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Synopsis

Two methods based on the free-volume theory of transport are developed for the estimation of
diffusion coefficients for trace amounts of solvents in amorphous polymers. The first method uses
diffusivity data for a polymer—solvent system above the glass transition temperature to estimate
the temperature dependence of the mutual diffusion coefficient below this temperature. In the
second method, mutual diffusion coefficients are estimated for a particular polymer-solvent system
both above and below the glass transition temperature using no diffusivity data for the system. The
predictions of the proposed theory are compared with diffusivity data for the n-pentane—polystyrene
and ethylbenzene—polystyrene systems.

INTRODUCTION

Difficulties associated with the presence of trace amounts of low molecular
weight impurities in plastic products have resulted in a considerable interest in
determining the diffusion coefficients of such penetrants in molten and glassy
polymers in the limit of zero solvent concentration.  Diffusion coefficients for
molten polymer—solvent systems are needed for the design of better devolatilizers
that can reduce the impurity level in the polymer. Diffusivities for glassy
polymer-penetrant systems are needed for determining the extent of the mi-
gration of impurities from a plastic product into the immediate surroundings.
The determination of the amount of impurity migration from plastic containers
into the container contents has especially been of great interest recently.!

Unfortunately, only a relatively small number of mutual diffusion coefficients
have been reported for polymer-solvent systems. Furthermore, the experi-
mental determination of diffusivities for organic solvent—polymer pairs can be
a difficult and time consuming process owing to the low diffusivity values char-
acteristic of such systems. Finally, we know of no comprehensive predictive
method for polymer—penetrant systems that can be used to provide reasonable
estimates of mutual diffusion coefficients in mass transfer processes involving
trace amounts of a solvent and an amorphous polymer. The purpose of this
paper is to propose methods for estimating diffusivities for amorphous poly-
mer-solvent systems in the limit of zero solvent mass fraction. A method is
presented for estimating the temperature dependence of D, the mutual diffusion
coefficient for a polymer—solvent system, below the polymer glass transition
temperature if data for D vs. T are available for this polymer—penetrant pair

Journal of Applied Polymer Science, Vol. 25, 1297-1310 (1980)
© 1980 John Wiley & Sons, Inc. 0021-8995/80/0025-1297$01.40



1298 VRENTAS, LIU, AND DUDA

above the glass temperature of the pure polymer. In addition, a method is
proposed for determining the temperature dependence of D for a polymer-sol-
vent system both above and below To, the polymer glass transition temperature,
even if no diffusivity data are available for this particular polymer-penetrant
pair. This can be done if diffusivity data are available for other solvents in the
polymer above and below T2 and if the temperature dependence of the viscosity
of the pure solvent is known.

The predictive methods are formulated using the free-volume theory of
transport as applied to polymer—solvent systems.2-¢ These estimation tech-
niques are based on the concept that a small amount of diffusivity data for a given
polymer can be used as a basis for estimating the temperature dependence of
D for the diffusion of various solvents in that polymer over wide temperature
ranges. The equations that are used in the predictive schemes are presented
below, and the auxiliary data needed for the implementation of these methods
are listed in the next section of the paper. Procedures for analyzing the auxiliary
data are summarized, and the diffusivity estimation methods are discussed.
These predictive methods are illustrated by using diffusivity data for the n-
pentane-polystyrene system above T3 to predict the temperature dependence
of D for this system below T2 and by computing D vs. T for the ethylbenzene-
polystyrene system above and below T2 using diffusivity data for the carbon
dioxide—polystyrene and ethyl bromide—polystyrene systems. The predictions
of the theory are then compared with actual data for the n-pentane—polystyrene
and ethylbenzene-polystyrene systems.

THEORY

We consider the isothermal diffusion of low molecular weight penetrants in
amorphous polymers, and we introduce the following assumptions and restric-
tions into the development:

(1) The diffusion process both above and below T is described by classical
diffusion theory, and this Fickian diffusion process is completely characterized
by the mutual diffusion coefficient ). Complications due to non-Fickian effects’
and the possibility that the dual-mode sorption mechanism® may be present in
glassy polymers are not considered here. A number of experiments®-12 suggest
that the diffusion of trace amounts of penetrants in glassy polymers can be de-
scribed by the equations of the classical theory.

(2) Diffusive transport both above and below T2 is described satisfactorily
by free-volume theory so that D can be computed over a wide temperature range
using the usual free-volume equations.2-8

(8) For one of the two methods, the size of the jumping unit of the solvent of
interest is assumed to be known. A jumping unit is the part of a molecule which
is capable of essentially independent movement over a short distance. Conse-
quently, for this method, the analysis is restricted to solvents which have the
entire solvent molecule as a jumping unit or to solvents in a homologous series
of compounds. For the latter case, it is reasonable to expect that at least the
larger members of the series have the same size jumping unit, and the jumping
unit size can be determined by analyzing diffusivity data for one member of the
series. In general, however, it will not be possible to use this predictive method
to estimate D for solvents that have jumping units which constitute only a portion
of the solvent molecule and which are of undetermined size.
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(4) For one of the predictive schemes described below, it is necessary to utilize
viscosity—temperature data for the pure solvent, and we assume that free-volume
theory satisfactorily describes the self-diffusion process in the solvent at tem-
peratures which can be significantly above the estimated glass transition tem-
perature of the solvent.

In the limit of zero solvent mass fraction, the mutual diffusion coefficient for
a polymer-solvent system for temperatures above T2 can be described® by the
following expression:

YV3k
= - 1

D =t Do Ko + T = Tpo W
where Dy, is a preexponential factor which is assumed to be independent of
temperature and £ is the ratio of the critical molar volume of a solvent jumping
unit to the critical molar volume of the jumping unit of the polymer. The critical
molar volume is the amount of local hole free volume per mole needed for the
movement of a jumping unit. This should approximately be equal to the occu-
pied volume per mole of the jumping unit, which is defined® as the molar volume
of the jumping unit at 0 K. The parameters K3 and vy V3/K 2 are simply related3
to the WLF constants of the polymer, C§ and C4:

Koo = C§ (2)
yV3/K 12 = 2.303C§C$§
(3)
A discussion of the parameters K19, K99, v, and V3 is given elsewhere.?
For temperatures below Ty, the diffusivity in the limit of zero solvent mass
fraction can be computed from the expression®
N [ D(T) | _ vVt T~ Ty
D(Tg) K13 Koo[(Kao/N) + T — Tyl
where the parameter A describes the character of the change of the volume
contraction which can be attributed to the glass transition.® The temperature
dependence of D at zero solvent concentration can be described by an apparent
or effective activation energy for diffusion, Ep,
oln D)
oT |p

and consequently for T' < Tz we have the following equation relating Ep to the
free-volume parameters:

4)

Ep =RT? ( (5)

5 = _RTHViE/NK )
P [(Ka/N) + T — Teol?

In addition, we note that the £ values for two solvents can be related® by the
following expression:

(6)

£(solvent 1) _ molar volume at 0 K (jumping unit of solvent 1)
£(solvent 2) molar volume at 0 K (jumping unit of solvent 2)

(7

This expression will of course be of use only if the jumping units for both solvents
can be identified. Methods for estimating molar volumes at 0 K have been
discussed by Sugden,!3 Biltz,'4 and Haward.!®
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If we assume that the temperature dependence of the self-diffusion process
in the pure solvent can adequately be described by considering free-volume ef-
fects only, we can write the following result for the self-diffusion coefficient of
the pure solvent, Dy:

YVi
Kin(Ka+T-Tg)
where T is the glass transition temperature of the solvent and K11, K9, and
V1 are free-volume parameters discussed elsewhere.> From this equation it is
easy to derive the result?

En T-Ty_  T-T
K K3 In[n1(T1)/m(T))

where 71(T) is the solvent viscosity at T, n1(T) is the solvent viscosity at a
convenient reference temperature 7’1, and K3, is given by the following equa-
tion:

In D1 =In D01 - (8)

9

_ yVi
Ki(Ko1+T1— Ty1)

Finally, we note that the self-diffusion coefficient of the solvent, D1, can be re-
lated to the solvent viscosity at the same temperature, 11, by a relationship
proposed by Dullien!$:

mV1D/RT = 0.124 X 10-16V,2/3 (11)

where V| is the molar volume of the solvent at the temperature of interest and
V. is the molar volume of the solvent at its critical temperature.

In the implementation of the predictive methods described below, some or
all of the following data must be utilized:

(1) WLF constants and T2 for the polymer. These quantities have been
tabulated for many polymers by Ferry.17

(2) D-vs.-T data above Ty at zero solvent mass fraction for at least one solvent
in the polymer of interest. A summary of such data for polystyrene has been
presented elsewhere,® and data of this type are also available for other amorphous
polymers,18.19

(8) D-vs.-T data below Ty at zero solvent mass fraction for at least one solvent
in the polymer of interest. Data for the temperature dependence of D below
Tgo for simple gas diffusion in a number of polymers have been tabulated by
Stannett?? in terms of an activation energy for diffusion, Ep. The size of the
jumping unit for this solvent must be known.

(4) Viscosity-vs.-T data for the solvent of interest. Low temperature viscosity
data are of particular interest, especially data taken on liquids supercooled below
their freezing points. Barlow et al.?! have collected data of this type for a number
of organic solvents. Low-temperature viscosity data are of course important
in the determination of meaningful free-volume constants.

(5) Density-vs.-T data for the solvent of interest. Density data must be
available for the same temperature range as the viscosity data, and the molar
volume of the solvent at its critical temperature must also be known.

(6) An estimate of Ty, the solvent glass transition temperature. Barlow et
al.?! provide estimates of T for a number of organic solvents and also discuss
a method for estimating T1.

K3 (10)
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Since YV3/K12, Ko, and Tgo are known for most important polymers, it is
evident from egs. (1) and (4) that the diffusivity for a system consisting of a trace
of solvent in an amorphous polymer can be computed both above and below Ty
if Doy, £, and A can be determined from the auxiliary data. Procedures for de-
termining these three parameters from these auxiliary data are discussed in the
next section.

DATA ANALYSIS PROCEDURES

It is assumed in this study that values of C§, C4, and T2 are available for a
particular polymer so that values of K99 and v V3/K 2 can be derived using eqgs.
(2) and (3). Diffusivity-temperature data above T for a solvent diffusing in
the polymer of interest can be used to evaluate Dg; and £ by the following method,
which we denote as procedure I:

(1) Plot In D vs. 1/(Kga + T — Tgo) using the known properties of the
polymer.

(2) From eq. (1), it is evident that the slope and intercept of the resulting
straight line give Dy, ¥ V3£/K 19, and £ for the polymer—solvent system.

Diffusivity-temperature data below Ty (given as an activation energy at some
temperature) for a solvent diffusing in the polymer of interest can be combined
with a result derived from D-vs.-T data for polymer-solvent diffusion above T2
(not necessarily the same solvent) to evaluate A by the following method, which
we denote as procedure IL:

(1) It is assumed that a value of £ has been derived for the solvent for which
D-vs.-T data are available above T

(2) Use eq. (7) to evaluate £ for the solvent for which Ep data are available
below Tg2. The sizes of the jumping units of the two solvents must of course be
known.

(3) Use the value of Ep at some temperature below Tig2,the known properties
of the polymer, and the value of £ determined in step 2 to calculate A for the
polymer of interest from eq. (6).

Data for the temperature dependence of the solvent viscosity can be used to
evaluate Dy, for a solvent using the following method, which we denote as pro-
cedure III:

(1) Choose a convenient reference temperature 7'y and construct a graph of
(T — T1)/In [n(T1)/m(T)] vs. (T — Tg1). From eq. (9), it is obvious that Ky
is equal to the ratio of the intercept to the slope of the resulting straight line. The
applicability of this plot is based on the assumption that free-volume theory
adequately portrays the temperature dependence of 75 at temperatures that are
usually significantly above Ty, the estimated glass transition temperature of
the solvent.

(2) Convert 71(T) data to D1(T') data using eq. (11) and density—temperature
data for the solvent.

(3) Plotln Dy vs. 1/(Kg; + T — Tg1) using the known properties of the solvent.
From eq. (8), the intercept of the straight line gives D(Q1for the solvent of in-
terest.
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PREDICTIVE METHODS FOR D

In the first predictive method, diffusivity data above Tg2for a polymer—solvent
system are used to estimate the temperature dependence of D below T for this
polymer—penetrant pair. If the size of the jumping unit of the solvent of interest
is known, this procedure can be carried out using the diffusivity data above T,
diffusivity data for another solvent in the same polymer below Tys, and the
properties of the polymer (C§, C§, and T,9). If the size of the jumping unit of
the solvent of interest is in question, then D-vs.-T data above T, for a solvent
with a jumping unit of known size must also be available. This first estimation
method, which is depicted in Figure 1, can be summarized as follows:

(1) Evaluate K23 and vV3/K o for the polymer using WLF constants and egs.
(2) and (3).

(2) Obtain Dy and £ for the solvent of interest by analyzing D-vs.-T' data
above T for this solvent using procedure I.

(3) If the size of the jumping unit of the solvent of interest is known, use the
value of £ determined in step 2 and the diffusivity data for another solvent below
Tga to evaluate A using procedure IL.

(4) If the size of the jumping unit of the solvent of interest is in question, use
D-vs.-T data above Ty and procedure I to obtain £ for a third solvent with a
jumping unit of known size. Use this value of £ and the diffusivity data for the
solvent below T,» (with a jumping unit of known size) to evaluate A using pro-
cedure II.

(5) Determine D vs. T for T < T, for the polymer-solvent system of interest
using eq. (4).

In the second predictive method, the temperature dependence of D for a
polymer-solvent system is determined both above and below T2 using no dif-

FIRST PREDICTIVE METHOD

Egs.(2)and(3)

D(T), T>Ts2
for Solvent |

Procedure |

Is Size of Jumping|
Unit of Solvent
nown ?

[ D(T),T< To2
for Soivent B with
Jumping Unit of

L Known Size |

Fig. 1. Schematic diagram of method for predicting D below T2 for a polymer—solvent system
using diffusivity data for the system above Tyo.
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fusivity data for this particular polymer—penetrant pair. The required auxiliary
data are D-vs.-T data for another solvent in the same polymer above Ty9, D-vs.-T
data for some solvent below Ty, the polymer properties (C§, C§, and Tyo), Ty,
and viscosity and density data for the solvent over an appropriate temperature
range. This second predictive method, which is depicted in Figure 2, can be
summarized as follows:

(1) Evaluate Ko and yV3/K 15 for the polymer using WLF constants and egs.
(2) and (3).

(2) Obtain Dg; from procedure III using solvent viscosity and density data
and an estimate of T.

(8) Usé D-vs:-T data above Ty for another solvent to obtain £ value for this
solvent using procedure L.

(4) Determine £ value for solvent of interest using eq. (7). The sizes of the
jumping units of both solvents must be known.

(5) Determine D vs. T for T > T for the polymer-solvent system of interest
using eq. (1).

(6) Use the value of £ determined in step 3 and the diffusivity data for some
solvent below T'gs to evaluate A using procedure II.

(7) Determine D vs. T for T < T, for the polymer-solvent system of interest
using eq. (4).

ILLUSTRATIONS OF PREDICTIVE METHODS

The first predictive method is illustrated by using n-pentane-polystyrene
diffusivity data above Ty and D-vs.-T data below Tg2 fo r the carbon dioxide—
polystyrene system to estimate the temperature dependence of D below T for
n-pentane diffusion in polystyrene. Since there is a possibility that the n-
pentane molecule may not jump as a single unit, we also utilize diffusivity data
for the ethylbenzene—polystyrene system in this analysis. The n-pentane-
polystyrene and ethylbenzene—polystyrene data have been presented and ana-

SECOND PREDICTIVE METHOD

B(T)LW(T) D{T), T>Te

grt;fvz:mlt f|°r for Solvent A

Procedure Il

Dl)l

for Solvert Ea.(4)

l_—D T), T< T2
for Solvent |

Fig. 2. Schematic diagram of method for predicting D both above and below T2 for a polymer—
solvent system using no diffusivity data for the system.
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lyzed elsewhere.> Using procedure I, the following parameter values have been
derived for the n-pentane—polystyrene system: ln Dq; (2m?/sec) = —10.3 and
£ = 0.41. An equivalent analysis using ethylbenzene—polystyrene diffusivity
data above T, yielded a value of £ = 0.71 for this system. From this result, a
value of £ = 0.24 was computed for the carbon dioxide system using eq. (7). This
value of £, the activation energy of 8700 cal/g mol reported by Stannett2° for the
carbon dioxide—polystyrene system, and the appropriate polystyrene properties
tabulated by Ferry!? were used in eq. (6) to compute a value of A = 0.16 for
polystyrene.

The temperature dependence of D for the n-pentane—polystyrene system
below Tgo, calculated using eq. (4), along with the measured temperature de-
pendence of the mutual diffusion coefficient above T,9, is presented in Figure
3. Also included in this figure are experimental data reported by Holley et al.?2
for the n-pentane—polystyrene system. The points represent averages of dif-
fusion coefficients determined for cast-annealed and biaxially oriented poly-
styrene. The agreement is reasonably good, although the experimental value
of the apparent activation energy for diffusion is significantly lower than the
theoretical estimate for Ep. It is not clear how much significance should be
placed on this apparent discrepancy because of the relatively narrow temperature
range covered by the n-pentane-polystyrene desorption experiments.22

The second predictive method is illustrated by computing D vs. T both above
and below T for the ethylbenzene—polystyrene system without using any dif-
fusivity data for this system. Estimates of the diffusivity for this polymer—
penetrant pair are of particular interest since such a prediction provides a rea-
sonable approximation of the mutual diffusion coefficient for the important
styrene—polystyrene system. In addition to the usual polymer properties, the

TEMPERATURE (°C)
25200175 150 125 100 75 50 25
| T T T T T T T T
6" .
16°%- -
S
N{) 16°- 1
§ 16 s
(]
16" =
(o]
|6‘]» .
To} 1 1
20 25 30 35

17T x10%°K™) |

Fig. 3. Comparison of predictions with experiment for the n-pentane—polystyrene system. Circles
represent the data of Holley et al.22
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following data were utilized in applying the predictive scheme:

(1) Viscosity data for ethylbenzene from 160.2 to 404.6 K. 21,23

(2) Density data for ethylbenzene from 160.2 to 363.2 K.21.2¢ The density
data were extrapolated using the equation of Hocker and Flory24 to provide
values of the density for the complete temperature range for which viscosity data
are available.

(3) A critical molar volume V, = 374 cm3/g mole for ethylbenzene.25

(4) Diffusivity data above T for the ethyl bromide—polystyrene system.!1

(5) Diffusivity data below T,2 for the carbon dioxide-polystyrene
system.20

(6) An estimate of T, = 111.8 K given by Barlow et al.?!

A value of K9; = 15.1 K was determined?® from a plot of (T — T1)/log
[m1(T1)/m(T)) vs. (T — Tg1) with T7 = 160.2 K. As is evident from Figure 4, the
data appear to be well represented by a straight-line fit even though the tem-
perature range extends nearly 300°C above the estimated value of Tz The
graph of log D vs. 1/(Kg; + T — Tgy) is presented in Figure 5, and a value of Dy,
= 2.83 X 104 cm?/sec was determined from this straight-line plot. A value of
Dg1 = 4.89 X 104 cm?/sec was calculated previously2® using viscosity data in the
temperature range 273.4-404.6 K instead of the temperature range 160.2-
404.6 K.

A previous analysis3526 of diffusivity data for the ethylbenzene—polystyrene
system above T in the temperature range 140-178°C yielded the values Dy;
= 2.2 X 1073 cm2/sec and £ = 0.71. The unsatisfactory agreement between this
value of Dg; and the one determined from solvent viscosity data can be attributed

(7] H (54 02} ~ o] [{+]
Q Q (@] (@] (@] (@) o

(T-T)og(T)/(T)) (°C)

n
(@]

(0] 1 1 1 ! ]
6] 50 100 150 200 250 300

T-Ta{°C)
Fig. 4. Example of first plot used in procedure III for the ethylbenzene—polystyrene system.
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Fig. 5. Example of second plot used in procedure III for the ethylbenzene-polystyrene system.

to two factors. First, some error is introduced in the value of Dg; derived from
diffusivity data using procedure I because of the need to extrapolate the data
to zero solvent mass fraction. This extrapolation procedure is especially difficult
in the vicinity of T2 owing to the strong concentration dependence of D. Second,
the free-volume equation used to analyze the solvent self-diffusion data may be
inadequate at high temperatures and at high solvent mass fractions. This is
shown below.

From considerations discussed elsewhere,26 it follows that a general free-vol-
ume equation for D;(w;), the self-diffusion coefficient of the solvent in a poly-
mer—solvent mixture, can be written as follows:

-p E Y(@1Vi + wptV3)]

Dy(w1) =Dg exp[ RT| &P [ Vet | (12)
where 5,01 is a constant preexponential factor, Vzy is the specific hole-free vol-
ume of the mixture, £ is the critical energy per mole that a molecule of the solvent
must obtain to overcome attractive forces which hold it to its neighbors, and w;
and ws are the mass fractions of solvent and polymer, respectively. For the major
parts of the temperature and concentration ranges usually encountered in
polymer-solvent diffusion, the solvent self-diffusion process is dominated by
free-volume effects, and the variation of the solvent self-diffusion coefficient
with temperature and concentration can be approximated satisfactorily by ab-
sorbing the energy term into an effectively constant preexponential factor
D()l:

Dy(wy) = Doy exp|— 7(“’1VIV+ w2k VY] (13)
FH
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This result, evaluated at w; = 1, is used above as the basis for analyzing the
self-diffusion data for the pure solvent.

As discussed elsewhere,? it is possible that the energy term can make a sig-
nificant contribution to the temperature variation of the self-diffusion coefficient
of the pure solvent at sufficiently high temperatures, although this does not
appear to be the case for ethylbenzene. In addition, the contribution of the
energy term to the concentration dependence of D1(w;) near w; = 1 at a given
temperature can be significant. This is partly due to the relatively high hole-free
volume associated with the solvent and partly due to the possibility that E can
change significantly near w = 1. For solvent mass fractions ranging from 0 to
approximately 0.9, the domains of polymer molecules overlap, and a solvent
molecule sees the same type of surroundings over this mass fraction range.

Hence, E should not change much in this mass fraction interval. However,
as the pure solvent limit is approached, polymer molecules become scarce, and
it is reasonable to expect that E can change significantly as the surroundings of
the solvent molecule are altered. The variation of D with w; near w; = 1 can
be described by the expression

(alnDl) ___1_(i1£) +7VI My V3 V- Vol
0wy Jur=1 RT dw1 w1=1 flV(l) Mj flV(l) flV(l) ]

where M is the molecular weight of the solvent, M; is the molecular weight of
a polymeric jumping unit, f; and f5 are the fractional hole-free volumes of pure
solvent and pure polymer, respectively, V{ and V9 are the specific volumes of
solvent and polymer, respectively, at the temperature of interest, and Voo is the
partial specific volume of the polymer at w; = 1. The quantity (dE/dw1) =1
approximates the energy change from w; = 0.9 to w; = 1. This result was used
to construct Figure 6, from which it is evident that the concentration dependence
of E can exert a significant influence on the variation of D; with concentration.
Consequently, the concentration dependence of E cannot generally be ignored
if D1(w) is to be calculated near w; = 1. In other words, if eq. (13) is used to

(14)
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Fig. 6. Importance of energy effect in the concentration dependence of D) near w; = 1. Curves
are based on vy = 0.75, M1/M; = 1,f2 = 0.03, V§ = V§ = Vy = Vi = 1 cm?/g.
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represent D(w;), it cannot generally be expected that a single value of Dg; will
represent the complete mass fraction interval satisfactorily.

Consequently, it is not surprising that the value of D(Q1calculated from data
taken near w; = 0 differs from the value of Dy; determined using data at w, =
1. There is no simple way to correct this shortcoming in the second predictive
method, and the possible error in the value of Dg; calculated using solvent vis-
cosity data is the penalty that must be paid for not using any diffusivity data for
the polymer-solvent system of interest. However, as will be evident below,
reasonable estimates of D can be derived even though an approximate value of
Dy is utilized. Furthermore, it is evident that the error introduced by an ap-
proximate value of Dg; decreases as the temperature is lowered.

From ethyl bromide-polystyrene diffusivity data above Tyo, a value of £ = 0.38
was determined previously® for this solvent. From this result and eq. (7), a value
of £ = 0.67 was computed for the ethylbenzene-polystyrene system; this result
is in reasonable agreement with the value £ = 0.71 determined directly from the
ethylbenzene—polystyrene diffusivity data above Tgs. The choice of ethyl
bromide as the solvent for which diffusivity data are available above T2 is of
course arbitrary, since diffusivity data have been reported for a number of sol-
vents diffusing in polystyrene. Values of £ for ethylbenzene, computed using
diffusivity data for 15 solvents, are presented in Table I. The £ values from 12
of these solvents are within 13% of the value £ = 0.71 determined directly from
polystyrene—ethylbenzene diffusion data. The poor agreement of the hydrogen
and ethylene values is to be expected because the quality of the data are not good,
but the result for methane is surprising because these data appear to be of high
quality. A value of £ = 0.23 was determined for the carbon dioxide—polystyrene
system using the £ value for ethyl bromide and eq. (7). A value of £ = 0.24 was
calculated above in the n-pentane analysis, and a value of £ = 0.27 was deter-
mined previously?® from D-vs.-T data for the carbon dioxide-polystyrene system.
Finally, the £ value for carbon dioxide and the reported activation energy of 8700
cal/g mol were used to compute a value of A = 0.16 for polystyrene from
eq. (6).

TABLE 1
£ Values Computed for Ethylbenzene-Polystyrene Using Diffusivity Data for Other Solvents
Solvent £(Solvent) ) £(Ethylbenzene)

Hydrogen 0.13 1.0

Methane 0.11 0.40
Nitrogen 0.17 0.78
Methanol 0.25 0.74
Ethylene 0.18 0.48
Carbon dioxide 0.27 0.79
Ethanol 0.30 0.62
Methylene chloride 0.35 0.69
Ethyl bromide 0.38 0.67
Pyridine 0.48 0.70
Chloroform 0.46 0.75
n-Propyl chloride 0.50 0.73
Benzene 0.51 0.71
Fluorobenzene 0.52 0.69

Toluene 0.66 0.77
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Diffusivity values for the ethylbenzene—polystyrene system above and below
T,o were computed using egs. (1) and (4), respectively, and the results are pre-
sented in Figure 7. The predicted values of the mutual diffusion coefficient are
compared with experimental data® above T2, but no data are available for this
solvent below Tygo. It is evident from Figure 7 that the estimated diffusivity
values are from three to five times lower than the experimental values, which
represent extrapolated estimates of the mutual diffusion coefficient at zero
solvent concentration. The error decreases significantly as the temperature is
decreased. Although the estimated diffusivities are not satisfactory for precise
scientific work, they should be adequate for many mass transfer calculations.
Furthermore, the predictive capabilities of the proposed scheme can be con-
sidered to be satisfactory when consideration is taken of the fact that no ethyl-
benzene—polystyrene diffusivity data were used in calculating the estimated
values of D.

Although the proposed two predictive schemes are, of course, not substitutes
for actual experimental data, we believe that it is fair to conclude that useful
estimates for mutual diffusion coefficients can be derived from these methods.
These estimated diffusivities are particularly useful in instances where the time
and expense of collecting the needed diffusivity data cannot be justified. Fur-
thermore, in some instances, the mutual diffusion coefficients will be so low
(particularly below To) that experimental determination of these coefficients
is highly impractical, and some predictive method is effectively necessary.

The diffusion coefficients predicted by the methods proposed in this article
are valid at low penetrant concentrations and low pressures since concentration
and pressure effects on the free volume of the system have, of course, not been
considered. In addition, diffusion below the glass transition temperature has
been described by free-volume theory rather than by dual-mode sorption and
partial immobilization mechanisms.827 Although dual-mode sorption theory

TEMPERATURE (°C)

75 150 126 100 75 50 25
10 T T T T T T

D (cm¥sec)

22 24 26 28 30 32 34
1/T x10*(°K™)
Fig. 7. Comparison of predictions with experiment for the ethylbenzene—polystyrene system.

Open circles represent experimental data of Vrentas and Duda.® The solid circle represents an
extrapolation of these data based on the free-volume equation.
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has been used to explain some aspects of sorption and transport behavior below
the glass transition temperature, it is not clear at this time whether or not these
phenomena can also be explained by using concepts that are compatible with
the free-volume model utilized here. Although the agreement between the
theory proposed here and the n-pentane-polystyrene diffusivity data is en-
couraging, more data and data analyses are needed before any definitive con-
clusions can be reached on the nature of sorption and transport in glassy poly-
mers.

This work was supported by the National Science Foundation Grant ENG 78-26275.
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