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Synopsis

The sorption and transport of CO, in miscible PVF,/PMMA blends are reported at 36°C
as a function of pressure from 1 to 25 atm. Significant plasticization by CO, is evident for all
blend compositions. This effect induced further crystallization of PVF, for some blends, altered
the shape of sorption isotherms for blends with a glassy amorphous phase, and resulted in
permeabilities which increased with pressure for all compositions. Modified sorption and trans-
port models to account for plasticization are used to analyze the data. The effect of crystallinity
on observed behavior has been accounted for using approximate models to allow comparison
of responses of sorption and transport with blend composition.

INTRODUCTION

Extensive investigations spanning more than a decade have demonstrated
that poly(vinylidene fluoride) (PVF;) and poly(methyl methacrylate)
(PMMA) form miscible blends.!-° Related studies on the morphology,!112
mechanical properties,'>!® and chemical resistance!® of this blend system
have appeared. To add to this growing body of knowledge, we initiated an
investigation of the sorption and transport of gases in these materials.
Rather complex relations between these observations and blend composition
could be expected since near ambient temperature PMMA is amorphous
and glassy while PVF', is semicrystalline and rubbery. Thus, variation in
blend composition causes changes in the level of crystallinity and the state
of the amorphous phase, all of which influence sorption and transport be-
havior. For reasons outlined below, other levels of complexity appear for
this system when the gas is carbon dioxide. Consequently, we have chosen
to focus here on CO, only and to report the results for other gases separately.

We have recently demonstrated by direct calorimetric measurements!*
that sorption of CO, can significantly depress the glass transition temper-
ature of some polymers. This plasticization by dissolved CO, can, in certain
cases, induce crystallization of the polymer!® (just as the sorption of liquids
or vapors are known!%-22 to do) and alter the nature of the sorption iso-
therm.Z Only a few other studies*? have called attention to the potential
plasticizing action of gases at high pressure. These issues become important
for the PVF,/PMMA system since some mixtures have glass transition
temperatures only slightly above the observation temperature of 35°C, and,
thus, depression of T, by sorption of CO, at high pressures can convert
their glassy amorphous state into a rubbery one. This has not been an issue
in previous studies of sorption and transport in miscible blend systems
described in the literature. -3
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In contrast to the behavior for less condensible gases, the results here
show that the permeability coefficient for CO, increases with pressure for
PMMA and all blends with PVF,. This is not surprising for PVF, or blends
which have T, values less than 35°C. However, this response is somewhat
unusual for glassy polymers and requires modification of the transport
model normally used for such systems. Studies on other glassy polymers
which show this effect with CO, are in progress and will be reported later.

EXPERIMENTAL

PVF, from Pennwalt, Kynar 460N, and PMMA from Rohm and Haas,
Plexiglas V(811), were received in pellet form. Films of various blend com-
positions were prepared by extrusion as described earlier. 34 The apparatus
and experimental procedures for gas sorption and permeation measure-
ments were the same as used previously. 04!

All films were conditioned by exposure to CO, at 25 atm for 1 day before
making any sorption or permeation measurements. This treatment resulted
in no significant dimensional changes in the extruded films which were
rich in either PVF, or PMMA. However, for some intermediate composi-
tions, especially 35 and 40% by weight of PVF,, significant rippling of the
surface and shrinkage in the machine direction occurred. This caused no
problems for sorption measurements but presented serious uniformity prob-
lems for permeation experiments. To circumvent this difficulty, film spec-
imens were wrapped around a 1-in. metal rod to restrain shrinkage during
CO. conditioning. Satisfactory permeation specimens were obtained by this
technique.

A Perkin-Elmer Differential Scanning Calorimeter was used to measure
the crystallinity and glass transition temperatures for each blend compo-
sition. Film orientation was determined using a Gaertner Birefringence
Measurement System. Further details are given elsewhere. 415

RESULTS AND DISCUSSION

Characterization

Glass transition temperatures measured by DSC for samples after various
treatments are shown in Figure 1 as a function of overall blend composition.
The dashed line denotes the temperature, 35°C, at which all sorption and
permeation observations were made. Curve A shows the T, observed for
the as-extruded materials. No value could be recorded for pure PVF ;%4243
by DSC. However, it is clear that both pure PVF, and its blend containing
20% PMMA have T,’s below 35°C and are in the rubbery state at this
temperature. All other compositions are glassy at 35°C. Curve A in Figure
2 shows the crystallinity of the as-extruded film using 22.3 cal/g as the
heat of fusion for the 100% crystalline PVF,.44 Blends containing less
than 509% PVF, are completely amorphous. As seen in Figure 3, extruded
films rich in PMMA have relatively low levels of orientation. On the other
hand, PVF,-rich films are semicrystalline and have high levels of bire-
fringence.
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Fig. 1 Glass transition temperature by DSC for PVF,/PMMA blends: (A) as-extruded; (B)
after CO, sorption measurements; (C) samples contain CO, dissolved to equilibrium at 35°C
and 20 atm; (- - -) observation temperature of 35°C.

The significant plasticizing effect of CO, is seen by curve C in Figure 1
obtained by DSC measurement on samples still containing CO, dissolved
to equilibrium at 35°C and 20 atm as reported previously.!* The T,’s after
removal of the CO, are given by curve B in Figure 1. The CO, plasticization
induced further crystallization of PVF, as seen by the crystallinity values
observed after CO, removal, curve B in Figure 2.* The birefringence after
CO, exposure is shown in Figure 3. The reason for the increase in bire-
fringence on exposure to CO, is related to growth of oriented PVF, crystals
as described earlier.!®> The change in the composition of the amorphous
phase resulting from additional PVF, crystallization on exposure to CO,
is responsible for the elevation of T, (curve B relative to curve A) seen in

| | T T
TO0F o After CO, Sorption Measurement
> 60 o As-extruded
=
§=_3 50
S 401
S 30t
&
= 20
=
= |0}
O@ @
0 20 40 60 80 100
PMMA wt% PVF, PVF2

Fig. 2. Crystallinity by DSC for PVF,/PMMA blends: (@) after CO, sorption measurement;
(O) as extruded.
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Fig. 3. Birefringence of extruded PVF;/PMMA film before and after CO, exposure: )
stored at 25°C; (@) exposed to 25 atm CO, for 26 h.

Figure 1. The curves B in Figures 1 and 2 are the appropriate ones to use
in connection with interpretations of samples used for CO, sorption and
transport experiments since the initial CO, exposure altered the crystal-
linity level. Figures 1-3 explain why CO, conditioning causes dimensional
changes to occur in films having intermediate PVF, contents. Films rich
in PMMA remain glassy when exposed to CO, while PVF,-rich films were
already rubbery but highly crystalline.

Sorption

Experimental sorption isotherms for CO, at 35°C in PVF,/PMMA blends
are shown in Figure 4. For PVF, and the blend containing 80% PVF,, the
isotherms are linear and may be described by Henry’s law

where C is the concentration of CO, in the polymer at equilibrium with a
CO, pressure p in the gas phase and %, is the solubility coefficient. This
response is the expected one since the amorphous phase of these materials
is in the rubbery state at 35°C as seen in Figure 1. On the other hand, the
isotherms for PMMA and the 209% PVF, blend are concave to the pressure
axis which is typical for glassy polymers like these materials. Such iso-
therms are well described by the following dual mode sorption equation 46

C=kpp + Cyxbp/(1 + bp) (2)

where the C;, parameter corresponds to a Langmuir site capacity and b is
a hole affinity parameter according to a simple physical interpretation of
the extra term in eq. (2). The first term corresponds to a Henry’s law mode
like that given by eq. (1).
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Fig. 4. Sorption isotherms for CO, in PVF,/PMMA blends at 35°C.

Blends of intermediate composition exhibit a more unusual isotherm
shape which has been reported earlier® for polymers whose 7, is only
slightly above the observation temperature. At low pressures, the isotherms
for the 40 and 60% PVF', blends are concave as expected for glassy polymers.
However, this curvature ceases at about 14 atm (60% PVF,) and 16 atm
(40% PVF,). At higher pressures the isotherms become effectively linear
and extrapolate to the origin. This is seen more clearly for the 35 and 50%
PVF, blends whose isotherms have been plotted separately on a different
scale in Figure 5. As described earlier,? there is convincing evidence that
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Fig. 5. Sorption isotherms for CO; in 35% and 50% PVF, blends at 35°C.
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for these initially glassy polymers CO, plasticization causes a reduction in
T, to the observation temperature at a pressure which is within the range
employed in the sorption experiment. Thus, below this pressure the iso-
therms are curved as expected for glassy polymers, whereas above this
pressure the isotherms are linear as expected for rubbery polymers. In terms
of eq. (2), CO, plasticization eliminates the Langmuir term. The low pressure
data for the 80% PVF, blend lie slightly above the straight line drawn
presumably because the T, for this material is slightly above 35°C following
CO, conditioning.

Modified Dual Mode Sorption Model

Because of the variation in crystallinity or amorphous fraction of these
blends seen in Figure 2 and the significant plasticizing effect of CO, de-
scribed above, egs. (1) and (2) cannot be used directly to extract parameters
for sorption behavior of the various blends which can be meaningfully
compared. However, as seen here, some relatively simple modifications can
be made which to a first approximation remove these difficulties.

Earlier papers3347-51 guggest that the Langmuir type contribution to
the sorption isotherm shape given by eq. (2) stems from the nonequilibrium
nature of the glassy state. In fact, correlations of data for numerous poly-
mers show that to an excellent approximation the capacity C’; is propor-
tional to the difference in the poymer T, and the observation temperature
T, ie., (T, - T). This suggests that we replace the constant Cy in eq. (2)
by the following:

T -T
' r g
Cy =Cho (Tgo — T) 3)

where T, is the glass transition for the polymer containing an equilibrium
amount of CO, at pressure p, Ty, is the transition temperature in the
absence of CO,, and Cj, is the initial Langmuir capacity prior to any
reduction in 7, by CO, plasticization. Thus, eq. (3) imparts a pressure
dependence to the capacity term, and it becomes zero when T, = T as
observed experimentally by varying 7'%%° or by varying T,.3%%52 When T,
is considerably larger than T, this modification is not needed because any
reduction in 7, by CO, plasticization will cause only a minor change in
(T, — T) relative to (T, ~ T); however, it assumes greater importance when
T, is only slightly larger than T as in the case considered here. We assume
that plasticization by CO, has a negligible effect on £, and b which seems
justified on the basis of available information.%

Although we have been able to measure by direct experimental methods 4
the T, for polymers containing dissolved CQO,, it would be most convenient
for present purposes to have a method for calculating the change in T, as
a function of CO, content in the polymer. Chow®® has developed a theo-
retical relation

In(T,/ T ) = BIL - ) In(1 - 6) + 6 In 6] @
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where S is a physical constant and 8 is a measure of diluent concentration
as defined by

0 =—b—ro )

and

2R
T M,AC,

B (6)

where z is the lattice coordinate number, R is the gas constant, AC, is the
increase of the specific heat at the glass transition, w is the mass fraction
of the diluent, while M, and M, are the molecular weights of the repeat
unit of the polymer and the diluent, respectively. The appropriate param-
eters for PVF,/PMMA blends used here are listed in Table I. For the gas—
polymer system studied here, the T,’s calculated from the Chow equation
are quite close to the measured ones if z = 1.4

For semicrystalline polymers, diluents like CO, only dissolve in the amor-
phous phase. 345 Thus, egs. (1) and (2) can be made more useful by expressing
the concentration of gas on a unit volume of amorphous polymer. This may
be done by dividing either equation by the volume fraction of the amorphous
phase a, which for the present systems can be computed from the data in
Figure 2. Equation (2) can be written in the final modified form

2 = () + () (7= )
a”(ap”L a )\Tp—T)\1+ 8p @

where C/a is the concentration of gas per unit volume of amorphous poly-
mer and (k p/a) and (C',, /@) are sorption parameters on a comparable basis.
It is these parameters which should be used in any comparisons among
different polymers. No modification of b is needed.

TABLE I
Physical Parameters of Glassy PVF,/PMMA Blends Used for Calculation of
Sorption Parameters

AC» M)
% PVF, (cal/g °C) Ty (g/mol)
60 0.0447 55 79.0
50 0.0503 57¢ 81.2
40 0.0570 60 83.1
35 0.0590¢ 64° 846
20 0.0664 80 89.9
0 0.0746 105 100.0

2 Measured by DSC after CO, sorption.
b Molar average molecular weight.
¢ Interpolated value.
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A computer regression analysis program was developed for obtaining (k 5/
a), (C’y, /a), and b from the best fit of eq. (7) to the experimental isotherm
data. Values for a were computed from curve B in Figure 2. For each
pressure, the term (T, - T)/(T,, — T) was computed from egs. (4)—(6) using
the experimentally determined concentration of CO, in the amorphous
phase and a typical example is given in Table II. For isotherms having
shapes like that shown in Figure 5, a value for (k£ ,/a) can also be computed
directly from the slope of the linear portion of the isotherm. The sorption
parameters deduced from the data shown in Figures 4 and 5 are listed in
Table III. Where comparisons are possible, the (k,/a) values obtained by
the two methods agree within 4% in two cases and 9% in another.

Figure 6 shows a simple way to understand the effect plasticization has
on the sorption isotherm in terms of the models used here. The amount of
sorption accounted for by the Langmuir mode, Cy, has been plotted vs.
pressure using the modified capacity term from eq. (3) and assuming no
change from the initial value, C',, all for the case of the 35% PVF, blend.
In the ideal case, (Cy/a) increases continuously and asymptotically ap-
proaches (C'y,)/a) at high pressures. Incorporation of the modification for
plasticization substantially reduces the sorption by this mode and even-
tually causes it to decrease and subsequently go to zero. The pressure at
which this occurs corresponds to T, becoming equal to 7. Computed and
measured values for this pressure agree quite well.

Previous analyses 33343 have interpreted the variation of the Henry’s law
parameter with blend composition in terms of a model based on a ternary
mixture model derived from the Flory-Huggins theory. Adapting this the-

TABLE 1I
Experimental and Calculated Soption Information for CO, in 35% PVF, Blend at 35°C
C/a® C /o Cy/ad

D [cm? (STP)/ TZ -7 [cm? (STP)/ [cm?® (STP)/
(atm) cm?® amor polym] C) To-T cm?® amor polym] cm?® amor polym)]
0 0 64 1.0 109 0

1.04 2.52 58.5 0.809 8.80 1.02

1.55 347 46.8 0.752 8.18 1.34

2.03 4.38 55.3 0.701 7.63 1.56

3.39 6.75 51.8 0.579 6.30 1.89

3.82 7.24 51.1 0.555 6.04 1.97

5.43 9.69 47.9 0.444 4.82 1.97

6.27 10.92 46.3 0.391 4.25 1.88

7.28 12.21 44.8 0.338 3.68 1.76

8.38 1349 43.3 0.288 3.13 1.61
10.50 15.82 40.8 0.200 2.18 1.24
11.27 16.96 39.6 0.159 1.73 1.02
12.92 18.92 37.6 0.091 0.99 0.614
13.32 19.40 37.2 0.075 0.81 0.512
15.20 21.64 35.0 0.001 0.02 0.01

aa = 0.971.

> Calculated using Chow equation.

¢C}y/a = Langmuir site capacity.

4Cy/a = concentration of CO, in Langmuir mode.
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Fig. 6. Concentration of CO, in Langmuir mode (per unit volume of amorphous phase) for
35% PVF, blend assuming no plasticization occurs and allowing for this via eq. (3).

ory to the present case gives

)< ol) o) (B, o

a

where B is the binary interaction energy density, V; is the molar volume
of the diluent which is taken as 55 cm?/mol for CO,,% and ¢; is the volume
fraction of polymer 1 or 2 in the miscible amorphous phase. The latter are
different from the overall blend composition owing to the depletion of the
amorphous phase of PVF, caused by formation of a separate crystalline
phase of this species, and values for ¢, (1=PVF,) calculated using the DSC
measured levels of crystallinity are listed in Table III. Figure 7 shows the
values for the Henry’s law coefficient per unit volume of amorphous phase
plotted as suggested by eq. (8). The solid line is the best regression fit of
the data to eq. (8) and this yields a value of B = -3.50 cal/cm?3, which is
in good agreement with values estimated for the interaction of PVF, with
PMMA derived from melting point depression analysis, viz., ~2.982 and
-3.85 cal/cm3.? The values of the Henry’s law parameter from the regres-
sion of the sorption isotherm are more scattered than those obtained from
the isotherm where possible which is not surprising.

The Langmuir capacity term based on unit volume of amorphous phase,
C'yo/a, form a linear correlation with (T, - T) (see Fig. 8) as expected
based on similar correlations found previously. The affinity parameter b
varies little with blend composition as seen in Figure 9. The correlations
shown in Figures 7-9 allow simple physical interpretations of the param-
eters from the modified sorption model.
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Fig. 9. Dependence of affinity constant b on overall blend composition for CO, sorption
in PVF,/PMMA blends.
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Permeation

Permeability coefficients for CO, in these blends are shown in Figure 10.
In every case, the permeability increases with pressure. For rubbery poly-
mers, it is usual to find that the permeability of low solubility gases like
He, Ar, N, and CH, have little if any pressure dependence,*575 whereas
significant increases with pressure are observed commonly-% for higher
solubility gases like CO,. On the other hand, most glassy polymers show a
slight decrease in permeability with pressure for a range of gases including
CO,.33:34404661-6 This behavior is usually interpreted in terms of an exten-
sion of the dual sorption approach by a model which envisions separate
mobilities for the gas molecules sorbed by the two modes, i.e.,

P =kyD [l + FK/( + bpy] ©

where D is the diffusion coefficient for the Henry’s law mode, K = C, b/
kp, and F is the ratio of the diffusion coefficient for the Langmuir mode
to D. Both transport coefficients are assumed to be independent of concen-
tration in this formulation, and data for many systems are consistent with
this assumption. Most cases result in a small positive value for F, but the
special case of total immobilization of the Langmuir population, ie., F =
0, has been considered.®#® The transport of Ar, N,, and CH, in PMMA
and poly(ethyl methacrylate) (PEMA) to be reported later is well described
by eq. (9) with F = 0.

It is quite rare to find the permeability of CO, to increase with pressure
in a glassy polymer. This, however, has been reported previously for
PMMA.% Similar behavior has been found for water vapor in poly-

| !

PVF, / PMMA
€O, / 35°C ;

Px 10 [cm3(STP).cm / cm? - sec- cm Hg ]

] 1
0 10 20 30
P2 {atm)
Fig. 10. Pressure dependence of permeability coefficient for CO, transport in PVF,/PMMA
blends at 35°C.
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acrylonitrile?™-"® and for acetone vapor in ethyl cellulose,” which is less
surprising owing to the well-recognized potential of these penetrants to
plasticize the polymer. In an effort to explore this somewhat unusual result
for CO,, we have recently found similar behavior for CO, in PEMA,
poly(isobutyl methacrylate), cellulose acetate, and nylon 6. These results
and their interpretation will be published later. Here, we will concentrate
on simply modelling this behavior for the glassy PMMA-PVF, blends.

A formal way of accommodating the present observations to the model
embodied in eq. (9) is to consider the transport parameters to be concen-
tration-dependent as a result of plasticization by CO,. Stern and Saxena’™
have derived a generalized model for permeation in rubbery and glassy
polymers by assuming an exponential concentration dependence on the
diffusion coefficient

D(C,) = Dyet : (10)

where C,, is the concentration of the so-called mobile gas defined earlier
as a mathematical convenience for glassy polymers® and it includes all of
the Henry’s law population and the fraction F of the Langmuir population.
The parameters D, and £ have obvious meaning. The replacement for eq.

(9) becomes™
P = D exp[gkppg(l + FK )] - 1] a1

&,

1+bp2

For rubbery polymers where K = 0 or for glassy polymers with F = 0, eq.
(11) reduces to

= Do (exptopy) - 1] 12)
2

In principle, the three transport parameters Dy, £, and F could be obtained
by regression analysis of experimental data. However, for the glassy blends
considered here we have set F = 0 for two reasons. First, as mentioned
earlier transport of Ar, N,, and CH, in the same blends are consistent with
a value of F = 0. For other glassy polymers, 33627677 the value of F for CO,
tends to be even smaller than observed for these gases. Second, we feel that
regression for three parameters pushes the data and the model beyond the
limits of any statistical meaning. This is illustrated for one data set in Table
IV, where F has been arbitrarily set at values between 0 and 1 and D, and
£ were obtained by subsequent regression analysis which selects parameters
to minimize the objective function

N
Q = % (Pcnld - Pexpt)zi (13)

where N is the number of data points, P,,, is the experimental permeability,
and P, is the permeability computed from the model, eq. (11) in this case.
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TABLE IV
Comparison of CO, Transport Parameters D, and & and variance o for 20% PVF, Blend®
Dy x 10%/ € x 102 o
F (cm?/s) (cm3/cm?® (STP) (Barrer) O/ Pin (%) /Py, (%)
0 3.17 4.37 0.0248 4.17 1.85
0.134 2.78 4.58 0.0201 3.38 1.50
0.453 2.13 483 0.0152 2.55 1.13
0.792 1.68 4.88 0.0142 2.39 1.06
1.0 1.48 4.85 0.0145 2.44 1.08

2 Data were fitted to eq. (12) with an arbitrarily assigned F value. P,;, and P,,, are the
minimum and maximum permeability coefficients in the data set.

The variance defined as

_ Q
o= N-1 14)

and its values relative to the minimum and maximum permeabilities in
the data set are listed in Table IV for each choice of F. For each assigned
F, an optimal set of D, and £ could be found as shown which allows the
model to fit the data within the limits of experimental error, about 3%.
While a finite value of F gives a little better fit, this may be just the result
of another degree of freedom in curve fitting and so we have set ¥/ = 0 in
every case in accord with the physical argument mentioned first. A distinct
modelling advantage of this reasonable assumption is that no information
is needed about the sorption isotherm beyond the Henry’s law part, which
is especially important here owing to the complex changes in the Langmuir
part of the sorption described above.

Based on the arguments presented above, eq. (12) was adopted as the
model for analysis of the permeability data shown in Figure 10. The pa-
rameters D, and £ were obtained for each blend by regression analysis,
and the values obtained are listed in Table V along with statistical measures
of the quality of the fit. Further comments on the latter will be made in
subsequent discussions. Figure 11 shows how the D, obtained varies with

TABLE V
Transport Parameters from regression analysis for CO, in PVF,/PMMA Blends at 35°C
Assuming F = 0 for Glassy Blends

Wt % D, x 10° £ x 102 Dy/a) X 10° at x 102 o*
PVF, (cm?/s) [cm3/cm? (STP)] (cm?/sec) [cm3/cm? (STP)] (Barrer) oP(%)
100 10.65 6.65 25.0 2.84 0.016 14
90 8.53 7.07 16.5 3.65 0.019 1.7
80 6.11 7.06 9.83 4.38 0.025 27
60 440 591 5.42 4.80 0.055 6.4
35 3.05 6.22 3.14 6.04 0.075 9.4
20 3.17 4.37 3.17 4.37 0.025 3.3
0 2.22 4.53 2.22 4.53 0.031 5.5

= o = variance defined by eqs. (13) and (14).
b Variance relative to permeability at 10 atm expressed as a percentage.
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Fig. 11. Diffusion coefficients for CO, at C = 0, obtained by fitting data to model, as a
function of volume fraction of PVF, in amorphous phase. Plot on right makes approximate
correction for crystallinity (assumes k = a): (@) based on data over full pressure range (Table
V); (O) obtained from limited pressure range (Table VI).

volume fraction of PVF, in the amorphous phase; however, the represen-
tation on the left makes no allowance for the influence of the variable level
of crystallinity in these blends (see Fig. 2). Because of the impermeability
of the crystalline phase, the diffusion coefficients given by eq. (10) are
apparent ones which are related by a structure factor®>” k to the actual
diffusion coefficient of the amorphous phase D, where all transport occurs:

D =«kD, (15)

The structural factor is less than unity and depends on the volume fraction
of crystals, their shape, and their organization in the amorphous phase.
Earlier studies” have suggested that k can be approximated as the volume
fraction of the amorphous phase, i.e.,

K~a 16)

This is no doubt an oversimplification, and in most cases k is probably less
than this. However, in the absence of any relationship, we will adopt this
approximation. As a further point, the concentration in the exponent of eq.
(10) should be based on the volume of the amorphous phase when the
material is crystalline. Combining each of these issues results in

D, = D, exp[aﬁ(&)} a7
a a

Thus, D,/a and af listed in Table V are the more appropriate parameters
for semicrystalline materials. The right-hand side of Figure 11 shows D,/
a vs. the volume fraction of PVF, in the amorphous phase. The trend is
somewhat improved by this adjustment; however, owing to the limitations
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of the inherently approximate nature of eq. (16) and the as-yet unknown
effect of film orientation,” a detailed interpretation or comparison with
similar relations for amorphous blends34-% is not warranted.

Using eq. (16) and the fact that CO, is not soluble in the crystalline phase
[see eq. (7)], the permeability in the amorphous phase of these blends is
estimated to be

P, = P/a? (18)

The results calculated from the data in Figure 10 and Table III are plotted
in Figure 12. Here we have reversed the use of logarithmic and arithmetic
coordinates from that employed in Figure 10 to emphasize the difference
in the method of presentation. Figure 12 exaggerates the leveling off of
permeability coefficients at low pressures. Stern and Saxena™ demonstrat-
ed that a model like eq. (11) might show a slight minimum on such coor-
dinates if F were not zero.

Equations (11) or (12) may be rewritten in terms of an integral diffusion
coefficient as follows:

P = kpD[1 + FK/( + bp,)] 19
where the integral diffusion coefficient is defined by

1

_ Cm2
b -2 [" D, dc, (20)
CmZ 0

where C,,, is the mobile concentration at the upstream membrane surface

’O T T T llelI T T

€0,/35°C

[¥e)
|

P/a? [cm3(STP)-cm/cm? -sec -cm Hg |

PMMA |

0 . PR s . :
| 2 3 5 10 20 30

p, latm)

Fig. 12. Estimated amorphous phase permeability coefficients as a function of pressure.



SORPTION OF CO, IN PVF,/PMMA BLENDS 2913

which is in equilibrium with p,. In the case of eq. (10), we obtain

— D
D = &Ciz [exp(§Cn2) ~ 1] (21)

Figure 13 shows D calculated from the experimental permeability data
using eq. (19) with the assumption that F = 0 (thus only information about
kp is needed). The lines show the results computed from the model using
the parameters listed in Table V. For simplicity, these are apparent values
not adjusted for crystallinity which in no way affects the comparison as
may be seen above. The fit is quite good except for the extreme case of the
35% PVF, blend. The values of the variance listed in Table V show this
in another way.

The relatively poorer fit of the model to the data for the 359% PVF, blend
(see large variance in Table V) stems from the unusually steep pressure
dependence the permeability exhibits at high pressure. Beyond 15 atm, the
upstream layers of this film will have its T, depressed below 35°C by CO,
plasticization while the lower concentrations of CO, further downstream
in the film will leave this material in the glassy state. Owing to the effect
of traversing the T, on transport behavior,*380-82 one cannot expect simple
models like the present one to accommodate such a complex situation. Table
VI shows the results for a fit of the model to permeability data below 15
atm. The resulting variance is reduced to the level of those shown for other
blends in Table V, and more reasonable transport parameters are obtained.

30 T T T
% PVF2
100
20 F 90 B

9 (cm2/sec)

Dx 10

€0,/35°C

2 l ] |
0 i0 20 30 40

Cm2z = kpp2 [cm3(STP)/cm3]

Fig. 13. Integral diffusion coefficients versus upstream concentration of mobile CO, (as-
sumes F' = 0). Points are experimental data while solid lines are best fits from model.
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To a lesser extent, similar problems occur for the 60% PVF, blends, and
again better fitting is obtained when the pressure range used is limited to
15 atm.

Sorption Kinetics

Generally, our sorption apparatus## is only used to obtain the equilib-
rium sorption isotherm. However, as shown here, it can also be used to
obtain information on the kinetics of sorption. The experiments were carried
out from low to high pressures sequentially by introducing a higher pressure
at t = 0 into the sorption chamber where the polymer had been previously
equilibrated with a lower pressure. The pressure decays with time to a new
final equilibrium value since the chamber has a limited volume, and the
fractional increase in mass uptake, M,/M _, can be computed as a function
of time from the pressure record. The results obtained for a 35% PVF,
blend film are shown in Figure 14. The legend shows the initial (¢ < 0)
and final ({ = o) equilibrium concentrations of CO, in the sample along
with the concentration at the film surface immediately after raising the
pressure (t = 0). The latter corresponds to a point on the sorption isotherm
at the new pressure before any decay occurs. This situation represents a
complex boundary condition; however, the following equation, 8

M 44 |Dt
A Y (22)
M, l T
1.0
08 35% PVF, .
35°C/C02
3 os}- 2=0015cm ]
= ¢ [em3 (STP) 7em3]
041 t<0| t=0]t=0}| |
v | o0 [565]3.27
a|327]|890] 679
02F ol 126|2i.0]18.0 ]
2| 18.0]28.7]24.6
0 ! | ! |
0 5 10 15 20
Vi (minl2)

Fig. 14. Sorption kinetics for CO, in 35% PVF, blend. Legend shows equilibrium concen-
trations at t < 0 and t = « and the surface concentration at ¢t = 0 for each experiment.

C [em? (STP)/cm3]

t <0 t=20 t =
v 0 5.65 3.27
] 3.27 8.90 6.79
O 12.6 21.0 18.0
A 18.0 28.7 24.6




2916 CHIOU AND PAUL

[ I

€0,/ 35°C
35% PVF,

no
(@]

|t

]

D x 102 (cm?/sec)
o

o

L

I
0 10 20 30
C [cm3(STP) /cm3 ]

Fig. 15. Diffusion coefficients for CO, in 35% PVF, blend: (O) computed from sorption
kinetics—bars show range of C from legend in Figure 14; (@) integral diffusion coefficients
from Figure 13 plotted at C = C,,,/2; (-- -) differential diffusion coefficients computed from
eq. (10) and parameters in Table V.

where [ is the film thickness, can be used to compute an approximate
differential diffusion coefficient from the initial slopes in Figure 14. The
results are plotted vs. the average concentration in Figure 15, and agree-
ment with differential diffusion coefficients computed from permeation data
[eq. (10)] is quite good in view of the difficulties mentioned earlier for this
particular blend.

SUMMARY

It has been demonstrated here that high pressure CO, sorption and per-
meation in PVF,/PMMA blends involve several complex phenomena. How-
ever, the behavior has been modelled rather successfully using appropriate
extension of previously developed models. The glass transition temperature
curve for these blends crosses the observation temperature of 35°C so that
blends rich in PMMA are glassy while those rich in PVF, are rubbery.
Blends rich in PVF, are also semicrystalline while those rich in PMMA
are amorphous. Carbon dioxide plasticizes these blends and reduces their
T,’s. Some intermediate compositions were glassy at low CO; pressures but
became rubbery, because of CO, plasticization, at higher pressures. In these
cases the CO, sorption isotherm is curved at low pressures as expected for
glassy polymers but becomes linear at higher pressures where the T, has
become less than the observation temperature. Plasticization by CO, can
induce further PVF, crystallization. PMMA is unusual for a glassy polymer
in that its permeability to CO, increases with pressure owing to plastici-
zation.

The dual sorption model was modified to allow for the influence of changes
in the Langmuir capacity term as 7', decreases on CO, sorption and was
successfully applied to blends which were glassy. This modified model gives
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a satisfactory description for systems where CO, sorption converts the orig-
inally glassy material into a rubbery one. Transport behavior was modelled
using a concentration dependent diffusion coefficient in the dual mobility
model as suggested by Stern and Saxena.” Other models for sorption and
transport®85 are available, but they lack simple physical interpretations.
The effects of crystallinity variations with blend composition on both sorp-
tion and transport behavior were accounted for in the model.

A large number of glassy polymers show a decrease in CO, permeability
with pressure; thus the trends seen here for PMMA are regarded as unusual.
The reasons for this are of great interest and further investigations on this
point are in progress.

This research was sponsored by the U. S. Army Research Office.
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