membranes for separation of ben-
zene/cyclohexane mixtures were investigated. It was found
that PTET-60 is compatible with CAwhen theweight fraction
of PTET-60 in PTET-60/CA blends (WPTET-60) is lower than

0.35 and more than 0.5. Both the degree of swelling (DS) and
the permeation flux (J) of these blend membranes increased
with increasing WPTET-60 from 0 to 0.35, and a maximum
value of the separation factor (a) displayed at WPTET-60

¼ 0.25. � 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102: 2832–
2838, 2006
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INTRODUCTION

Pervaporation is being recognized as an energy-effi-
cient alternative to other traditional liquid mixtures
separation methods like distillation, especially in case
of the separation of azeotropic mixtures, isomeric com-
ponents, close boiling point systems.

Separation of benzene from cyclohexane is a very
tough target in membrane separation process. Cyclo-
hexane, a very important bulk chemical, is seldom
found in crude oil and therefore mainly manufactured
through benzene hydrogenation. But benzene/cyclo-
hexane effluent mixtures are difficult to separate
because both have very close boiling point and approx-
imately equal molecular volumes. Many researchers
have searched many polymer materials,1–30 including
new synthesized materials, modified membranes,
blendmembranes and facilitate transport membranes.

Aromatic polyesters of poly(trimethylene terephtha-
late) (PTT) and poly(ethylene terephthalate) (PET) are
commonly used as fibers and engineering thermoplas-
tics for their outstanding characteristics such as chemi-
cal resistance, resilience, and thermal stability.31,32

Polyesters such as PET, polyethylene terephthalate/
cyclohexane-dimethanol terephthalate (PETG), poly-

arylate, and crosslinked unsaturated polyesters have
been used as membranes to separate aromatic/alicyclic
mixtures like toluene/isooctane or toluene/n-octane by
pervaporation, because they show preferential selectiv-
ity for aromatic hydrocarbons to alicyclic hydrocar-
bons.33–35 But polyesters have not been reported to sep-
arate benzene/cyclohexane mixtures. We have tried to
use PET and PTT membranes to separate benzene/
cyclohexane mixtures. But both of them absorb little
amount of benzene because they are semicrystalline
polymers. Copolymerization with several amounts of a
second glycol or diacid comonomer is an approach fre-
quently used to attain low crystalline polyester, which
guarantees large free volume necessary for diffusion. In
this article, copolyester poly(trimethylene-co-ethylene
terephthalate) (PTET) was synthesized from different
molar ratios of 1,3-propylene glycol (PG) to ethylene
glycol (EG). To modify the brittleness of PTET mem-
branes, we prepared blendmembranes of PTET-60 (the
molar fraction of PET segments is 40%, i.e., the ratio of
EG to PG is 40 : 60) and CA by solution blending. The
compatibility of PTET-60/CA blends was studied.
Then the swelling behavior and pervaporation per-
formance of PTET-60/CA membranes for separating
benzene/cyclohexanemixturewere examined.

EXPERIMENTAL

Materials

1,3-Propylene glycol (PG), ethylene glycol (EG), tetra-
butyl titanate and terephthalic acid were supplied by
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Aldrich, USA. CA with 40.0 wt % acetylating content
(intrinsic viscosity in dioxane at 308C is 117.4) was
purchased from Shanghai Chemical Station (Shanghai,
China). The solvent 1,1,2,2-tetrachloroethane and phe-
nol were of AR grade; benzene and cyclohexane were
of CP grade. All the products were used directly with-
out further purification.

Preparation of PTET

Different molar ratios of PG to EG and equivalence of
terephthalic acid were mechanically stirred and the
mixture was kept at the temperature of 2008C cata-
lyzed by tetrabutyl titanate for 3 h, then the mixture
was heated up to 2708C and kept for 3.5 h under
reduced pressure. Thus, polyesters of PTET with dif-
ferent molar ratios of PTT to PET could be prepared.
The intrinsic viscosity of PTET was measured in the
1 : 1 (w/w) 1,1,2,2-tetrachloroethane/phenol solvent
mixture at 258C, the values are located at the range
of 0.677–0.823 dL/g.

WAXD of PTET

The specimens of PTET with a thickness of 300 mm for
wide-angle X-ray diffraction (WAXD) measurements
were prepared bymelt-pressing. Themelts were cooled
rapidly to 1308C and crystallized at that temperature
for 60 min and cooled to room temperature. WAXD
measurements were carried out with a Rigaku D/max-
ra diffractometer using graphite-monochromatized Cu
Ka radiation (l¼ 0.1542 nm; 40 kV; 80mA; 2K cps).

Preparation of PTET-60/CA blend membranes

The casting solutions of CA and PTET-60/CA blends
of different PTET-60 weight fraction in the blend
(WPTET-60) with concentration of 10 g/100 mL were
prepared by dissolving the polymers in the 2 : 3 (w/w)
phenol/1,1,2,2-tetrachloroethane solvent mixture for a
week at 458C. The casting solutions were then poured
onto clean glass plates. After drying at 1608C at vac-
uum for 24 h, the membranes were peeled off. The
membranes obtained were about 20 mm in thickness
for pervaporation experiment and 150 mm for DS
experiments.

Intrinsic viscosity measurement

Solutions of PTET-60, CA, and their blends in the 2 : 3
(w/w) phenol/1,1,2,2-tetrachloroethane solvent mix-
ture were prepared at 508C for 24 h, and then filtered
through G2 sintered glass filters. Viscosity measure-
ment was made with an Ubbelohde dilution viscome-
ter at (30.006 0.02)8C. The flux time was recorded with
an accuracy of 60.02 s. Extrapolation procedure from
data obtained for five concentrations of solutions was

used to evaluate intrinsic viscosity, [Z]. [Z] was deter-
mined by plotting the Zsp/C against the solution con-
centration, C, for each blend composition according to
the well known eq. (1):

Zsp=C ¼ ½Z� þ KH½Z�2C (1)

where KH is the Huggins constant.

Swelling measurements of PTET-60/CA
blend membranes

The DS of the membrane at a given time is defined by
the following equation:

DS ¼ mt �m0

m0
� 100% (2)

where m0 and mt are the weights of dry and swollen
membrane at the given time, respectively. The swelling
experiments were carried out at a constant tempera-
ture of 408C, and the membranes were weighted at
room temperature by analyzing balance. The free
liquid on the surface of the swollen membrane
was removed carefully by using filter paper before
weighting.

Pervaporation measurements of PTET-60/CA
blend membranes

The pervaporation experiments were conducted with a
pervaporation apparatus as reported previously.36 The
permeation flux, J, and separation factor, a, for all
membranes were calculated according to the following
equations:

J ¼ Dg
SDt

(3)

a ¼ yben=ycyh

xben=xcyh
(4)

where Dg is the permeation weight during the opera-
tion time Dt, S is the membrane area, x and y are the
weight fraction in the feed and permeation, respec-
tively. The membrane area in contact with the feed
was 18.1 cm2, the temperature of the cell was ther-
mostatically controlled and the vacuum at down
streamside was maintained at about 160 Pa by a vac-
uum pump. All pervaporation experiments were car-
ried out in a continuous steady state and operated at
constant temperature of 408C for benzene/cyclohex-
ane mixture. The pervaporation vapor was con-
densed by liquid nitrogen (N2). After running 2 h of
the pervaporation apparatus, the composition of the
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permeation flux was analyzed by gas chromatograph
equipped with a thermal conductivity detector.

RESULTS AND DISCUSSION

WAXD of PTET

Figure 1 showsWAXD patterns of copolyesters crystal-
lized from melt. It is easily seen that only PTET-60
alone does not show crystalline peaks, which means
that PTET-60 is amorphous copolyester, whereas other
PTET membranes are semicrystalline polymers. This is
because copolymerization can destroy ordered struc-
tures of both crystalline PET and crystalline PTT, and
depress their crystallinity. The breakage will be serious
when the two segments in the copolymer are nearly
equal.

Compatibility of PTET-60/CA blends

Many experiments and theoretical methods have been
used to investigate polymer compatibility.37–39 Visc-
ometry is an attractive method because of its simplicity
and reliability.39–42 Theoretically, attractive interaction
between the chains of two different polymers in solu-
tion may cause expanding of the polymer coils and
result in increasing of the intrinsic viscosity because
the intrinsic viscosity, [Z], represents the effective
hydrodynamic volume of a polymer molecule in solu-
tion,43 i.e., it is larger than that calculated according to
the additivity law, and vice versa for the case of repul-
sive interaction. Figure 2 shows the D[Z] values (D[Z]
¼ [Z]exp � [Z]calc, where [Z]calc was calculated accord-
ing to the additivity law) of PTET-60/CA blends with
variousWPTET-60 in the 2:3 (w/w) phenol/1,1,2,2-tetra-
chloroethane solvent mixture at 408C. It can be
observed that the D[Z] values of the most PTET-60/CA
blends are not equal to zero, i.e., deviating from the
additivity law. Positive deviation is demonstrated at
WPTET-60 � 0.35 and WPTET-60 � 0.5, which reflects the
expanding of both PTET-60 and CA coil dimensions
due to strong intermolecular interaction or compatibil-
ity between them, and the negative deviation is dis-

Figure 1 WAXD patterns for PTET copolyesters with differ-
ent composition.

Figure 2 The variation of D[Z] with WPTET-60 of PTET-60/
CA blends at 408C in the 2:3 (w/w) phenol/1,1,2,2-tetra-
chloroethane mixture.

TABLE I
The Values of Intrinsic Viscosity [�] and b for

PTET-60/CA Blends in the 2 : 3 (w/w)
Phenol/1,1,2,2-Tetrachloroethane Mixture at 408C

WPTET-60 [Z] (mL/g) b (10�3) (mL/g)2

0 153.45 3.47
0.1 146.59 3.62
0.2 139.42 3.78
0.25 135.81 3.87
0.3 129.88 3.71
0.35 124.12 3.60
0.4 117.38 3.35
0.5 110.78 3.53
0.6 104.62 3.83
0.8 86 3.63
1.0 66.5 3.42

Figure 3 The a-parameter as a function of WPTET-60 for
PTET-60/CA blends at 408C in the 2:3 (w/w) phenol/
1,1,2,2-tetrachloroethane mixture.
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played in the region ofWPTET-60 from 0.35 to 0.5, which
means the shrinkage of both PTET-60 and CA coil
dimensions occurred due to the incompatibility
between them.

Crispim et al.39 used ‘‘a-parameter,’’ calculated from
the eq. (5), to evaluate the interaction and miscibility. If
a-parameter � 0, attractive forces occur between poly-

mers, showingmiscibility. If a-parameter<0, repulsive
forces prevail and immiscibility is expected. KBLEND is
the Huggins constant of the blend and K1 is calculated
from eq. (6). The values of [Z] and b (in this case, b
¼ [d(Zsp/C)]/dC of the eq. (1) or more properly, b
¼ KH[Z]

2) for pure polymers and their blends, obtained
in the 2:3 (w/w) phenol/1,1,2,2-tetrachloroethane sol-
vent mixture at 408C, are shown in Table I. In Figure 3,
the curve of the a-parameter against WPTET-60 was pre-
sented. Again whenWPTET-60 ¼ 0.35–0.5, the a-parame-
ter was low or negative. This suggested that the two
polymers of PTET-60 and CA showed immiscible
behavior, which is similar to the result presented by
themethod of D[Z] above.

a� parameter ¼ KBLEND � K1 (5)

TABLE II
Comparison of the Experimental Equilibrium Degree of
Swelling (DSE) and the Calculated Additive Equilibrium

Degree of Swelling (DSC)

PTET-60
content 0 0.1 0.2 0.25 0.35 0.4 1.0

DSE 12 13.5 15.4 15.6 18.2 24.6 45
DSC 12 15.3 18.6 20.6 23.5 25.2 45
DDS 0 1.8 3.2 5.0 5.3 0.6 0

Figure 4 DS of PTET membranes of different composition
with swelling time in benzene at 408C.

K1 ¼ bPTET�60W
2
PTET�60 þ bCAW

2
CA þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bPTET�60bCA
p

WPTET�60WCA

ð½Z�PTET�60WPTET�60 þ ½Z�CAWCAÞ2
ð6Þ

This can also be approved by the swelling experiment
as seen in Figure 5 and the difference between the ex-
perimental equilibrium degree of swelling (DSE) and
the calculated degree of swelling (DSC) in Table II,
which is similar to the additivity law of [Z]calc. We can
see that DDS (DSC � DSE) nearly equals to zero when
WPTET-60 ¼ 0.4 but the values of DSE is apparently not
equal to DSCwhenWPTET-60 is from 0.1 to 0.35. Because
of the incompatibility of CA and PTET-60withWPTET-60

¼ 0.4, the absorbance of benzene in CA and PTET-60
were not influenced by the interaction of each other.
When the interaction of CA and PTET-60 became
larger, physical crosslink will occur in the blend mem-
branes and the experimental equilibrium swelling DSE
will be much less than DSC.

Swelling of PTET and PTET-60/CA
blend membranes

Swelling of PTET membranes

Figure 4 shows the variation of the DS of PTET mem-
branes with the swelling time in benzene at 408C. From
Figure 4, it can be seen that the DS of PTET-60 mem-
brane in benzene is the highest compared with other
PTET membranes and homopolymer membranes of
PET and PTT. This can be ascribed to that PTET-60
membrane is amorphous polymer, which guarantees
large free volume necessary for diffusion, whereas
other PTET membranes are semicrystalline polymers
and it is difficult for solvent to penetrate in crystalline
phase. So, we prepared blend membranes of PTET-60
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and CA to separate benzene from benzene/cyclohex-
anemixture.

Swelling of PTET-60/CA membranes

Figures 5–6 give the variation of the DS of PTET-60/
CA blend membranes of different WPTET-60 in benzene
and benzene/cyclohexane mixtures with the swelling
time at 408C. As seen in Figure 5, the equilibrium DS of
CA and its blend membranes of PTET-60/CA in ben-
zene increased with the increasing ofWPTET-60, and the
equilibrium swelling time decreased from 625 min for
CA membrane to 225 min for blend membrane with
WPTET-60 ¼ 0.4. So the addition of PTET-60 can enhance
the absorbance of benzene.

Figure 6 shows that the equilibrium DS values of all
blend membranes in benzene/cyclohexane (10/90)
mixture were lower than that in benzene, and the pure
CA membrane almost had no swelling in this case.
Therefore, it indicates that CA is good against cyclo-
hexane, and that the addition of PTET-60 to CA could
raise the equilibrium DS of PTET-60/CA blend mem-
brane in benzene/cyclohexanemixture. Figure 7 shows
the DS of PTET-60/CA membrane (WPTET-60 ¼ 0.2)

with swelling time in different benzene/cyclohexane
mixtures at 408C. From Figure 7, the equilibrium DS
values of the blend membrane increased with the
increasing of concentration of benzene in benzene/
cyclohexane mixture. That is to say, the affinity of the
blend membranes for benzene is greater than that for
cyclohexane and this difference can be ascribed to the
stronger interaction between aromatic polyester and
benzene than that between aromatic polyester and
cyclohexane, due to larger density of electron cloud
being in benzene than in cyclohexane. Therefore, these
blendmembranes are expected to preferentially extract
benzene from benzene/cyclohexanemixtures.

Pervaporation of PTET-60/CA blend membranes

Figure 8 shows the variation of permeation flux, J, and
separation factor, a, of PTET-60/CA blend membranes
with different WPTET-60 for benzene/cyclohexane (10/
90) mixture. It is very similar to their swelling results,
the value of J increases with the increasing of WPTET-60

in blends, whereas a maximum value of a exists at
WPTET-60 ¼ 0.25. It leads us to consider that the separa-
tion mechanism of PTET-60/CA blend membranes for

Figure 6 DS of PTET-60/CA membranes of different
WPTET-60 with swelling time in benzene/cyclohexane (10/
90 in weight) mixture at 408C.

Figure 5 DS of PTET-60/CA membranes of different
WPTET-60 with swelling time in benzene at 408C.
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the benzene and cyclohexane mixtures is determined
by both solution and diffusion. When WPTET-60 is
smaller than 0.25, the separation process is probably
governed mainly by solution. Membranes with more
PTET-60 can absorb more amount of benzene, so a and
J increase with the increasing ofWPTET-60 in the blends,
and vice versa when WPTET-60 is larger than 0.25. But in
the case of higher PTET-60 content, the separation
process is governed mainly by diffusion and the blend
membranes are so swollen that benzene and cyclohex-
ane will diffuse more quickly simultaneously, so a falls
down, whereas J increases continually with the in-
creasing ofWPTET-60.

CONCLUSIONS

The following conclusions can be drawn from the pres-
ent study:

1. PTET-60 is amorphous copolyester and the DS
of PTET-60 membrane in benzene is the highest
compared with other PTET membranes and
homopolymer membranes of PET and PTT.

2. PTET-60/CA blends are compatible except for
WPTET-60 from 0.35 to 0.5.

3. The variation of the DS of PTET-60/CA blend
membranes of different WPTET-60 (� 0.35) in
benzene/cyclohexane mixtures with the swel-
ling time at 408C suggests that these mem-
branes are expected to preferentially extract
benzene from benzene/cyclohexane mixtures.

4. The separation process was probably governed
mainly by the solution step when WPTET-60 was
smaller than 0.25 and by the diffusion step when
WPTET-60 was larger than 0.25. So a maximum
value of a existed atWPTET-60 ¼ 0.25 and the value
of J increased with the increasing ofWPTET-60.
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