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ABSTRACT: The inverse gas chromatography (IGC) technique was used to obtain the
partition and diffusion coefficients of solvents in polystyrene over a wide range of
temperatures. Infinite dilution experiments were performed with three solvents: tolu-
ene, benzene, and hexane. Finite concentration data were measured for the polysty-
rene—toluene system at various concentrations from 110 to 180 °C. For the finite
concentration region, the modified capillary column model used by Tihminlioglu and
Danner (J Chromatogr A 1999, 845, 93-101) was used to calculate diffusion and
thermodynamic data. Finite concentration thermodynamic data were also calculated
with the retention theory approach and compared with the capillary column model. The
experimental IGC results are in good agreement with data from other experimental
techniques. © 2000 John Wiley & Sons, Inc. J Polym Sci B: Polym Phys 38: 1965-1974, 2000
Keywords: polystyrene; solvent diffusion; inverse gas chromatography; polymer

INTRODUCTION

In the production of most polymers, residual low
molecular weight species, such as monomers or
solvents, remain in the product. To meet quality,
health, safety, and environmental standards,
these low molecular weight species must be re-
moved by devolatilization steps. Information on
the diffusivity and solubility of the solvents in the
polymer is required to design and optimize
devolatilization processes. The inverse gas chro-
matography (IGC) technique can be used as a tool
to accurately measure the solubility and diffusiv-
ity in polymer—solvent systems. In recent years,
the technique has become increasingly popular
for sorption measurements in polymer—solvent
systems in the limit of zero solvent concentration.
Various researchers!~® have used this technique
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to measure infinitely dilute diffusion and parti-
tion coefficients in binary polymer—solvent sys-
tems. Their results compare well with those ob-
tained from conventional techniques and are
reproducible. The ease of the experimental tech-
nique coupled with rapid and accurate results has
made IGC an important tool for measuring the
solubility and diffusivity in polymer—solvent sys-
tems. In the past, however, IGC has been limited
to measurements at infinitely dilute conditions.
The technique has been extended for thermody-
namic measurements to the finite concentration
region by a number of researchers. Previously,
only Tihminlioglu et al.® have reported measuring
diffusion coefficients at finite concentrations with
this technique. In this article, the IGC technique
has been applied to determine the partition and
diffusion coefficients of three polymer—solvent
systems: polystyrene (PS)-toluene, PS—benzene,
and PS—hexane at infinite dilution of the solvent
and in the finite concentration region for the PS—
toluene system.
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THEORETICAL ANALYSIS

Capillary Column Model

The method of analyzing the response from a
capillary column inverse gas chromatography
(CCIGC) for an infinitely dilute input pulse was
presented by Pawlisch et al.>® and Arnould and
Laurence.” Through modeling of the response
peak, partition and diffusion coefficients are de-
termined for infinitely dilute systems. For finite
concentration studies, the experimental setup
used in the infinitely dilute case and the original
model developed by Pawlisch need to be modified.
These modifications were discussed in detail in an
article by Tihminlioglu et al.® With the continuity
equations for the gas and polymer phases written
with appropriate boundary conditions, the dimen-
sionless equation for the response peak at the exit
of the column becomes in the Laplace domain
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Here, 7 is the thickness of the polymer film, K is
equal to dC'/dC (which for the infinitely dilute
case is equal to C'/C, the partition coefficient, K,)),
S is the Laplace operator, and D, and D,, are the
gas-phase and polymer-phase diffusion coeffi-
cients, respectively. The elution profile is a func-
tion of the three dimensionless parameters, «, S,
and I'. « is inversely related to the partition coef-
ficient, B2 is similarly related to the polymer dif-
fusion coefficient, and I' varies proportionately
with the gas-phase diffusion coefficient. In other
words, the parameter « is a thermodynamic pa-
rameter, whereas 3 and I" represent the polymer-
phase and gas-phase transport properties. V¥ is
the true mole fraction obtained by correction for
the gas-phase nonideality and for compressibility
effects due to the pressure gradient in the col-
umn.® The concentration in the polymer phase is
obtained by integration of the dC'/dC values from
zero concentration to the concentration of inter-
est. The ratio C'/C is then the partition coefficient
obtained from the CCIGC model.

In eq 1, the outlet concentration profile from
the gas chromatogram is made dimensionless
with the inlet concentration and the carrier-gas
retention time. The experimental data are re-
gressed with eq 1 to obtain the partition and
diffusion coefficients for the finite concentration
of the solvent. A fast Fourier inverse transform is
used to invert the solution of the CCIGC model
from the Laplace domain to the time domain. A
nonlinear regression to minimize the error be-
tween the experimental data and model predic-
tions is carried out with the Levenberg—Mar-
quardt algorithm. The first and second moments
of the elution profile are used to get initial esti-
mates of dC'/dC and D, for the regression. Equa-
tion 1 is identical to that derived by Pawlisch et
al.> and Arnould and Laurence” except for the
addition of the 1 — W term in the « parameter.
This term accounts for the change in the velocity
with concentration, that is, the sorption effect.!®
The ¥ parameter is equal to zero at infinite dilu-
tion conditions.

Retention Volume Theory

Theoretical relationships that were developed by
Conder and Young® and Price and Guillet' are
used to calculate the retention volumes and sorp-
tion isotherms. The retention volume, V, is given
by the expression

!

Vy=V(1-V¥) ac
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Here, Vy is the net retention volume, and V is the
volume of the stationary phase. Through the in-
tegration of eq 3 and the introduction of the
weight of polymer used, W, the concentration of
the solvent in the polymer phase, @, can be found.

Here, j is the pressure-drop correction factor.’
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0

To determine an isotherm, retention volumes
were measured for a series of solute concentra-
tions. The evaluation of the integral was done by
the fitting of a polynomial to the data and then
integration.

Free-Volume Theory

The most successful models for describing the
diffusion of low molecular weight penetrants or
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Figure 1. Schematic of the IGC apparatus.

solvents in amorphous polymers are based on
free-volume concepts. These basic free-volume
concepts were first proposed by Cohen and Turn-
bull,!* modified by Fujita'? for diffusion in amor-
phous, rubbery polymers, and refined by Vrentas
and Duda'®' for both self- and mutual diffusion
in polymer—solvent systems. In this work, the
Vrentas—Duda free-volume theory was used to
correlate diffusion coefficients for polymer—sol-
vent systems. The difference between the Fujita
and Vrentas—Duda theories is the focus on the
free volume per unit volume of solution by Fujita
and the average free volume per jumping unit by
Vrentas and Duda. Vrentas and Duda derived the
following expression for the concentration and
temperature dependence of the solvent self-diffu-
sion coefficient in a polymer solution above the
glass-transition temperature (T,) of the polymer,
D;:

'y(wlfﬂf + szSS)
Vien

Dl = DOleXp - (5)

Here, D, ,is a constant pre-exponential factor, \7?‘
is the specific critical hole free volume required

for a diffusive jump of the component i, R is the
universal gas constant, T is the absolute temper-
ature, vy is an overlap factor, and w; is the weight
fraction of component ;. The quantity ¢ is defined
as the ratio of the critical volume of the solvent
per mole to that of the polymer.

]‘lefpxl<
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Here, M; is the molecular weight of a jumping
unit of component i. In eq 5, Vg is the specific
hole free volume of the polymer—solvent mixture
given by

VFH = w1K11(K21 - Tg1 + T)

+ oK 15(Ko — ng +T) (7)

where K;; and K,, are free-volume parameters
and T,; is the glass-transition temperature of
component i. The free-volume parameters of the
pure polymer and solvent can be obtained inde-
pendently. Equation 5 can be used to regress ex-
perimental data for D,; and & The free-volume
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Figure 2. Comparison of the experimental elution
profile and CCIGC model for the PS—toluene system at
180 °C.

equation can then be used to interpolate and ex-
trapolate over wide ranges of temperatures and
concentrations.

The self-diffusion coefficient of the solvent at
zero concentration in a glassy polymer can be
described as

YViE
K5 (Ky + AMT — ng))

Dl = DOleXp (8)

The parameter A represents the volume contrac-
tion that can be attributed to the glass transition.
Clearly, the actual value of A for the polymer will
depend on the mechanical and thermal history of
the material. The evaluation of the parameter A is
usually done first through regression for D,; and
¢ with data above the 7. Equation 8 is then used
to determine A.

If the Flory—Huggins theory is invoked to de-
scribe the thermodynamic behavior of the system,
the mutual diffusion coefficient, D, can be related

Table I. Partition and Diffusion Coefficients for the
PS-Toluene System at Infinite Dilution

T (°C) K, D, (cm?/s)
110 70.9 8.50 X 10710
120 62.4 2.17 x 107°
130 445 4.73 X 107°
140 39.0 1.73 x 1078
150 314 3.30 x 10°8
160 27.3 6.43 x 10°8
180 19.4 2.10 X 1077
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Figure 3. Temperature dependence of K, for the PS—
toluene system.

to the self-diffusion coefficient of the solvent, D,
by the following relationship:

D =D,1 - ¢1)2(1 - 2X12¢1) 9)

Here, ¢, is the volume fraction of the solvent, and
X12 1s the Flory—Huggins interaction parameter.

EXPERIMENTAL

The capillary column was prepared by Supelco
Inc. (Bellefonte, PA). The column was 15 m long
with a 0.53-mm inner diameter. The thickness of
the polymer coating was 3.0 um. The solvents
used were all reagent grade (99.8% purity) as
supplied by Aldrich Chemicals and were injected
as liquids. PS was obtained from Pressure Chem
Co. It had a molecular weight of approximately
15,000 and a T, of approximately 100 °C.
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Figure 4. Infinite dilution diffusion coefficients for
the PS—toluene system with free-volume correlation.



Table II. Free-Volume Parameters of the
PS-Toluene System?

V% (em®/g) 0.917
V% (em®/g) 0.850
K, /vy (em®/g K) 2.21 X 1073
K, /v (em®/g K) 5.82 x 10~*
Ky — Ty (K) -103
Koy = Tys (K) -327

X 0.4

2 Parameter taken from Duda et al.'®

Figure 1 is a schematic of the experimental
apparatus. The apparatus is a modified form of
that used by Price and Guillet.’ A Varian gas
chromatogram (model 3400) equipped with a
thermal conductivity detector, a flame ionization
detector, a column injector, and a circulating air
oven was used. For the infinite dilute solvent
case, the carrier gas (helium) is fed directly to the
capillary column, and a small amount of solvent is
injected.

For finite concentration IGC, a uniform back-
ground concentration of the solvent is established
in the carrier gas. The carrier gas is diverted to
the saturator and then passes through a diffuser
in the well stirred, temperature-controlled liquid
bath. It leaves the saturator with its equilibrium
vapor pressure in the carrier gas. Precise control
of the temperature bath is needed to obtain a
constant plateau concentration. Upon leaving the
saturator, the gas flows through heated tubing to
the injector block and then to the column. As in
the infinite dilute case, a small pulse of the sol-
vent is then injected. This technique is known as
elution on a plateau. Through modeling of the
response peak as described previously, the parti-
tion and diffusion coefficients are determined. An
error analysis taking into account the length of
the column, velocity of the gas, thickness of the
coating, diameter of the capillary, and diffusion
coefficient of the solvent in the gas phase showed
that the errors in the partition coefficient and
diffusion coefficient values are less than 10%.
Each experimental point reported in this article is
the average of three experimental measurements.

RESULTS AND DISCUSSION

Infinitely Dilute Region

Infinite dilution experiments were performed for
three polymer—solvent systems: PS—toluene, PS—
benzene, and PS—hexane.

POLYSTYRENE-SOLVENT SYSTEMS 1969

O Elution data Kp= 20.4
4|
~—~—— CCIGC Model

D= 4.51x10® cm?/s

[o}

CL/C u

Figure 5. Comparison of the experimental elution
profile and CCIGC model for the PS—benzene system at
150 °C.

PS-Toluene System

The partition and diffusion measurements of tol-
uene were performed in PS from 110 to 180 °C,
which is greater than the T, of the polymer (7,
= 100 °C). Figure 2 shows the theoretical and
experimental elution profiles of toluene in PS at
180 °C. The points represent the experimental
data, whereas the solid lines represent the theo-
retical elution curves obtained with regressed val-
ues of the partition, K,,, and diffusion coefficients,
D,,. The good agreement between the experimen-
tal and theoretical elution profiles is evidence
that the CCIGC model accurately describes the
chromatographic process. The infinitely dilute
partition and diffusion coefficients are tabulated
in Table I. Figure 3 shows the temperature de-
pendence of the partition coefficients. The parti-
tion coefficient increases as the temperature de-

® FElution data

4 — CCIGC Model
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Figure 6. Comparison of the experimental elution
profile and CCIGC model for the PS—benzene system at
90 °C.
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Table III. Partition and Diffusion Coefficients of
Benzene in PS at Infinite Dilution

T (°C) K, D, (cm?/s)
70 59.0 2.01 x 1011
80 50.4 3.20 x 101
90 44.2 7.80 X 1071

100 40.3 4.00 x 1071
110 36.0 1.00 X 107°
120 29.9 3.98 x 107°
130 24.9 6.08 X 107°
150 20.4 451 x 1078
180 10.1 1.50 x 1077

creases. This shows that the solvent solubility is
inversely related to the temperature of the sys-
tem. The functionality of log(K) with temperature
is linear at temperatures greater than the glass
transition of the polymer. With this relationship,
partition coefficients can be predicted at higher
temperatures. The change of the slope is expected
because the heat of solution and, therefore, the K
value change at T, as reported by Laub and Pec-
sok.'?

To analyze the temperature dependence of the
diffusion coefficient of toluene in PS, the free-
volume theory at infinite dilution of the solvent
was used. Figure 4 shows the free-volume corre-
lation of the diffusion data for the PS-toluene
system. The diffusion coefficient data reported by
Pawlisch et al.,®® who used capillary columns,
and HadjRomdhane,* who used both packed col-
umns (packed column inverse gas chromatogra-
phy) and capillary columns (CCIGC), are also
shown in Figure 4. There appears to be some
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Figure 7. Partition coefficients as a function of tem-
perature for the PS—benzene system at temperatures
above and below the T, of the polymer.
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Figure 8. Diffusion data above the T, for the PS-
benzene system.

discrepancy between the diffusion data obtained
with packed columns and those obtained with
capillary columns. The discrepancy is believed to
be the result of the nonuniformity of the polymer
film in the packed columns. All diffusion data in
Figure 4 were correlated with free-volume theory.
The correlation gives a value of 9.28 X 10~ ¢ cm?/s
for D,; and 0.375 for & The free-volume parame-
ters are presented in Table II.

PS-Benzene System

The PS—benzene system was studied at temper-
atures greater and less than the 7, of the poly-
mer. Figure 5 shows the elution profile at 150 °C.
Because the temperature is far greater than the
T, the elution profile is Gaussian. At 90 °C, how-
ever, the elution profile is skewed with a sharp
front and a long tail. All elution profiles below the
T, of PS were characterized by sharp fronts and
tails, indicating slow solvent diffusion in the poly-
mer. A typical example is shown in Figure 6 at 90
°C. A summary of the values of K, and D, ob-
tained above and below the T, for the PS—ben-
zene system is given in Table III. Figure 7 shows
the plot of the partition coefficient as a function of

Table IV. Free-Volume Parameters of the
PS—Benzene System

V¥ (cm®/g)? 0.901
V% (cm®/g)® 0.850
K,,/y (cm®/g K)* 1.07 X 1073
K,,/y (cm®/g K)? 5.82 x 10~
Ky — Ty (K2 ~173.79

£ 0.329

2 Parameter taken from Zielinski and Duda.?°
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Table VI. Free-Volume Parameters of the
PS-Hexane System

V¥ (cm®/g)® 1.133
V% (cm®/g)? 0.850
K,,/y (cm®/g K)* 1.96 X 1073
K, /v (cm®/g K)* 5.82 x 10~
K,y — T,y (K? —41.08
Kyy — Tyo (K —-327

Dy, (cm?/s) 1.56 X 10”7
& 0.124

1015 L
0.0 20.0 40.0 60.0 80.0

10%(K,, T ,+T), (K

Figure 9. Diffusion data of benzene in PS above and
below the T, of the polymer.

temperature. As before, the slope of the plot
changes at the Tg.15 Because the solvent is at
infinite dilution, the T, remains at 100 °C.

The correlative capabilities of the Vrentas—
Duda free-volume theory above and below 7,
were tested. A regression for D, ; and ¢ was done
according to eq 5. Figure 8 reports the diffusion
data above Ty, for the PS—benzene system. In
this figure, the results of other investigators ob-
tained with packed columns*'® or capillary col-
umns®* are also shown. The regression of these
data yielded a value of 5.76 X 10~ % cm?/s for D,
and 0.329 for ¢ (Fig. 8). The free-volume parame-
ters used in the evaluation of the theory are given
in Table IV.

The Vrentas—Duda free-volume theory, as ap-
plied to glassy polymers, was used to describe the
diffusion of benzene below the glass transition of
PS. The parameter A was regressed according to
eq 8, with the D, ; and ¢ values determined above
the T,. Figure 9 shows the diffusion above and
below the T,. A break occurs at T,,, and a A value

Table V. Partition and Diffusion Coefficients of
Hexane in PS at Infinite Dilution

T (°C) K, D, (cm?/s)
110 10.2 7.50 X 107°
110 11.0 8.40 X 10~°
130 8.6 9.35 x 10~°
130 9.0 1.04 X 108
150 7.4 2.27 X 1078
150 7.9 247 x 10°8
180 45 4.37 x 1078
180 5.2 5.09 x 10~8

2 Parameter taken from Hong.?!

of 0.28 correlates the PS—benzene diffusion data
below T,o. For A = 1 (the extension of the corre-
lation line above T, to temperatures less than
T,5), the polymer would have its equilibrium lig-
uid structure at all temperatures. If A is equal to
0, the diffusion coefficients below the T, are not
dependent on temperature. Values of A have also
been determined by other researchers for PS—
solvent systems: 0.25 for toluene, 0.30 for heptane
and methyl ethyl ketone,* and 0.31 for pentane.®
The good agreement obtained for A from five dif-
ferent solvents shows that in general this param-
eter is independent of the solvent. This behavior
below the glass, of course, should depend on the
annealing history of the polymer. If the tempera-
ture is lowered quite slowly under controlled con-
ditions, a different polymer configuration may be
obtained, and the diffusion coefficients (and A)
may change.

PS—-Hexane System

Thermodynamic and diffusion data were collected
for the PS—hexane system above the T, of the

107

D _(cm?/s)
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2.0 2.2 2.4 2.6 l 2.8 3.0
1000/T (K™

Figure 10. Free-volume correlation of the PS—hex-
ane diffusion data.
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Figure 11. Temperature dependency of the solubility
data for the PS—hexane system.

polymer. A similar analysis in terms of free-vol-
ume theory was made with the diffusivity data
reported for the PS—hexane system in Table V.
Table VI lists the parameters used in the corre-
lation. Figure 10 shows the resulting free-volume
correlation. The regressed parameters (D,; and &)
determined for this system were 1.56 X 1077
cm?s and 0.124, respectively. No independent
data were available for comparison.

Figure 11 illustrates the temperature depen-
dency of the solubility data between 110 and 180
°C. This linear relationship can be used to predict
the solubility at higher temperatures.

Finite Concentration Experiments

The PS—toluene system was studied at finite con-
centrations up to about 11 wt % in the polymer
from 110 to 180 °C. A typical elution profile is
shown in Figure 12 at 140 °C and a solvent weight

K,=355
D,= 3.5x10°* cm?/s

w=0.0042

O Elution data

== CCIGC Model

tht,

Figure 12. Elution profile for the PS—toluene system
at 140 °C and a solvent weight fraction of 0.0042.
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0
0.00 0.05 0.10 0.15 0.20 0.25
Cx10* (mol/cm?)

Figure 13. Absorption isotherms for the PS—toluene
system.

fraction of 0.042. The scatter in the elution data is
significantly greater than in the infinitely dilute
case as a result of slight variations in the satura-
tor flow and temperature. Nevertheless, the
model reproduces the experimental curve quite
well.

Figure 13 illustrates the experimental absorp-
tion isotherms for the PS—toluene system at six
different temperatures. As expected, the concen-
tration of solvent in the polymer increases with
the solvent concentration in the gas phase, and
the slope of the isotherm becomes greater at lower
temperatures. Figure 14 shows a comparison of
the partition coefficients obtained from the reten-
tion volume theory expression, eq 4 (open circles),
and from the finite concentration IGC model (sol-
id circles) as a function of solvent concentration in
the gas phase at two different temperatures. This
figure also compares IGC data with gravimetric
sorption data'”'® (open triangles). The lines rep-
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Kp, Partition Coeficient
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Figure 14. Partition coefficients as a function of sol-
vent concentration in the gas phase.
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resent the best polynomial fit to all data. Partition Table VII. Experimental Data for the PS—Toluene
coefficient data obtained by IGC are in good System
agreement with the values obtained from reten-

tion volume theory and sorption experiments. Teotumn (°C) “1 K, D, (em®fs)
Comparisons of !:he diffusivities obtalped by 110 0 70.0 8.50 X 10-10
the IGC and sorption methods along with the 110 0.0105 717 402 X 102
free-volume corl.'elat.lon for the PS—toluene sys- 110 0.0177 741 9.77 X 10~°
tem are shown in Figure 15 at 130 and 180 °C. 110 0.029 773 1.93 X 10~8
The regressed parameters (D,; and &) determined 110 0.045 82.8 6.41 x 10~8
for this system were 1.04 X 10~ * cm®s and 0.503, 110 0.067 87.9 1.59 X 107
respectively. The data are in good agreement with 130 0 46.0 4.73 X 107°
the sorption data and are well correlated with the 130 0.0105 49.6 1.35 x 1078
Vrentas—Duda free-volume theory. The experi- 130 0.0112 50.4 1.80 X 10°°
mental data are given in Table VII. 130 0.0151 50.6 1.86 X 10°°
130 0.0182 51.3 2.78 X 108

130 0.0208 52.1 2.48 X 10°8

130 0.0281 52.7 4.30 X 108

CONCLUSION 130 0.0295 54.0 4.46 x 1078
. 130 0.0395 55.3 6.70 X 1078

The CCIGC technique has been demonstrated to 130 0.0449 56.8 857 X 108
be a good method for measuring partition and 130 0.0528 57.0 1.15 X 10~ 7
diffusion coefficients over a wide temperature 130 0.0541 59.1 9.86 X 108
range for both infinite and finite concentrations. 140 0 35 2.20 X 10~8
The method has been applied to toluene, benzene, 140 0.0042 35.5 3.50 X 108
and hexane at infinite dilution in PS. The PS- 140 0.0109 35.8 4.86 X 10°°
toluene system has also been studied in the finite 140 0.0185 36.6 6.23 X 10°°
concentration region at various temperatures and 140 0.035 39.2 1.06 10:;
concentrations. The Vrentas—Duda free-volume 150 0 31 3.30 % 10,8

" 150 0.0054 31.8 4.18 X 10

theory above and below the glass transition re- 150 0.0094 39,7 492 % 103
gion is able to correlate the data in both the infi- 150 0.014 33.6 587 x 108
nite and finite concentration regions. Partition 150 0.0203 34.6 8.67 X 108
coefficient data obtained by IGC are in good 160 0 25.0 3.83 X 10~7
agreement with the values obtained from the re- 160 0.01 24.5 1.34 X 10"
tention volume theory approach. This study 160 0.016 24.3 1.83 X 1077
shows that the IGC technique can be effectively 160 0.022 24.7 2.40 X 1077
used to make both infinite and finite concentra- 160 0.027 25.3 3.17x 1077
tion measurements for diffusion coefficient mea- 160 0.033 26.3 3.83 X 1077
surements, thus increasing its applicability. 180 0 19.0 2.10 X 10:7
180 0.0039 20.2 2.80 X 1077

180 0.0058 20.8 3.30 X 1077

180 0.0095 22.0 4.30 x 1077

180 0.0150 23.8 6.00 X 1077

180 0.0193 25.2 6.40 X 1077

NOMENCLATURE

Diffusion coefficient (cm?/s)

® |GC data . .
i o v, sorp. o C solute concentration in the gas phase (mol/
10° F , cm?)
3 == Free-volume correlation . .
B C’  solute concentration in the polymer phase
10.10 ! L L 3
0.00 0.05 0.10 0.15 0.20 (mol/em”)

. . C, strength of the inlet impulse (mol - s/em?)
Weight fraction of solvent D mutual diffusion coefficient (cm?/s)
Figure 15. Finite concentration diffusivity data for D; solvent self-diffusion coefficient of compo-
the PS—toluene system. nent i (cm?%/s)
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pre-exponential constant of the diffusion co-
efficient of component i (cm?/s)

solvent diffusion coefficient in the mobile
phase (cm?/s)

solvent diffusion coefficient in the polymer
phase (cm?/s)

pressure-drop correction factor

slope of sorption isotherm (dC'/dC)

solvent free-volume parameter (cm®/g - K)

solvent free-volume parameter (K)

polymer free-volume parameter (cm®/g - K)

polymer free-volume parameter (K)

equilibrium partition coefficient (C'/C)

length of the column (cm)

molecular weight of a polymer jumping unit
(g/mol jumping unit)

solvent concentration in the polymer phase
(mol/g polymer)

inner radius of the column (cm)

gas constant (J/mol - K)

Laplace operator

time (s)

residence time of the carrier gas (s)

temperature (K)

glass-transition temperature of component ;
(K)

mean velocity of the carrier gas (cm/s)

specific critical hole free-volume of compo-
nent i (cm®/g)

net retention volume (cm?)

volume of the stationary liquid phase (cm?®)

mass of the polymer (g)

dimensionless thermodynamic parameter

dimensionless polymer-phase diffusion pa-
rameter

dimensionless gas-phase diffusion parame-
ter

ratio of solvent and polymer jumping units

parameter (represents the change of volume
contraction)

film thickness in the capillary column (cm)

volume fraction of the component :

Flory—Huggins polymer—solvent interaction
parameter

pressure-corrected mole fraction of vapor in
carrier gas

weight fraction of component ;
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