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ABSTRACT: Pressure-dependent solubility and diffusion coefficients for carbon dioxide
in glassy polymers have been well described using the ‘‘dual sorption and transport
model.’’ However, the plastisization effect by high-pressure carbon dioxide seems to
promote the pressure dependence of the sorption and transport coefficients. To avoid
the relaxation process by the plastization which is superimposed on the diffusion pro-
cess, the diffusion and sorption of carbon dioxide were measured at extremely low
pressure (below 1 cmHg). Linear isotherms observed for CO2 sorption into Kapton
were interpreted in terms of the dual model equation at extremely low pressure. From
the permeation curve of the Kapton/CO2 system, the diffusion and permeation coeffi-
cients were obtained according to the usual manner, and both coefficients were indepen-
dent of pressure. Sorption and transport parameters were obtained from sorption iso-
therms and average values of the permeation coefficients. The parameters thus ob-
tained were substituted in an approximated dual sorption and transport equations at
extremely low pressure and the pressure independence of the diffusion and permeation
coefficients were sufficiently reproduced. It is a good technique to experiment at such
extremely low pressure when the validity of the dual model is evaluated. q 1998 John
Wiley & Sons, Inc. J Appl Polym Sci 69: 1013–1017, 1998
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INTRODUCTION ues are reproduced from the dual sorption param-
eters and the model equation. Similarly, the dual

When the sorption experiment is carried out via transport model equation can be applied to the
changing the gas pressure into glassy polymers, apparent permeation coefficient from the perme-
the relation between the equilibrium sorption ation experiment. The dual transport parameters
amount and pressure obeys so-called dual sorp- can be obtained by the conventional method and
tion model, and the dual sorption parameters are the pressure dependence of the permeation coef-
calculated from the experimental values and the ficient can be reproduced by the dual transport
model equation. Also, then, the measurement val- parameters and the dual transport model equa-

tion. To discuss the validity of these models, the
pressure dependence of the diffusion coefficient
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obtained from an analytical method by using
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q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/051013-05 these parameters should reproduce the diffusion
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a density gradient column using a carbon tetra-
chloride/n -heptane mixture at 257C. DSC studies
using a Rigaku differential scanning calorimeter
failed to show a prominent glass transition tem-
perature near 350–4507C. The membrane thick-
ness was determined by weighing a membrane of
a known area and was found to be 26.06 1 1004

cm (area: 96.97 cm2) for the sorption experiment
and 25.10 1 1004 cm (area: 4.524 cm2) for the
permeation experiment.

The apparatus and procedure for gas-sorption
experiments have been described elsewhere.1,2 In
this case, pressure is very low. To keep the same
level of gain from a digital multimeter, the volume

Figure 1 Sorption isotherms for CO2 in Kapton film of the sample was increased about 10 times in the
at various temperatures from the sorption experiment. case of the conventional pressure experiment. The
The points are observed values. Solid lines are calcu- equilibrium sorption amount (Ce ) was obtained
lated by the dual sorption model equation. from the sorption-rate curve. The apparatus for

gas permeation was the same as described else-
where.3 The apparent diffusion coefficient (Da )coefficient from experiment. However, thus far,
and the apparent permeation coefficient (Pa ) weresuch an examination has not been attempted. In
calculated by the time-lag method and from thethese cases, when the high-pressure gas interacts
linear slope of the permeation-rate curve.4with the polymer, the relaxation phenomenon by

plasticity occurs, and a pressure-dependence phe-
nomenon should be superimposed. Then, it is nec-
essary to distinguish this phenomenon from the RESULTS AND DISCUSSION
dual models. In this study, using Kapton, which
is a typical polyimide, below 10 cmHg of CO2

The sorption isotherms for carbon dioxide at lowwhere the plasticity is not able to occur easily,
pressure below 10 cmHg and at various tempera-the validity of the dual model is discussed for the
tures are described well by the dual sorptionapparent diffusion coefficients which were ob-
model5–7 :tained from the sorption and permeation experi-

ments.

EXPERIMENTAL

The Kapton polyimide membrane [glass transi-
tion temperature (Tg) , 350–4507C] used in this
study is a glassy amorphous polymer membrane
with exceptional chemical and thermal stability,
which was provided by the Mitsubishi Kagaku
Corp (Yokohama, Japan):

Figure 2 Pressure dependence of the apparent per-
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meation coefficients for CO2 in Kapton film at 2–10
cmHg pressure and at 15–457C temperature. The
points are observed values. Solid lines are averages.The membrane density is 1.4652 obtained from
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Figure 4 Sorption isotherms for CO2 in Kapton film
Figure 3 Pressure dependence of the apparent diffu- at 0.2–1.0 cmHg pressure and at 25 and 457C tempera-
sion coefficients from the permeation experiment for ture from the sorption experiment. Symbols as in Fig-
CO2 in Kapton film at 2–10 cmHg pressure and at 15– ure 1.
457C temperature. The points are observed values.
Solid lines are calculated by eq. (4).

were plotted at the same pressure and tempera-
ture ranges as the sorption experiment, the curves
did not show any pressure dependence, as shownCe Å CD / CH Å kDp / C *Hbp

1 / bp
(1)

in Figure 2, meaning that F becomes 0 in eq. (2).
Then, this model equation can be approximated

where b , C *H , and kD are dual sorption parame- like eq. (3):
ters. The sorption data were analyzed according to
eq. (1) using a nonlinear least-squares regression.

Pa (cal) Å
kD

76
D (3)The dual sorption parameters were determined in

the conventional manner.8 Using these parame-
ters and eq. (1), the observed data were fitted by Also, the diffusion coefficient (D ) , which is also
calculated solid lines, as shown in Figure 1. the dual transport parameter, is determined from

The dual transport parameters can be deduced the average value of Pa and kD obtained from the
from the dual sorption parameters and the pres-
sure dependence of the permeation coefficients,
using eq. (2)9 :

Pa (cal) Å
kDD
76 S1 / FK

1 / bpD (2)

where K Å bC *H /kD , and F and D are dual trans-
port parameters. When the relations of the appar-
ent permeation coefficients (Pa ) versus 1/(1/ bp )

Table I Dual Sorption and Transport
Parameters Determined from Sorption and
Permeation Experiments (2–10 cmHg)

Temperature b C *H kD D 1 109 F

157C 5.31 6.99 1.27 2.06 0
Figure 5 Pressure dependence of the apparent per-257C 3.85 6.11 1.01 3.39 0
meation coefficients for CO2 in Kapton film at 0.2–1.0357C 2.81 4.85 0.87 4.64 0
cmHg pressure and at 25 and 457C temperature. Sym-457C 2.20 4.05 0.67 6.48 0
bols as in Figure 2.
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Da (cal)Å
D {1/FK / (1/ bp ) }3

1/K f (bp )
c

D
1/K f (bp )

(4)

However, the solid lines which were drawn by
substituting the dual sorption and transport pa-
rameters into eq. (4) could not reproduce the ex-
perimental values. The dual sorption parameters
kD , C *H , and b and the dual transport parameters
D and F for Kapton/CO2 at 15–457C, used above,
are listed in Table I. From the results up to here,
it becomes impossible to reproduce the pressure
dependence for the diffusion coefficient even
within this range of pressure by the same parame-
ter as the amount of the equilibrium sorption and

Figure 6 Pressure dependence of the apparent diffu- other transport coefficients.
sion coefficients for CO2 in Kapton film at 0.2–1.0 cmHg The experiment was continued for extremely
pressure and at 25 and 457C temperature. Symbols as low pressures. The sorption isotherm curves of 25
in Figure 3. and 457C became straight lines for the pressure

range which was reduced by one order, at pres-
sure 0.2–1.0 cmHg, as shown in Figure 4, that is,sorption experiment. The measurement values
bp becomes considerably small compared with 1could be reproduced by drawing the solid line from
(bp ! 1), and the model equation can be approxi-the dual transport parameters and the model eq.
mated like eq. (5):(3), as shown in Figure 2.

The apparent diffusion coefficients deter-
mined from the permeation experiment at simi- Ce Å kDp / C *Hbp

1 / bp
c (kD / C *Hb )p (bpÉ 0) (5)

larly low pressure and each temperature were
plotted by the reciprocal of the pressure, as
shown in Figure 3. The pressure-dependence Using eq. (5 ) , the experimental values could be

reproduced by the same parameters at the rangeequation of Da was solved analytically by Paul
et al., 10 and it can be approximated by F Å 0 as of pressure which was 10 times higher and

which had been worked out before (Table I ) .eq. (4 ) :

Figure 7 Pressure dependence of the apparent diffusion coefficients for CO2 in Kapton
film at 0.2–1.0 cmHg pressure and at 25 and 457C temperature. The points are observed
values. Solid lines are averages.
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Table II Dual Sorption and Transport From the above-mentioned results, it can be
Parameters Determined from Sorption and said that the pressure dependence for the equilib-
Permeation Experiments (0.2–1.0 cmHg) rium sorption amount (Ce ) obtained by the experi-

ment is found to be linear and the approximation
Temperature b C*H kD D 1 109 F f(bp) used as bp r 0 is valid if the measurement is

carried out at the extremely low pressures below
257C 3.85 6.11 1.01 3.46 0 1.38 1 cmHg. By reducing the pressure and assuming
457C 2.20 4.05 0.67 11.04 0 1.66 that f (bp ) Å constant, it is possible to reproduce

the equilibrium sorption amount and two trans-
port coefficients which could not be reproduced

Next, the apparent permeation coefficients Pa above 1 cmHg by the same parameters. Therefore,
obtained from this extremely low pressure at 25 to discuss the validity of the dual sorption and
and 457C were plotted versus 1/ (1 / bp ) . The the transport model, it has been understood that
pressure dependencies were not found, the the experiment by such low pressure is preferable.
same as in the experiment at 2–10 cmHg, as Although the measurement values are in fair
shown in Figure 5. The dual transport parame- agreement with the model values when assuming
ters D and F were determined from the average f (bp ) Å constant, it will be necessary to examine
value of Pa obtained from the extremely low- the meaning of these constant values.
pressure experiment, and kD , obtained from the
experiment at pressure 2–10 cmHg. In addition,
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