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Polymer-Solvent Systems

A revised version of a recently proposed free-volume theory of polymer-solvent
diffusion is introduced and evaluated using experimental diffusivity data collected
over wide temperature and concentration ranges. The theory accurately predicts
the large temperature and concentration variations typically observed for poly-
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SCOPE

Mutual diffusion coefficients are needed for the analysis of
many important mass transfer problems involving concentrated
polymer solutions. Since the diffusivities for such systems are
typically strong functions of temperature and concentration,
the analysis of these problems is greatly facilitated if predictive
methods are available for the determination of the required
mutual diffusion coefficients. Fujita has proposed a free-volume
theory of diffusion for concentrated polymer-solvent systems,
and a new free-volume theory has been formulated which
eliminates some of the shortcomings of the Fujita theory. Al-
though this new theory describes the general behavior of mutual
diffusion coefficients for polymer-solvent systems quite well
over wide temperature and concentration ranges, satisfactory

quantitative agreement between theory and experiment has not
been achieved. Furthermore, data needed for the evaluation of
the parameters in the thermodynamic model used for the
polymer-penetrant mixture are usually not available.

In this paper, we modify the new version of the free-volume
theory by relaxing one of the assumptions and by utilizing a
simpler thermodynamic model for the polymer-solvent system.
The correlative and predictive capabilities of the proposed
theory are evaluated using diffusivity data for three polymer-
solvent systems. In addition, a comparison between the pre-
dictions of the proposed theory and the theory of Fujita is car-
ried out.

CONCLUSIONS AND SIGNIFICANCE

A recently proposed free-volume theory of diffusion has been
revised by introducing two modifications which serve to en-
hance its predictive capabilities and to facilitate its utilization,
Evaluation of the parameters of the theory requires density and
viscosity data plus a small amount of equilibrium and diffusivity
data, Comparisons of the predictions of the proposed free-vol-
ume theory with experimental data collected over wide tem-
perature and concentration ranges show that the theory can

accurately describe the diffusional behavior of polymer-solvent
systems. The theory accounts for the very large variations of the
diffusivity with temperature and concentration and removes
the necessity of having to perform a large number of difficult
mass transfer experiments. The predictions of the proposed
theory are superior to those obtained using the free-volume
theory of Fujita.

INTRODUCTION

One of the crucial problems of the polymer industry is the re-
moval of small amounts of volatile residuals to meet environmental,
health, and safety regulations. This concern with polymer purifi-
cation has initiated a renewed interest in the area of molecular
diffusion of solvents in molten polymers. Unfortunately, advances
in this area have been slowed by experimental and theoretical
limitations. It is quite difficult to measure diffusion coefficients
at the elevated temperatures which are characteristic of most
polymer purification processes. The experimental difficulties are
aggravated by the fact that diffusion coefficients for polymer-
solvent systems are strong functions of temperature and concen-
tration. Theoretical progress has been hampered by the difficulty
in applying molecular mechanics to transport processes in con-
centrated polymer solutions. For the past 15 years, the free-volume
theory proposed by Fujita (1961) has served as the main basis for
the description of the diffusion process for such systems. Recently,
a new free-volume theory with predictive capabilities has been
developed (Vrentas and Duda, 1977 a,b, 1979 a,b) for the deter-
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mination of polymer-solvent diffusion coetficients for purely vis-
cous diffusion.

In this version of free-volume theory, free-volume parameters
are determined from pure polymer and pure solvent viscosity data,
and these parameters are coupled with thermodynamic informa-
tion and a limited amount of diffusivity data to predict diffusional
behavior over wide ranges of temperature and concentration. Al-
though this most recent free-volume theory appears to provide the
best available description of purely viscous polymer-solvent dif-
fusion in concentrated solutions at this time (Vrentas and Duda,
1976, 1977 a,b, 1979 a,b), it cannot be considered completely sat-
isfactory from two points of view. First, although the theory de-
scribes the general behavior of mutual diffusion coefficients for
polymer-solvent systems over wide temperature and concentration
ranges quite well, the predicted values of the diffusivity are sig-
nificantly higher than those obtained from experiments (Vrentas
and Duda, 1977b, 1979a; Duda et al., 1978). Second, difficulty in
determining the thermodynamic information needed for the
computation of the binary mutual diffusion coefficient can severely
limit the utilization of the new free-volume analysis. In the original
development, the temperature and concentration dependences of
the specific volume of the mixture and of the solvent chemical
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potential were determined using the thermodynamic theory of
Flory (1970). Although Flory’s theory provides a satisfactory
representation of the thermodynamic behavior of the liquid state,
the data needed for the computation of the parameters required
for the theory are not available for many polymer-solvent sys-
tems.

The purpose of this paper is to remove these two shortcomings
from the new free-volume theory of diffusion. To obtain a theory
with better predictive capabilities, one of the assumptions intro-
duced into the original version is relaxed. Furthermore, to facilitate
computation of the thermodynamic factor in the expression for the
mutual diffusion coefficient, a simpler thermodynamic model of
the polymer-solvent mixture is utilized. The correlative and pre-
dictive capabilities of this second version of the new free-volume
theory of diffusion are examined using diffusivity data for three
polymer-solvent systems collected over wide ranges of temperature
and concentration. Finally, experimental data are also used to carry
out a comparison between the predictive capabilities of this theory
and the free-volume theory proposed by Fujita (1961).

THEORY

In the free-volume theory of Vrentas and Duda (1977a, 1979a),
the expression for the binary mutual diffusion coefficient D can
be written as

\%
D= DypsVaopr (%) (1)
RT op1)Tp
oV + w \Y
D, = Do, exp[ Y(wiVi + Vi) @)
Ven

where u; and Vg can be computed using the thermodynamic
theory of Flory (1970). In order to facilitate the determination of
d, we simplify this theory by introducing the following assump-
tions:

1. All thermal expansion coefficients needed to calculate the
various volumes required for the theory are approximated by av-
erage values in the temperature range under consideration.

2. The partial specific volumes of polymer and solvent are as-
sumed to be independent of concentration so that the influence of
volume change on mixing on the free volume of the system is
considered negligible.

3. The solvent chemical potential in the mixture is given by the
Flory-Huggins equation (Flory, 1953)

p1 = ud+ RT{n (1 — ¢2) + x5 + ¢2) (3)

where the interaction parameter x is assumed to be a constant,
independent of temperature and concentration, for a given poly-
mer-solvent system.

Introduction of these assumptions into Egs. 1 and 2 yields the
following expression for D

(V] + wkV})

D=Dg(1-¢2(1—-2 - = 4
o1 (1 — 1)% ( X¢1) exp Venl vy (4)
where
% K K
~EH =2 (Ko + T - Te1) + =12 p(Kog + T — Tygo)
Y Y Y
(5)
V¢
¢ = ! (6)
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The definitions of the free-volume parameters K1;/7, Ka;, K12/,
and K g3, which are given elsewhere (Vrentas and Duda, 1977 b,c),
are not essential in the present context. It should be emphasized
that the above three assumptions are of course not necessary but
are introduced solely to. facilitate utilization of the free-volume
theory proposed by Vrentas and Duda. The presumption is that
these assumptions will lead only to a small loss in accuracy which
will be more than compensated for by the increased applicability
of the theory. Since the data needed to apply the more general
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Flory theory are not available for many polymer-solvent systems,
the simplified version is necessary if diffusivity predictions are to
be made for such systems using the free-volume analysis. The
Flory-Huggins theory was used here since it provides a simple but
satisfactory representation of i for the polymer-penetrant systems
considered in this study.

The second change in the recently proposed free-volume theory
involves relaxation of an assumption concerning the preexponential
factor D). In general, Do) should be expressed as (Vrentas and
Duda, 1979a)

Dg, = Do exp(—E/RT) (M

and this result accounts for the energy per mole that a molecule
needs to overcome attractive forces which hold it to its neighbors.
In the previous version of the theory, it was argued that the tem-
perature variation of Dy, is not important. Although a satisfactory
representation of the temperature dependence of D at a single
solvent mass fraction can be obtained by ignoring the temperature
variation of Dy, it is shown below that unsatisfactory results are
obtained for the temperature dependence of D at other values of
the solvent mass fraction. Hence, we retain the temperature de-
pendence of Dy, in this version of the theory by utilizing Eq. 7.

The variation of D with temperature and mass fraction can be
determined for a particular polymer-solvent system from Eqs. 4-7
once the following parameters are known: Dy, E, X, &, Vi Vs,
K“/’Y Klg/‘y Kgl Tgla K22 ng, Vl, and Vg Procedures for
determining these parameters using polymer and solvent viscosity
and density data and a small amount of thermodynamic and dif-
fusivity data are considered in the next section.

In a comparison of the above free-volume theory with the
free-volume theory proposed by Fujita (1961), it was concluded
that the latter theory had two major shortcomings (Vrentas and
Duda, 1977a, 1979a). First, the Fujita theory is restricted to the
description of systems for which the molecular weight of a solvent
jumping unit is approximately equal to the molecular weight of
a polymeric jumping unit (M;; = M;3). Second, the Fujita theory
has been set up as a correlative rather than a predictive theory in
the sense that diffusivity vs. volume fraction data at each tem-
perature are used to evaluate the parameters of the theory at that
temperature. In this paper, we convert the Fujita theory to the same
predictive basis as the free-volume theory proposed here and see
whether a free-volume theory based on the assumption Mj; = M
or &£ = V}/V} can yield satisfactory predictions of the mutual dif-
fusion coefficient.

DETERMINATION OF THEORY PARAMETERS

To evaluate the parameters of the theory, we assume that the
following data are available.

1. Density data for the pure polymer and the pure solvent as a
function of temperature.

2. Viscosity data for the pure polymer and the pure solvent as
a function of temperature.

3. At least three values of the diffusivity for the polymer-solvent
system at two or more temperatures.

4. Sorption equilibrium data for the polymer-solvent system at
a single temperature or other thermodynamic data from which x
can be determined.

Density and viscosity data are usually available for common
polymers and solvents, and equilibrium data are frequently col-
lected during a diffusion experiment. Note that only a small
amount of diffusivity data is required for the parameter deter-
mination. The procedures for determination of the theory pa-
rameters can be summarized as follows:

1. As discussed elsewhere (Vrentas and Duda, 1977a, 1979a), A%
and V3 are estimated by equating them to equilibrium lxquld
volumes at 0 K:

Vi=Vi0 (8)
Vi=V2(0) 9)
AIChE Journal (Vol. 28, No. 2)



TABLE 1. SOLVENT FREE-VOLUME PARAMETERS

Solvent YVi/Ku (K) Ty — Ko (K)
Acetone 508 53.3
Carbon disulfide 704 104
Ethylbenzene 500 96.7
Methanol 824 47.9
Methyl acetate 682 38.5
Toluene 415 103

Haward (1970) has discussed procedures for estimating equilibrium
liquid volumes at 0 X for both polymers and simple liquids. Hence,
adequate estimates for V9 (0) and V' (0) can usually be obtained
with no further data collectlon whereas values of V$and V{in the
temperature range of interest are of course known if the appro-
priate density data are available.

2. The temperature dependence of the viscosity for pure poly-
mers and pure solvents can often be adequately described by the
free-volume theory of transport. For example, the viscosity of the
pure polymer, 1y, can be expressed as

_(Vi/Kie)
Kog + T — Ty
where A; is considered to be effectively constant. The quantities
vV3/Kiz (and hence Kya/7) and Kgg ~ Tgo can thus be deter-
mined from viscosity-temperature data for the polymer using a
non-linear regression analysis based on Eq. 10. If the glass transition
temperature of the polymer is known, the actual value of K3z can
be computed for the system. The parameters Ko and YV 3/K 5 are
simply related (Vrentas and Duda, 1977b) to the WLF constants
of the polymer, (C§); and (C§)o:

Koo = (C§)s (11)
¥V

—— = 2.303 (Cf)2 (CH)2 (12)

Kig
Values of (C$§), and (C§)s, derived from viscosity-temperature data,
have been tabulated for a large number of polymers (Ferry, 1970),
and Kgp and Kj3/% can be computed directly from these results
using Eqgs. 11 and 12. An alternative procedure is available for the
determination of Koz and YV /K12 from viscosity-temperature
data (Vrentas and Duda, 1977b), but this method is more sensitive
to scatter in the data and is not as satisfactory as a non-linear re-
gression based on Eq. 10.

An identical procedure can be utilized for the determination of
YV3/Kiy (Ki/v) and Koy — Tg) from viscosity-temperature data
for a pure solvent. However, there is some question as to the ap-
plicability of free-volume theory to viscous transport at tempera-
tures which are usually significantly above the glass transition
temperature of the solvent. Meaningful free-volume constants can
often be determined if low temperature viscosity data are available
for the solvent. In Table 1, we have listed a few solvents whose
viscosity-temperature behavior can be satisfactorily described by
free-volume theory. However, each solvent must of course be
treated on an individual basis.

lnng = l‘nAz + (lO)

3. A sorption equilibrium experiment for a polymer-solvent
system can be described by the expression

P° = ¢y expos + X 3] (13)
if the thermodynamics of the liquid solution are adequately
characterized by the Flory-Huggins equation. Consequently, if
the temperature variation of x is assumed to be negligible, this
parameter can be determined from activity-mass fraction data at
a single temperature. An example of the utilization of the Flory-
Huggins theory in the correlation of sorption equilibrium data is
presented in Figure 1 for the polystyrene-toluene system.

4. The density, viscosity, and sorption equilibrium data yield all
of the theory parameters except Dy, E, and £. These parameters
can be evaluated using a limited amount of diffusivity data. At least
three diffusivity data points are needed, and the data must be
collected at two or more temperatures so that the parameters Dy
and E can be separated. If more than three diffusivity data points
are utilized, the parameters Dy, E, and £ can be determined using
a non-linear regression analysis based on Egs. 4-7.

Since £ represents the ratio of the critical molar volume of a
solvent jumping unit to the critical molar volume of the jumping
unit of the polymer, this parameter can also be determined directly
from diffusivity data for another solvent in the same polymer. The
£ values for two solvents diffusing in the same polymer are related
(Vrentas and Duda, 1977¢) by the following expression:

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

14

molar volume at 0 K (jumping unit of solvent 2) (14)

The disadvantage of this method of determining £ is of course the
limited availability of reliable polymer-solvent diffusivity data.

RESULTS AND DISCUSSION

The correlative and predictive capabilities of the second version
of the proposed free-volume theory are evaluated here using dif-
fusivity data for the toluene-polystyrene (Duda et al., 1979a),
ethylbenzene-polystyrene (Duda et al,, 1978), and methyl ace-
tate-polymethyl acrylate (Fujita, 1968) systems. The ability of the
theory to correlate a given set of diffusivity data can be tested by
using all of the data to determine Dy, E, and £ from a non-linear
regression analysis based on Egs. 4-7. The theory can then be
evaluated by seeing how well the resulting theoretical curves agree
with the experimental data. This approach was carried out for the
toluene-polystyrene and ethylbenzene-polystyrene systems; the
free volume theory parameters for these two systems are presented
in Table 2. The theoretical calculations based on these parameters
are compared against experimental data in Figures 2 and 3. It is
evident that the proposed free-volume theory provides an excellent
correlation of the toluene-polystyrene diffusivity data and a rea-
sonably good correlation of the ethylbenzene-polystyrene data.

TABLE 2. PARAMETERS OF FREE-VOLUME THEORY FOR FIGURES 2 AND 3

Ethylbenzene- Toluene-
Parameter Polystyrene System Data Source Polystyrene System Data Source
(Cms/g) 0.946 Haward (1970) 0.917 Haward (1970)
V2 (em3/g) 0.850 Haward (1970) 0.850 Haward (1970)
K11/7 (em3/g K) 2.05 X 10~3 Barlow et al. (1966); Washburn (1930) 2.21 X 103 Barlow et al. (1966)
Ki2/7 (em3/g K) 5.82 X 1074 Ferry (1970) 5.82 X 1074 Ferry (1970)
Kga1 — Tg1 (K) —96.7 Barlow et al. (1966); Washburn (1930) -108 Barlow et al. (1966)
Kgg — Tg (K) -327 Ferry (1970) —327 Ferry (1970)
X 0.45 This study 0.40 This study
0.56 Duda et al. (1978) 0.55 Duda et al. (1979a)
Do (cm?/s) 6.92 Duda et al. (1978) 6.15 X 102 Duda et al. (1979a)
kcal/g—mol 9.18 Duda et al. (1978) 5.19 Duda et al. (1979a)
Vl vs. T — Hocker and Flory (1971) — Timmermans (1950)
Vivs. T — Fox and Loshaek (1955) — Fox and Loshaek (1955)
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Figure 1. Activity (P/P9) vs. weight fraction plot showing the correlation
of sorption equilibrium data using the Flory-Huggins theory for toluene-poly-
styrene system at 110°C.

These figures give encouraging evidence that the proposed free-
volume theory can accurately describe the temperature and con-
centration variations of D over wide temperature and concentra-
tion ranges provided appropriate values of the theory parameters
are available.

Having examined the correlative capabilities of the proposed
theory, we now consider the predictive capabilities. Specifically,
we utilize a limited amount of diffusivity data to determine Dy,
E, and £ and then compare the theoretical predictions based on
these parameters with experimental data. This of course is the
critical test of the theory since a useful theory of diffusion in
polymer-solvent systems should have an established predictive
capability. The predictive capability was tested using diffusivity
data for the toluene-polystyrene and methyl acetate-polymethyl
acrylate systems. The five data points represented by solid symbols
in Figure 4 were used to determine Dy, E, and £ from the non-
linear regression analysis based on Eqgs. 4-7. The calculated theory
parameters for this case are presented in Table 3, and it is evident
that there are no significant differences between these values and
those computed using the entire diffusivity data set. The param-
eters in Table 3 were then used in Eqs. 4-7 to produce the lines in
Figure 4. It is evident that the predictions are in good agreement
with the available data, and this agreement is particularly im-
pressive when one considers the wide temperature and concen-
tration ranges which are covered. The same analysis was also car-
ried out with £ = V7/V} as is assumed in the free-volume theory

-5
0 T

0 (cm¥sec)

10 1 1 i L I | !
[¢] o1 02 03 04 05 06 o7

WEIGHT FRACTION TOLUENE

Figure 2. Correlation of diffusivity data for the toluene-polystyrene system
using free-volume parameters contained in Table 2.
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of Fujita (1961). It is evident from Figure 5 that there is now poor
agreement between theory and experiment, and we conclude that
removal of the restriction £ = V]/V; is essential for the establish-
ment of a free-volume theory with satisfactory predictive capa-
bilities.

Since £ has a precise physical interpretation, it should not be
considered as just an extra parameter which can be used to insure
greater correlative and predictive capabilities of the theory. Indeed,
the value of £ determined using diffusivity data for the solvent of
interest must be in accord with values determined from diffusivity
data for other solvents using Eq. 14 if the proposed theory is to be
of any value. If £ values for the fluorobenzene-polystyrene and
triisopropylbenzene-polystyrene systems which were determined
previously (Vrentas et al., 1980) are used in Eq. 14, values of 0.62
and 0.56 are computed for the toluene-polystyrene system. These
values are in good agreement with the value presented in Table
2 for this system.

The results presented in Figure 4 show that a few data points

TABLE 3. PARAMETERS OF FREE-VOLUME THEORY FOR FIGURES 4 AND 6

Methyl Acetate-

Toluene- Polymethyl Acrylate
Parameter Polystyrene System Data Source System Data Source
Vi{em3/g) 0.917 Haward (1970) 0.855 Haward (1970)
Vi (em®/g) 0.850 Haward (1970) 0.749 Haward (1970)
K1/ (em®/g K) 2.21 X 1073 Barlow et al. (1966) 1.26 X 1078 Washburn {1930); Weast (1976); Liu (1980)
Kia/v (em®/g X) 5.82 X 1074 Ferry (1970) 3.99 X 107 Ferry (1970)
Kgy — Tg1 (K) —-103 Barlow et al. (1966) —38.5 Washburn (1930); Weast (1976); Liu (1980)
Kao — Tge (K) —327 Ferry (1970) —231 Ferry (1970)
X 0.40 This study 0.63 Fujita et al. (1960)
¢ 0.53 Duda et al. {1979a) 0.57 Fujita (1968)
Do (cm?2/s) 6.15 X 1072 Duda et al. (1979a) 871X 1072 Fujita (1968)
E (kcal/g-mol) 5.26 Duda et al. (1979a) 3.68 Fujita (1968)
Vivs. T — Timmermans {1950) — Timmermans (1950)
Vivs. T —_ Fox and Loshaek (1955) — Van Krevelen (1972)

Page 282 March, 1982

AIChE Journal (Vol. 28, No. 2)



[N

Aol i

O

D (cm®/sec)
o,

ol

v170
0160
D0i40
0130
81155

US| 1

{ ] ] | 1
¢} [eX} 02 03 Q4 05 06 o7

WEIGHT FRACTION ETHYLBENZENE

Figure 3. Correlation of diffusivity data for the ethylbenzene-polystyrene
system using free-volume parameters contained in Table 2.

for the diffusivity as a function of temperature and concentration
can be used to determine accurate parameters for the free-volume
theory and hence to predict diffusional behavior over a wide range
of conditions. The proposed free-volume theory can also be used
to predict the influence of the concentration on the diffusivity with
the only diffusivity data input being the temperature dependency
of the diffusion coefficient. In Figure 6, data for the methyl ace-
tate-polymethyl acrylate system are used to demonstrate this ap-
plication of free-volume theory. The six data points at the zero
concentration limit, which are represented by solid symbols in
Figure 6, were used to determine Dy, E, and §; the theory pa-
rameters for this system are presented in Table 3. It is again evident
from Figure 6 that there is good agreement between the theoretical
predictions and the experimental data.
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Figure 4. Test of predictive capabilities of proposed free-volume theory using
data for the toluene-polystyrene system. Only data points represented by solid

symbols were used to obtain free-volume parameters contained in Table 3.
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Figure 5. Test of predictive capabiliities of free-volume theory of Fufita using
data for toluene-polystyrene system. Only data points represented by solid
symbols were used to obtain free-volume parameters of theory.
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Figure 6. Test of predictive capabllities of proposed free-volume theory using

data for the methyl acetate-polymethyl acrylate system. Data points repre-

ted by solid symbois were used to obtain free-volume parameters con-
tained in Table 3.
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Figure 7. Test of predictive capabilities of proposed free-volume theory and

tree-volume theory of Fujita at a single temperature using toluene-polystyrene

diffusivity data. Only data points represented by solid symbols were used to
obtain free-volume parameters for the two theorles.

The free-volume theory of Fujita was originally set up to cor-
relate diffusivity-concentration data at a single temperature. We
now ascertain whether this theory can also be used to predict dif-
fusion coefficients at the same temperature by the following ap-
proach. The diffusivity data at low solvent concentrations are used
to evaluate the free-volume parameters at the temperature of in-
terest, and the theory is then used to predict the mutual diffusion
coefficient at the same temperature at higher concentrations. For
the free-volume theory proposed in this study, the three data points
represented by solid circles in Figure 7 were used to determine Dy,
and £ at 110°C, and these computed parameters were then used
to predict D over the remainder of the concentration range. For
the free-volume theory of Fujita, the same three data points were
used to compute the two pertinent parameters of the Fujita theory,
f2/Bg and f2/B4f3, by the method outlined by Fujita (1961, 1968).
The free-volume equation of Fujita was then used to predict D at
higher concentrations. From Figure 7, it is evident that both the
proposed free-volume theory and the Fuijita free-volume theory
provide satisfactory representations of the data at low mass frac-
tions. However, the former theory provides significantly better
predictions for D at higher concentrations, and, again, the as-
sumption £ = V1/V} leads to unsatisfactory results.

In the original version of the new free-volume theory, the tem-
perature dependence of Dgy was ignored and diffusivity data in
the limit of w; = 0 were used to evaluate Dgy and £ (Vrentas and
Duda, 1977 b, ¢, 1979a). Although this method led to a very satis-
factory representation of the temperature dependence of the dif-
fusivity at w; = 0, the predictions of the temperature dependence
of D at higher concentrations were not satisfactory. This is illus-
trated in Figure 8 where the predictions of the first version of the
new free-volume theory (E = 0) are compared with those of the
second version (E > 0). It is clear that the diffusivity-temperature
behavior at w; = 0 is well represented by the first version of the
theory (with parameters Dy, and £), but substantial errors are ob-
served when diffusivities at higher concentrations are com-
puted.

We can conclude from the above results that the free-volume
theory proposed in this paper can accurately predict diffusional
behavior over wide ranges of temperature and concentration.
Furthermore, evaluation of the parameters of the theory requires
information that is usually available (density and viscosity data)
plus a small amount of equilibrium and diffusivity data. The theory
permits one to account for the very large variations of D with
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Figure 8. Errors in the diffusivity introduced at higher mass fractions when
the assumption E = 0 is used. Calculations are carried out for the toluene-
polystyrene system.

temperature and concentration that are typically observed in
polymer-solvent systems without having to conduct a difficuit series
of experiments. In some instances, the value of the diffusivity is so
low that experimental determination of D is highly impractical.
In Figure 9, we have presented experimental diffusivity data and
the theoretical predictions for the toluene-polyvinyl acetate system.
The figure illustrates the low diffusivity values that are commonly
observed in polymer-solvent systems and also the very strong
concentration dependence. At 35°C, the diffusion coefficient
changes approximately seven orders of magnitude when ten weight
percent solvent is added to the polymer. Although the present
evaluation of the proposed theory is very encouraging, more ex-
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Figure 9. Example of the low diffusivity values and strong concentration de-
pendence typically observed for polymer-solvent systems. Data and theoretical
predictions are for the toluene-polyvinyl acetate system.
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perimental diffusivity data are needed to further evaluate the
accuracy and range of validity of this theory.

We conclude by noting that the theory holds both for solvents
which jump as single units and for solvents for which the jumping
unit is only a part of the solvent molecule. The size of the solvent
jumping unit is incorporated in the parameter £ (Vrentas and Duda,
1979b). Furthermore, the theory is based on the assumption that
Eq. 1 is the appropriate relationship between the mutual diffusion
coefficient and the solvent self-diffusion coefficient (Vrentas and
Duda, 1977a, 1979a). This assumption is supported both by some
theoretical considerations (Vrentas and Duda, 1979a) and by ex-
perimental data (Duda et al.,, 1979b). In addition, since the theory
describes purely viscous polymer-solvent diffusion processes, sol-
vent diffusion in glassy polymers, relaxing polymers, and cross-
linked polymers cannot be analyzed using the proposed theory.
Finally, we note that the Flory-Huggins theory with a constant
interaction parameter will not always provide a satisfactory rep-
resentation of the thermodynamic behavior of a particular poly-
mer-solvent system, and a more general theory must then be uti-
lized. For the systems included in Tables 2 and 3, it was possible
to obtain a good representation of the thermodynamic properties
over the complete concentration and temperature ranges studied
using the Flory-Huggins equation with a constant .
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NOTATION

By = parameter in free-volume theory of Fujita

(C%)2 = WLF constant of polymer

(C8)s = WLF constant of polymer

D = binary mutual diffusion coefficient

D, = self-diffusion coefficient of solvent

Dy = preexponential factor for Eq. 7

Dy, = preexponential factor defined by Eq. 7

E = critical energy per mole needed to overcome attrac-
tive forces

fe = parameter in {ree-volume theory of Fujita

K1, Kg1 = free-volume parameters of solvent
K2, Koo = free-volume parameters of polymer

M = molecular weight of jumping unit of component I
p = pressure

Py = partial pressure of solvent in liquid mixture

Py = vapor pressure of pure solvent

R = gas constant per mole

T = temperature

Tor = glass transition temperature of component I

A = partial specific volume of component I

vy specific volume of pure component I

Y?(O) = specific volume of pure component I at 0 K

Vi specific critical hole free volume of component I re-
quired for a jump

Vry = average hole free volume per gram of mixture

Greek Letters

i} = parameter in free-volume theory of Fujita

0% overlap factor for free volume

N2 viscosity of pure polymer

iy = chemical potential of solvent in solution per mole

ul chemical potential of pure solvent per mole

¢ ratio of critical molar volume of solvent jumping unit
to critical molar volume of jumping unit of
polymer

p1 = mass density of component |
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o1 = volume fraction of component I

X = interaction parameter of Flory-Huggins theory
Wy = mass fraction of component |

Subscripts

1 = solvent

2 = polymer
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