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ABSTRACT: The Freeze-Purged-Desorption (FPD) method
was developed for the experimental measurement of gas
permeability coefficients as a new technique using a desorp-
tion curve of gas immobilized in polymeric films. The FPD
method was effectively used to evaluate four gas perme-
ation parameters (Cp, Cy, Dp, and D) of glassy polymeric
films (polycarbonate and polystyrene) by using CO, The
modes of the CO, gas desorption response curve (D-curve)
obtained were sensitively characterized by the proportion of
sorption in the Henry and Langmuir modes in the polymeric
films accompanied by their own gas diffusivity. A graphical
analysis of the D-curve of CO, reasonably proposed a linear
relation between the desorption rate and the sorption
amount of CO, which was strongly influenced by the kind
of sorption gas, film, temperature, and other factors. The
desorption rate of sorbed CO, gas for the PC and PS films

gave a characteristic straight line with an inflection point
indicating a shift in the gas-diffusion mechanism from the
complex type of the Henry and the Langmuir modes to the
Langmuir mode. The characteristic D-curves obtained were
graphically analyzed, and they clearly discriminated the
Henry mode part and the Langmuir mode part. This dis-
crimination process quantitatively and individually evalu-
ated Cp, Cy, Dp, and Dy. By using the four parameters
evaluated, a mathematical model to describe the D-curve
was proposed, and it consistently explained the experimen-
tal D-curves. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 93:
934-941, 2004
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INTRODUCTION

Quantitative evaluations of gas diffusivity and solu-
bility give important information to design the re-
quested gas separation films. As is well known, gas
permeation behaviors for rubbery and glassy poly-
meric films are characterized by different permeation
mechanisms. For rubbery polymeric films, gas perme-
ation was evaluated by the solution-diffusion model,
and the gas diffusivity was calculated from the time
lag, the initial slope, and the half-steady methods us-
ing the gas permeation curve or gas sorption curve
that was derived from an approximate solution of
Fick’s second law of diffusion."? For glassy polymeric
films, it was thought that gas sorption occurred by the
dual-sorption mechanism in which Henry dissolution
and Langmuir adsorption proceed in parallel at an
equilibrium state of gas sorption.’ To individually
evaluate the gas permeation parameters in glassy
polymer, Paul and Koros proposed the partial-immo-
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bilization model* based on dual-mode mobility. This
model was dominated by four parameters: the concen-
tration of the Henry dissolution component (Cp), the
concentration of the Langmuir adsorption component
(Cp), the diffusivity of the Henry mode (Dp), and the
diffusivity of the Langmuir mode (Dp). To evaluate
the four parameters, it was necessary to gather much
experimental data for the amount of sorbed gas and
the gas permeability through a glassy polymeric film
under a wide range of desired gas pressures.

By using the additional assistance of the evaluation
of dual-mode sorption parameters evaluated by both
the extrapolation and the linearization of gas-sorption
isotherms, the graphical analysis of a curve of perme-
ability as a function of gas partial pressure is required.
Although many researchers have focused on the eval-
uations of dual-sorption parameters,”'? few works
evaluating the parameters using the partial-immobili-
zation model have been reported.”>'® As is well
known, the gas diffusivity and sorption amount in
film evaluated from these conventional procedures
sometimes contain serious errors because of the ap-
proximation and extrapolation of the data obtained.

To solve this difficulty, in our previous studies,'”'®
the Freeze-Purged-Desorption (FPD) method was de-
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Figure 1 Typical example of temperature and gas desorption response curves for the FPD method. Open circle is for the

film-packed cell and closed circle is for the blank cell.

veloped for the simultaneous evaluations of gas solu-
bility and diffusivity in the low-density polyethylene
(LDPE) and high-density polyethylene (HDPE) films
as rubbery polymers using the graphical analysis of
the desorption response curve (D-curve) of sorbed gas
observed in a temperature jump-up operation. The
validity of the FPD method was reconfirmed by the
evaluations of diffusivity and solubility of CO, in the
two films.'® The objectives of the current study are,
using the FPD method, (1) to discriminate the Henry
and Langmuir modes of the D-curve obtained for
glassy polymer films; (2) to quantitatively evaluate Cp,
Cn, Dp, and Dy by a graphical analysis of D-curves;
and (3) to compare the four parameters evaluated with
reference values.

FPD METHOD

Figure 1 illustrates a schematic explanation for the
temperature and gas-desorption response curves ob-
tained by the FPD method. The FPD method consists
of three operational periods (freeze, purge, and de-
sorption), each of which is, respectively, characterized
by three consecutive stepwise changes in temperature-
indicating curves (b), (c), and (d). The freeze period
(F-period) is for the fixation of sorbed gas in film at
—196°C, by using a liquid nitrogen bath, and the
purge period (P-period) is for the removal of residual
gas in a gas-sorption cell, except the sorbed gas in the
film, by using a helium gas stream at the boiling point
of sorbed gas. The desorption period (D-period) is for
the desorption of sorbed gas from the film at a speci-
fied temperature, which is sufficiently higher than the
boiling point of the sorbed gas. The amount of gas
sorbed in the film is evaluated from the graphical
integration of the D-period curve (D-curve). The gas

diffusivity in the film is easily calculated from a
graphical analysis of the D-curve obtained.

When the film used is sufficiently thin, the amount
of CO, desorbed along the thickness is negligibly
small, and the rate of CO, desorption from the lateral
surface is proportional to the sorbed amount in the
film, similar to the desorption behavior of adsorbed
species on the surface. Accepting this consideration,
one can presume the diffusion rate of CO, in the film
to be equal to the desorption rate. For the evaluation of
gas diffusivity in the film, consequently, one can ef-
fectively use the relation between the gas desorption
rate (AN ,/dt) from the film and the residual amount of
gas sorbed in the film (AC,) at any elapsed time by

AN, _24D ,

where N, is cm® [standard temperature and pressure
(STP)] of the gas desorbed from film, A is the film
surface area of both lateral sides, L is the film thick-
ness, and D is the diffusivity of the gas. Figure 2
contains a schematic explanation for the evaluation of
D from a graphical analysis of the D-curve simulated
at the gas sorption amount of 1.0 cm*STP)/cm?
(=C,). Figure 3 shows dN,/dt as a function of the
residual amount of sorbed gas in film AC,. The plots
obtained give a good straight line, and the diffusivity
was calculated as D = 5.0 X 10~® cm?/s from a slope
of the straight line by using Eq. (1).

For the application of the FPD method, the follow-
ing assumptions should be satisfied: (1) The molecular
structure of the polymeric film is identical before and
after the FPD operation; (2) The sorbed gas is uni-
formly distributed in the film; (3) The rate of gas



936

N
o

-
£5,]
T

Ca=1.0 cm*(STP)lcm®

—
o

(4,

Partial pressure of gas x 10° / atm

o
o
[5,]
—
[=)
—
v

20
time / sec

Figure 2 Schematic explanation for the evaluation of gas
diffusivity from D-curve.

desorption from the film equals the gas diffusion rate
in the film; (4) The diffusion rate from the surface to
the center of a film section equals that from the center
to the surface; (5) The gas diffusion rate evaluated
from the D-curve equals the rate evaluated from the
conventional gas permeation experiment; (6) The he-
lium gas used as a carrier gas does not influence the
D-curve. The validity of assumption (1) is reconfirmed
by evidence that the D-curves were not influenced by
the repeated FPD operation using the same film. As-
sumption (2) is reasonably accepted because of the
sufficiently thin films used in this study. In this case,
one can use analogies with adsorbed gas species form-
ing a monolayer on a solid surface: the desorption rate
of the adsorbed species is proportional to the amount
of sorbed gas, and the total adsorbed amount becomes
a driving force of the desorption rate. For assumption
(3), in thin film, the desorption of gas from the film is
a rate determining step in an overall mass transfer
process, which means the desorption rate is equal to
the diffusion rate. For assumptions (4) and (5), the
D-curve is obtained under an unsteady state unlike
the steady-state conditions in conventional methods.
The assumption means a reversible mass-transfer pro-
cess of gas in a film matrix between the unsteady state
and the steady state without depending on the gas
diffusion direction from the center to the surface or
from the surface to the center of the film. This assump-
tion is acceptable for a homogeneously prepared thin
film. For assumption (6), it was reconfirmed that the
evaluated diffusivity of CO, always gave the same
value without depending on the size of the D-curves,
which were obtained by changing the concentration of
CO, in helium. This result means that the diffusivity
of CO, is not influenced by the adsorbed amount of
He.

For the graphical analysis of the D-curves obtained
in the FPD method, a gas desorption model was pro-
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posed. At the D-period, under the assumption of com-
plete mixing in the sorption cell, a material balance
equation for the desorption of gas component A can
be derived as

V - VM dpA _ 2AD pA
RT dr ~ L “Ca~ORr (2)

where p 4 is the partial pressure of gas component A in
the cell, which is equal to one at the outlet of the
sorption cell; v, is the flow rate of the carrier gas (He)
measured at the outlet of the gas-sorption cell; V,, is
the apparent membrane volume; V is the cell volume;
€ is the void fraction of the sample cell [e = (V — V,;)/
V]; R is the gas constant; and T is the temperature at
the outlet of the gas-sorption cell.

Assuming the change in carrier gas-flow rate caused
by the gas desorption from film to be negligibly small
and taking into account the initial conditions of p, =
0 and AC, = C, (C, is the equilibrium amount of
sorbed gas in film) at t = 0, Eq. (1) is solved as

ACA = CAei’Yt (3)
where
B 2DA
YTV,L

Equation (3) is inserted into Eq. (2), and Eq. (2) is
rewritten as

dpa
taps = BCye™ 4)
dt
where
10
8|
3
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Figure 3 The desorption rate of sorbed gas as a function of
AC,.
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TABLE 1
Characteristics of the Polymeric Films Used

Density (g/cm?) Thickness (wm)

LDPE 0.927 49

PC 1.2 50

PS 1.1 30
0, 2DA RT

=y B=1 v

The solution to Eq. (4) is given as

— B CA —yt —at
pa= e e (5)
EXPERIMENTAL

Materials and procedure

Table I shows characteristics of three polymeric films
used in this study: LDPE used as a reference film for
rubbery polymeric films, polystyrene (PS), and poly-
carbonate (PC) for glassy polymeric films. All sample
films used in this study were supplied from Tama-
Poly Inc., Tokyo, Japan. Carbon dioxide (CO,, 99.5%)
for a sorption gas and helium (He, 99.99%) for a carrier
gas of the experimental system were used without
further purification. All gases were obtained from Air
Water Inc., Sapporo, Japan.

Figure 4 contains a schematic drawing of the exper-
imental setup used in this study. About 3.0 g of film
samples (30-50 wm in thickness) was put into a gas-
sorption cell (40 cm®) made of Pyrex glass or stainless
steel, and the cell was placed in a water bath that was
carefully controlled at 25 (+0.1)°C for 24 h up to the
completion of CO, gas sorption equilibrium. The tem-
perature in the cell was always monitored by using a
CA thermocouple. The typical transient response
curves of the temperature characterized by the three
operations (F-, P-, and D-operations) are, respectively,
shown by curves (b), (c), and (d) in Figure 1. After the
CO, sorption equilibrium was completed, in the F-
period, the cell was moved from the water bath to a
liquid nitrogen bath (—196°C) for the fixation of
sorbed CO, in the film. The CO, gas stream was
switched over to a helium gas stream of 75 cm®/min
when the cell temperature was decreased to less than
—78°C. After the film sample was exposed to the He
stream at —196°C for 5 min, in the P-period, the liquid
nitrogen bath was replaced by an ethanol bath of
—78°C. By this stepwise increase of temperature ac-
companied by the He-gas stream treatments for 1 h,
the residual CO, gas and physically adsorbed CO, in
the cell were sufficiently removed. At the D-period,
the ethanol bath was then replaced by an ice-salt bath,
which was previously kept at —9(*2.0)°C, and the
response of CO, desorbed from the film was followed
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as continuously as possible by using a gas chromato-
graph (GC) attached with a six-way valve with a gas
sample tube of about 1 cm?®. In this procedure, —9°C
was chosen because the desorption rate of CO, at 25°C
was too fast to follow the D-curve by the GC.

For the transient response of temperature, the time
delays caused by the experimental apparatus used
were evaluated within 2 to 3 min for the F- and P-
periods and at about 2.5 min for the D-period up to
90% of the objective temperature. CO, was analyzed
by gas chromatography (TCD, Shimadzu GC-8A) un-
der the following conditions: column, 100 X 0.3 cm
OD stainless steal packed with Porapack-Q; tempera-
ture: injector, 80°C; column and detector, 60°C. At all
time intervals, a 1-mL sample of desorbed gas from
the outlet of the gas sorption cell was injected by a
six-way valve equipped with a sampling tube.

To evaluate the time delay of the gas-chromato-
graphic analysis technique used in this study, a con-
tinuous evaluation technique using a thermal conduc-
tivity detector and CO, gas was applied, and the mode
of the conductivity response curves of CO, obtained
was almost the same as the mode of the GC technique
indicated.

Blank test and error evaluation

To determine the validity of the transient response of
gas in the sample cell (40 cm?®), special attention
should be given to the response curve of CO,. For the
blank test to evaluate an error derived from the phys-
ical adsorption component of CO, that could appear
on an apparent surface of membrane and an inner wall
of the cell, nonporous glass beads were packed into
the cell instead of sample films. The beads (60 g) were
about 1 mm in diameter and 1200 cm® of the total
surface area, which was the same as the one used for
the sample film. The blank transient responses of tem-

%0 OO

5. Four way valve

6. Pyrex glass tube for gas sorption

7. Water bath (or liquid nitrogen and ethanol bath)
8. Gas chromatography (TCD)

1. He gas cylinder
2. CO, gas cylinder
3. Stop valve

4. Mass flow meter

Figure 4 Schematic drawing of the experimental setup
used in this study.
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perature and CO, were carefully conducted by using
the same conditions as the sample film-packed cell,
and the two response curves obtained were, respec-
tively, compared to the response curves of tempera-
ture and CO, gas monitored for the sample films as
shown by [(a-d)] and CO, gas [(a’-d')] curves in
Figure 1. The temperature-response curves clearly
show good agreement between the blank cell (broken
line) and the sample cell [solid line; curves (b), (c), and
(d)]. The blank response curve of CO, (closed circle),
on the other hand, proved no desorption of CO, at the
D-period [closed circle, curve (d')], even though it
indicates good agreement with the sample curves
(open circle) in the F- and P-periods [curves (a'-c')].
From these results, one can reconfirm that the D-curve
of CO, (open circle) obtained at the D-period was
caused by the actual desorption of CO, sorbed in the
film.

The system errors derived from the experimental
operation were carefully evaluated based on the devi-
ations in operating parameters from the objected val-
ues. In the experimental measurements, special atten-
tion should be paid to the D-period operation. The
results propose possible errors of less than 7% at most
for the constancy of the He-stream flow rate, cell-
temperature constancy, minimization of gas bypass-
ing the cell, and gas analysis by using the gas chro-
matograph.

The limitation of the FPD method to apply poly-
meric films is considered to be because of the working
limitations of analytical equipment and experimental
devices as the time period of the D-curve is more than
a few minutes when gas chromatography is used and
the appropriate dimensions of sample tube and mem-
brane samples are prepared.

RESULTS AND DISCUSSION
Interpretation of desorption response curves

Figure 5 illustrates the D-curves of CO, for the LDPE,
PC, and PS films at —9°C. The graphical integration of
the three response curves obtained evaluates the
amount of CO, sorbed in the films (Ccq,) at 25°C as
0.31 cm®(STP)/cm® for LDPE, 6.7 cm®*(STP)/cm?® for
PC, and 3.9 cm*(STP)/cm?® for PS. Ccoy’s for the PC
and PS films are one order larger than that of the
LDPE film.

Based on the procedure presented in Figure 3, the
desorption rate of CO, can easily be evaluated. Figure
6 illustrates the desorption rate of CO, (dN¢,/dt) for
the LDPE, PC, and PS films as a function of the
amount of CO, sorption (AC¢p,). The LDPE film gives
a single straight line, whereas the PS and PC films
clearly exhibit a characteristic straight line with an
inflection point. This difference in the straight lines is
caused by the polymeric structure difference between
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Figure 5 Desorption response curves of CO, for LDPE, PC,
and PS at —9°C. O: PC; A: PS; [I: LDPE.

rubbery and glassy polymers, clearly visualizing the
difference in the gas diffusion mechanism. For the PC
and PS films as glassy polymers, one may recognize
two regions divided at the inflection point, Regions I
and II, as shown in Figure 6.

Quantitative discrimination of the Henry and the
Langmuir modes

As was reported by Paul and Koros,* it is generally
understood that Henry mode diffusivity (Dp) is about
one order higher than Langmuir mode diffusivity
(D) calculated from the partial immobilization
model, and the two modes simultaneously and indi-
vidually progress. Based on these considerations, one
can reasonably attribute Region I in Figure 6 to a
Langmuir mode desorption process and Region II to a
complex period of the desorption processes of both the
Henry and the Langmuir modes. To explain this char-
acteristic mode, based on the parallel diffusion of the
Henry and Langmuir modes, one can propose a dual-
desorption model which is described by Eq. (6):

Pa=PpPp Tt Pu (6)

— BDCD —ypt —at
Po= gy (T =) (7)

C
Py = BuCh (et — g~
a = Yy
(8)
v _ 2DpART _ 2D,ART
a = W/ BD - L W’ BH - L W/

2D, A 2D,A

VD:TMLI 'YH:V7ML
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Figure 6 Desorption rates of CO, at —9°C for LDPE, PC,
and PS films as a function of ACcpp.

where Dp, Dy; and Cp, Cy; are diffusivity (cm?/s) and
sorbed amounts [cm*(STP)/cm?] for the Henry (sub-
script D) and Langmuir (subscript H) modes, respec-
tively.

Consequently, Dy; can be evaluated from the slope
of the straight line in Region I as D;; = 8.06 X 10~°
(—9°C) for PS and D;; = 3.06 X 10~° (=9°C) cm?/s for
PC. The value of Cy; was then calculated from Eq. (8)
by using the Dy; values evaluated to be 2.79 and 5.87
cm?(STP)/cm? for PS and PC, respectively. By using
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Figure 7 Discrimination of the desorption response curves
of CO, for the PC (a) and PS (b) films at the D-period and
—9°C, based on the dual desorption model. O: PC; A: PS.
Open and closed symbols are experimental and Henry mode
curves, respectively. The solid lines are calculated curves
based on the Langmuir mode.
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Figure 8 Linear plots of the Henry mode rates as a function
of AC¢p, for PC (@) and PS (A) at —9°C. The slopes of the
lines propose D.

the Dy and Cp values obtained thus, the Langmuir
mode desorption curves can be simulated by using Eq.
(8) as shown by the solid-line curves in Figure 7(a, b).
From the assumption of the dual-permeation model
described above, because the desorption curve of
glassy polymeric film consists of the curve of the
Henry mode plus the Langmuir mode, the curve of the
Henry mode can easily be drawn by an arithmetical
calculation as the experimental curve minus the Lang-
muir mode curve. The results obtained for the PC and
PS films are presented by the closed circle (a) and
closed triangle (b), respectively, in Figure 7. The
Henry mode curves obtained thus for PC (a) and PS
(b) films are graphically analyzed to evaluate D, and
Cp by using the procedure used for Figures 2 and 3.
Figure 8 illustrates dN-q,/dt as a function of ACq, for
the Henry mode desorption. D, values calculated
from the slope of straight line are 20.2 X 10~° cm?/s
for PC and 24.8 X 10~° cm?/s for PS. From the graph-
ical integration of the two curves (closed circle and
closed triangle) in Figure 7, Cp and Cp values are
evaluated as 1.05 and 2.79 cm®(STP)/cm? for PS and
0.58 and 5.87 cm*(STP)/cm® for PC, respectively. All
of the four parameters obtained are summarized in
Table II. The sorption amount of Langmuir mode is
2.6-10 times larger than that of the Henry mode, and
the diffusivity of the Henry mode (Dp) is about 3-6.6
times larger than that of the Langmuir mode (Dy;). The
value of Dy;/Dp, is 32.5-15.1%, which is larger than the
10% proposed in Koros and Paul’s works.'® The rea-
son for this discrepancy is difficult to understand from
the present work because of the indirect examination
of the two values. To draw exact conclusions, further
detailed experimental work is needed.

In proving the validity of the four parameters ob-
tained by the FPD method, the values should be di-
rectly compared to the values obtained from the con-
ventional techniques. Unfortunately, we have no data
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TABLE II
The Parameters Calculated from the Dual Desorption Model
Cp Cy Dp X 10° Dy, X 10°
Film [em® (STP)/cm?®] [em® (STP)/cm?®] (cm?/s) (cm?/s)
PS 1.05 (25°C) 2.79 (25°C) 24.8 (—=9°C) 8.06 (—9°C)
PC 0.58 (25°C) 5.87 (25°C) 20.2 (—=9°C) 3.06 (—9°C)

on the conventional techniques obtained for the same
experimental conditions. For a rough comparison,
even though the temperatures differ, one can use sev-
eral values evaluated by the conventional methods
appearing in the literature. The reference data ob-
tained at 35°C are summarized in Table III, where Cp,
and Cy were calculated by the dual-sorption model by
using the data obtained from the pressure-decay
method®~#'*1* and D,, and D, were evaluated by
linearization analysis based on the partial-immobiliza-
tion model."® The rough linear relation between the
reference and the FPD method strongly suggests a
similar tendency of the four parameter values to be
meaningful from the physicochemical point of view
(general understanding of C, < Cy and D, > Dy),
although the different permeation temperatures differ.

Parameter sensitivity against the D-curve mode

Focusing on how the mode of the D-period response
curve is sensitively influenced by a change in the
values of Cp, Cy, Dp, and Dy, one can evaluate the
availability of the discrimination technique by using
the FPD method. Figure 9 illustrates a characteristic
change in the mode of two D-curves for the PC film
visualized by a computer simulation technique by
using the following two parameter groups: (1) Cp, =
0.58, Cy; = 5.87 cm*(STP)/cm?®, Dy = 20.2, and Dy, =
3.06 X 10~° cm?/s evaluated from the FPD method
(FPD-curve) and (2) Cp, = 0.99, C;; = 5.45 cm®*(STP)/
cm®, D, = 46.7, and Dy, = 4.72 X 10~° cm?/s calcu-
lated from the Koros procedure'® (Koros curve). Com-
paring the two D-curves at the initial stage, the peak
height of the Koros curve is 1.8 times higher than that
of the FPD-curve because the D, value (Koros) is 2.3

times higher than the D, (FPD), whereas, at the later
period of time when the D-curve reaches zero, the
Koros curve takes 35 min, 50 min less than the FPD
curve, because the Dy; value (Koros) is 1.5 times larger
than the D;; (FPD). From these results, one can recog-
nize that the graphical analysis of the D-curve from
the FPD method sensitively discriminates the variety
of Dy and Dy; values characterized by the diffusion of
the Henry and Langmuir modes.

CONCLUSION

The FPD method proposed quantitatively discrimi-
nated the four gas permeation parameters (Cp, Cy, D,
and Dy) for glassy polymeric film by using CO, gas
and PS and PC films. The mode of the CO, gas de-
sorption response curve (D-curve) obtained was sen-
sitively characterized by the variety of the four param-
eters. To describe the D-curves of CO, for the PS and
PC films, the dual-desorption model was proposed,
and a mathematical model was derived to consistently
interpret the experimental D-curves obtained. The
conclusions obtained are as follows:

(1) The graphical analysis of the D-curve exactly
demonstrated the complex mode of the Henry mode
and Langmuir mode desorptions, advantageously
characterized at the initial stage, and the Langmuir
mode desorption at the later stage of the D-curve.

(2) The inflection point of the straight line for the
desorption rate as a function of the residual sorption
amount could be effectively used to distinguish the
gas diffusion mechanism shift from the Langmuir-
Henry complex mode to the Langmuir mode.

TABLE 111
Parameters Calculated from the Dual Sorption and the Partial Immobilization Models
Cp Cy Dp x 10° Dy % 107

Film [em® (STP)/cm?] [em® (STP)/cm?] (cm?/s) (cm?/s) Authors
PS (oriented) 0.57 242 — — W. R. Veith®
PS (unoriented) 0.65 2.85 — —
PS 0.80 1.74 — — E. Sada'*
PS 0.54 1.67 — — P. C. Raymond7
PC 0.99 5.45 46.7 4.72 W. J. Koros'®
PC 0.77 14.3 — — W. R. V1eth8
PC 0.91 6.09 — — E. Sada™
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Figure 9 Comparison of simulated curves evaluated by the
experimental and reference values.

(3) The obtained values of the four parameters (Cp,
Cu, Dp, and Dy fall on a conventional meaningful
straight line, indicating Cy > Cp and Dp > Dy,

Nomenclature

film surface area [cm?]

equilibrium amount of gas sorbed in film
[em3(STP)/cm?]

residual amount of gas sorbed in film
[em3(STP)/cm?]

residual amount of CO, sorbed in film
[em3(STP)/cm?]

concentration of Henry dissolution com-
ponent [cm*(STP)/cm?]

concentration of Langmuir adsorption
component [cm*(STP)/cm?]

diffusivity [cm?/s]

diffusivity of Henry mode [cm?/s]

diffusivity of Langmuir mode [cm?/s]
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dN,/dt  desorption rate of gas component A
[em*(STP)/s]

dNcoy/dt  desorption rate of CO, [cm*(STP)/s]

L film thickness [cm]

Pa partial pressure of gas component A [atm]

R gas constant [em® atm/mol K]

S solubility [em*(STP)/cm® cmHg]

T temperature at the outlet of gas sorption
cell [K]

t desorbed time [s]

|4 volume of gas sorption cell [em?]

Vu volume of film [cm®]

(4 flow rate of carrier helium gas [em®/s]
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