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ABSTRACT: The permeation properties of oxygen and nitrogen in polyarylate (PAR)/poly(buty-
lene terephthalate) (PBT) blend membranes were investigated and analyzed by using a modified
two-phase model. PAR and PBT are amorphous and semi-crystalline polymers, respectively, and
the amorphous phases of these polymers form a miscible blend. When blended, these two polymers
show a volume contraction. The effect of crystallinity on gas permeation and separation properties
was also examined. The crystallinity was controlled by annealing and/or by varying its PBT content.
The resulting gas permeation characteristics were analyzed by using the modified two-phase model,
derived from the semi-logarithmic additive rule. The experimental permeability in the amorphous
phase of the blend showed a marginally negative deviation from the model. The deviation may
be attributable to the volume change during blending.

Glassy polymers are often chosen as a membrane
material for gas separation because of their high
separation factor. However, they lack permeability.
Therefore, there have been various attempts to
make them more suitable for commercial applica-
tion by enhancing their permeability without degrad-
ing their permselectivity. Polymer blends are also
desirable membrane materials because their com-
position and morphology, which dictate their trans-
port properties, are easily controlled.

A semi-logarithmic additive rule for the permea-
bility coefficient, P, of a penetrant in a completely
miscible blend has been commonly expressed by
equation (1)'?:

InP=0¢, InP+¢; InP, 1)

where ¢; and P; are the volume fraction of compo-
nent i and its permeation coefficient, respectively.
Equation (1) does not account for volume change
on mixing. In miscible polymer blends, the polymer-
polymer interaction significantly affects gas sorption
and diffusion.*® When the polymer-polymer interac-

tion of miscible blends is relatively weak, equation
(1) describes the overall gas permeation coefficient
with relative accuracy; however, as the interaction
becomes stronger, the volume contraction occurs
and the accuracy of equation (1) diminishes. The
validity of equation (1) for predicting permeability
was tested for the miscible blend of poly(methyl
acrylate)/poly(epichlorohydrin),® poly(phenylene oxide)/
polystyrene* and tetramethyl polycarbonate/styrene-
acrylonitrile copolymer.® In the case of immiscible
blends®® and random copolymers,!’ it has been re-
ported that experimentally measured permeation
coefficients are larger than those predicted by
equation (1).

In a miscible polymer blend where one of the
components is semicrystalline, it is expected that
the degree of crystallinity can affect its gas permea-
tion properties. Poly(butylene terephthalate) (PBT)
is semicrystalline and polyarylate (PAR) is amor-
phous. The latter is a copolymer of bisphenol-A and
a 50:50 mixture of terephthalic and isophthalic
acids. It has been reported in several papers''™
that PAR and PBT are miscible in their amorphous
phase. The objective of this study is to investigate
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Table I. Thermal and Volumetric Characteristics of PAR/PBT Blends
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Wt% of PBT AH, (cal/g)

Xe

p (g/cm?) o

q)b

C

o

0 0.00 0.000 1.195 1.000 0.000 0.000
10 1.05 0.031 1.202 0.973 0.092 0.066
30 2.56 0.077 1.231 0.933 0.281 0.230
50 597 0.179 1.259 0.840 0479 0.380
70 8.09 0.242 1.289 0.778 0.687 0.598
90 11.68 0.350 1.310 0.675 0.898 0.849
100 11.63 0.348 1.313 0.675 1.000 1.000

¢Volume fraction of amorphous phase, ® Volume fraction of PBT, ¢ Volume fraction of PBT in the amorphous

phase.

the gas permeation characteristics of PAR/PBT
blend membranes in terms of their blend composi-
tion and the degree of crystallinity.

Experimental

Membrane Preparation. PAR and PBT were
provided by Unitika Co. (Japan, U-100, 7,=185 )
and Lucky Co. (Korea, LUPOX, 7,=34 T, T,,=223
), respectively. Both polymers were dissolved in
o-chlorophenol at room temperature. The blend
membrane was prepared by casting the solution
mixture onto a glass plate, and then evaporating
the solvents at 80 T. The residual solvent was
removed under vacuum at 40 C for 2 days. After-
wards, the solution-cast membrane was melted in a
hot press at 240 T for 5 minutes and then rapidly
cooled in liquid nitrogen to produce a quenched
membrane sample. The quenched sample was heat-
treated at 195 C for 3 hours to produce an anneal-
ed sample. The thickness of the resulting memb-
rane sample was in the range of 60~80 um.

Membrane Characterization. A DSC thermo-
gram of the membrane was obtained from a Perkin-
Elmer DSC 7 at a heating rate of 10 C/min. The
heat of fusion of the sample, AH,, was calculated
from the peak area using indium as a standard re-
ference. The degree of crystallinity, ¥, was defined
as AH,/AH., where AH,, is the heat of fusion of
100 % crystalline PBT of 334 cal/g.* The densities
of the blends were measured at 30 C by a density
gradient column using an aqueous solution of cal-
cium nitrate. The volume fraction of the amorphous
phase in the blend, a, was calculated by applying
equation (2),

a=1—x{p/p.) (2)

where p is the density of the blend, and p. is the
density of 100% crystalline PET, reported as 1.408
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g/cm* The volume fraction of PBT in the amor-
phous phase, ¢, was also calculated, assuming vol-
ume additivity in the mixed amorphous phase,
using equation (3),

—1_}_ﬁ (3)

where ¢ is the volume fraction of PBT in the blend.

Permeation Properties of Membrane. The
time-lag method was employed to measure the per-
meabilities of O, and N,, and the effective memb-
rane area was 13.59 cm? The upstream pressure
was fixed at 760 torr during the experiments, un-
less otherwise specified, while the downstream pres-
sure was effectively zero. The downstream pres-
sure was measured as a function of time using a
Baratron pressure transducer (pressure range: 0~
10 torr, MKS Inc., U.S.A)). The permeability, P;, of
the component i was obtained from the slope of
the steady state time lag curve. The diffusivity, D;,
was calculated from the time-lag, 6,, by using equa-
tion (4),

D,=L*/66, 4)

where L is the thickness of the membrane. The
ideal separation factor, defined as oY%=P/P, re-
fers to permselectivity.

Results and Discussion

Membrane Characterization. The thermal and
volumetric characteristics of the PAR/PBT blends
are summarized in Table 1. AH,, . p, ¢, and ¢,
monotonically increase with the weight % of PBT
in the blends; however, the volume fraction of the
amorphous phase, @, decreases as expected. Figure
1 shows the density change with the composition
of the blend, ¢. The densities measured are higher
than those predicted using the simple additive rule,
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Figure 1. Density of blend of PAR/PBT vs. volume
fraction of PBT.
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Figure 2. Density of amorphous phase of blend vs.
volume fraction of PBT in the amorphous phase.

except for the blend density of 9.2% PBT. Note
that a half of AH,, for the pure PBT is lower than
that for a 50 : 50 mixture of the blend. This repre-
sents that the degree of crystallinity may be affect-
ed by blending; however, the difference in AH,,
is very small and, therefore, its effect can be neglect-
ed. It is further assumed here that the density of
PBT crystal does not depend upon the PBT content
but remains constant. Therefore, it is conclud-
ed that the density deviation from the additive rule
arises from the volume change on mixing. Fig-
ure 2 is a plot of the amorphous density of the
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Figure 3. Permeability of O, and N, through PAR/
PBT blend membranes vs. volume fraction of PBT.
Open and filled symbols denote the quenched and an-
nealed membranes, respectively. barrer: 107 cm?
(STP)cm/sec cm? cmHg.
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Figure 4. Diffusivity of O, and N, through PAR/PBT
blend membranes vs. volume fraction of PBT. Open
and filled symbols denote the quenched and annealed
membranes, respectively.

blend, p,, versus the volume fraction of PBT in
the amorphous phase, . p, was calculated by using
the simple additive rule. The deviation behavior
from the simple additive rule for both cases is very
similar. This implies that the density deviation is
due primarily to the volume change of the amor-
phous phase, which occurs during blending. The
volume change in the amorphous phase during
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Figure 5. The effect of the degree of crystallinity on
gas permeability.

blending leads directly to a free volume change,
which in turn affects the diffusion coefficient. This
will be discussed in the following section.

Gas Permeation. The permeability and diffusi-
vity of O; and N; in the quenched and the annealed
samples are plotted against the volume fraction of
PBT, ¢, in Figures 3 and 4. The permeability de-
creases exponentially by two orders of magnitude
when increasing the volume fraction of PBT, where-
as the diffusivity decreases linearly and marginal-
ly. This means that the permeation behavior is dif-
ferent from the diffusion behavior. Another fact is
that both the permeability and the diffusivity of
the annealed membrane are always lower than
those for the quenched membrane as shown in Fig-
ures 3 and 4. Upon annealing both the density
of the amorphous phase and the degree of crystalli-
nity will be increased. The density change directly
influences the diffusion coefficient, as mentioned
previously. This could be atiributable to the fact
that polymer chains are packed more compactly af-
ter annealing, resulting in the reduction of the dif-
fusion coefficient. The effect of the degree of the
crystallinity on permeation and diffusion was shown
in Figures 5 and 6. The permeability decreases ex-
ponentially and the diffusivity decreases linearly
as the degree of crystallinity increases. This obser-
vation also supports the fact that the permeation
behavior is different from the diffusion behavior.

Ideal Separation Factor. The ideal separation
factor defined in the experimental section can be
factored into two parts
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Figure 6. The effect of the degree of crystallinity on
gas diffusivity.

Table II. Ideal Separation Factor and Diffusivity
Selectivity of PAR/PBT Blend Membranes

Volume Poy/Pny Dop/Dy
fraction

of PBT,¢ Quenched Annealed Quenched Annealed
0.000 4.82 4.82 3.16 3.16
0.092 4.36 4.47 325 3.25
0.281 3.98 391 3.38 3.52
0.479 5.14 5.80 3.52 3.59
0.687 443 387 3.55 3.65

a = (Di/D)-(5i/S)) 6))

where (D//D)) and (S./S)) are the diffusivity selecti-
vity and the solubility selectivity, respectively. The
diffusivity selectivity is based on the inherent abil-
ity of a polymer matrix to act as a size selective
media. The segmental mobility and intersegmental
packing are controlling factors of diffusivity selecti-
vity. The solubility selectivity is regarded to be de-
termined by both the differences in condensability
of the two penetrants and their interactions with
the material.

Table II listed the results of the effect of anneal-
ing on the ideal separation factor and the diffusi-
vity selectivity of the blend membrane. The ideal
separation factor of the blend membranes ranges
from 3.9 to 5.8 regardless of the annealing. When
annealed, the free volume of the blend will be re-
duced. The reduced free volume results in the si-
multaneous decrease in the permeabilities of both
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oxygen and nitrogen, which in turn gives rise to
an insignificant change in the separation factor. As
listed in Table II, the diffusivity selectivity changes
marginally from 3.2 to 3.6 whereas their solubility
selectivity, calculated by using equation (5), ranges
1.2 to 1.7. In other words, the former is closer to
the ideal separation factor than the latter. This re-
sult suggests that the diffusivity selectivity plays
a major role in determining the ideal separation
factor.

Analysis of Gas Permeation Using Modified
Two-Phase Model. In a blend of semicrystalline
and amorphous polymers, crystalline domains are
randomly dispersed in an amorphous matrix where
both amorphous phases are miscible. The blend is
then considered to be comprised two phases: crys-
talline and amorphous. The two-phase model as-
sumes that the intrinsic properties of one phase are
independent of their relative proportion in the
other phase.”® It is commonly assumed that crystal
is impermeable to gas, and that its solubility and
diffusivity are effectively zero. Therefore, the trans-
port property of a blend can be expressed in terms
of its corresponding transport property in the amor-
phous phase. According to the two-phase model,
the overall effective permeability, P, of a gas in
the amorphous and crystalline phases is expressed
by equation (6),

P=xafF, (6)

where P,=S,D,, D=xD, and S=aS,. S, and D, re-
present the solubility and diffusivity in the amor-
phous phase, respectively. k¥ is a structural factor
which represents the degree of blocking or imped-
ance imposed on gas diffusion in the impermeable
crystalline phase, and it depends on the amount,
shape and orientation of the crystals.'®’® When the
crystalline phase is randomly distributed in an
amorphous phase, the structural factor can be ade-
quately represented as the amorphous phase vol-
ume fraction, a, for low to moderate levels of crys-
tallinity'®; thus, equation (6) is reduced to equation

(7):
P=q’F, N

Then, equation (1) can then be readily modified
for the two-phase blend to equation (8),

(L= S ) - Py ®

2
Q Qppr

where Ppsr and Ppag are the permeabilities for
semicrystalline PBT and amorphous PAR, respec-
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Figure 7. P/a’ is plotted against the volume fraction
of PBT in the amorphous phase. The solid line repre-
sents the prediction of the two-phase model by equa-
tion (8).

tively. appr is the volume fraction of amorphous
phase in the semicrystalline PBT. In Figure 7, In
(P/a?) is plotted against ¢ by using equation (8)
along with experimental permeability data for oxy-
gen and nitrogen. The experimental data are mar-
ginally lower than the prediction of the two-phase
model by equation (8). It reveals that the permeabil-
ity in the amorphous phase shows a marginal neg-
ative deviation from the semi-logarithmic additi-
vity rule. This is consistent with experimental re-
sults indicating that the volume contraction upon
blending of PAR and PBT occurs.

Conclusions

The permeabilities and diffusivities of oxygen
and nitrogen through blend of PAR and PBT were
measured. The permeability behavior did not corre-
spond with the diffusion behavior; however the se-
paration factor was primarily controlled by the dif-
fusivity selectivity. The amorphous permeabilities
of oxygen and nitrogen were analyzed by using the
modified two-phase model. The agreement between
the model and experimental data was good, but
the measured values were marginally lower than
those mathematically predicted by using the modi-
fied two-phase model. The slightly negative devia-
tion from the semi-logarithmic additive rule may
be attributable to the volume contraction during
blending.
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