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Synopsis

Sorption and transport of several inert gases (He, Ar, N,, and CH,) in miscible blends of
PMMA and PVF, are reported as a function of pressure at 35°C. For each gas, the permea-
bilities are independent of pressure for all blend compositions. Sorption isotherms are linear
for rubbery compositions (PVF,-rich) and nonlinear for glassy compositions PMMA-rich) as
expected. In contrast to CO,, these gases do not plasticize any of these materials. The data
are analyzed using appropriate models for sorption and transport, and the parameters are
correlated in terms of blend composition and molecular characteristics of the gases. Effects
of crystallinity are discussed. Sorption behavior is compared with poly(methyl acrylate) and
poly(vinyl acetate).

INTRODUCTION

Sorption and transport of small molecules, like gases, in polymer blends
has been the subject of numerous studies recently.!-* One can use the
penetrant as a probe to investigate the phase structure of blends.'-? How-
ever, to employ this approach effectively, one must have some basis for
understanding how sorption and transport in homogeneous mixtures relate
to these characteristics for the individual components as recent work from
our laboratory has attempted to establish experimentally®911-13 and theo-
retically.* Heterophase systems may be treated to a first approximation
as composites’ where the separate phases may stem from immiscibility or
crystallinity.

Since sorption and transport responses differ depending on whether the
polymer exists in the glassy or rubbery state,'%'6 one may expect more
complicated analyses to be needed for miscible blends for which the T, -
composition relationship crosses the observation temperature as would be
the case for the system poly(methyl methacrylate) (PMMA) and
poly(vinylidene fluoride) (PVF,) at 35°C. Furthermore, PMMA/PVF, blends
may be completely amorphous for some compositions or have a varying
fraction of crystallinity in other composition regions. We have completed
a comprehensive investigation of this complex system. Carbon dioxide gas
was found to cause significant plasticization of these blends leading to
depression of T,,!7 alteration of crystallinity,'’®* modification of sorption
isotherms,’® and permeabilities which increase with pressure.’®* Here, we
report results on the sorption and transport in these blends of several gases,
He, Ar, N,, and CH,, which have considerably lower solubilities than CO,;
hence, the complications mentioned abovel™-*? do not arise. The permea-
bilities for these gases are found to be independent of pressure even when
the polymer is in the glassy state.?
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EXPERIMENTAL

The PVF, and PMMA used were commercial products designated as
Kynar 460N by Pennwalt and Plexiglas V(811) by Rohm and Haas, re-
spectively. Films of these two polymers and their blends were prepared by
extrusion as described elsewhere.'” The apparatus and procedures for sorp-
tion and permeation measurements were the same as described
previously 222 except that no gas conditioning of the polymer was employed.
The conditioning procedure was adopted for CO, sorption and permeation
experiments to get reproducible results for subsequent measurements after
the first cycle of experiments?3; however, this was not needed for the present
study as shown later.

Glass transitions, melting points, and crystallinity were measured by a
differential scanning calorimeter (DSC) at a heating rate of 20°C/min. The
onset temperature was taken as the T, and the apex temperature of the
melting peak was defined as T',,. For blends containing less than 40% by
weight of PVF,, densities were measured at 30°C using a density gradient
column based on aqueous solutions of calcium nitrate. Densities of blends
containing 50% PVF', or more were so high that the preparation of solutions
for the density gradient column was difficult. Therefore, an analytical bal-
ance using n-heptane as the buoyant fluid was used for these measurements.

RESULTS AND DISCUSSION

Characterization of Extruded Films

The glass transitions and the melting points of the as-extruded blends
are shown in Figure 1, where the dashed line denotes the experimental
temperature, 35°C, for this study. PVF, and the 80% PVF, blend have T,’s
lower than 35°C and therefore are rubbery. All other compositions are
glassy. Blends containing more than 50% PVF, are semicrystalline as
shown from their melting peaks in the DSC. The melting points in Figure
1 are somewhat lower than those published previously?4-?’ because of dif-
ferences in the grades of polymer used and measuring techniques. The
observed heat of fusion, A H,,, and the weight fraction crystallinity, X, for
each semicrystalline blend are listed in Table I, where 22.3 cal/g was taken
as the A H,, for 100% crystalline PVF,.% The volume fraction of the amor-
phous phase, «, blend was calculated by

a=1-pX./p;. 69

where p is the density of the blend and p, . (1 denotes PVF,) is the density
of the 100% crystalline PVF, taken as 1.873 g/cm3.2° The volume fraction
of PVF, in the amorphous phase, ¢;, was calculated assuming volume
additivity in the mixed amorphous phase

Vl,a
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Fig.1. Glass transition temperatures and melting points for extruded PVF,/PMMA blends.

where V,, is the volume of amorphous PVF, and V, is the volume of
PMMA each expressed per unit mass of blend. The specific volumes of
amorphous PVF,% and of PMMA were taken as 0.5983 and 0.842 cm?3/g,
respectively.

Sorption in PVF, and PMMA

Sorption isotherms for N,, Ar, and CH, in PVF, and PMMA are shown
in Figures 2 and 3, respectively. No results for He are given here because
accurate measurements are difficult to obtain since the amount of sorption
is so small. The sorption isotherms are reproducible over repeated cycles
of measurement indicating no conditioning effect exists for these gas—poly-
mer pairs. Henry’s law is followed in Figure 2 since PVF, is rubbery at

TABLE I
Thermal and Volumetric Characteristics of as-extruded PVF,/PMMA Blends
Wt %
PVF, AH,, (cal/g) X, p (g/cm?) a ¢
100 131 0.587 1.760 0.449 1.0
90 110 0.493 1.673 0.560 0.743
80 8.62 0.387 1.604 0.669 0.595
60 2.65 0.119 1.455 0.908 0.461
50 0.39 0.017 1.397 0.987 0.407
40 0 0 1.344 1.0 0.322
35 0 0 1.327 1.0 0.277
20 0 0 1.263 1.0 0.151
0 0 0 1.188 1.0 0
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Fig. 2. Sorption isotherms for N,, Ar, and CH, in PVF, at 35°C.

35°C, and the solubility coefficients, k£, taken from the slopes are listed in
Table II. For PMMA, Figure 3 shows isotherms which are slightly concave
to the pressure axis as expected for a glassy polymer. The isotherms follow
the dual sorption equation

C'ybp
14+ bp @

C=kDp+

The solubility of these gases in PMMA is significantly lower than observed
for higher T, polymers like polycarbonate and polysulfone. For instance,

8 T T T

- 02 PMMA / 35°C M,

6“’

|
]
]
I

C [cm3 (STP) fem3]
-

p (atm)
Fig. 3. Sorption isotherms for N, Ar, and CH, in PMMA at 35°C.
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TABLE 1II
Henry’s Law Coefficients for Gases in Extruded PVF, at 35°C

kp [cm® (STP)/cm® atm]

He N, Ar CH, CO,
Sorption — 0.0206 0.0350 0.0488 0.6642
Transport 0.0076® 0.0208 0.0392 0.0492 —

2 Data from Ref. 19.
b Based on 7.0 mil film

the amount of sorption in PMMA at 20 atm is about two-thirds that in
polycarbonate.3® Furthermore, the isotherm curvature observed here is
somewhat less, especially for Ar and N,, indicating a smaller contribution
from the second term in eq.(3). The sorption parameters kp, C',, and b were
obtained by fitting the data to eq. (3) by a computer regression program
with the results shown in Table III. Sorption parameters for CO, obtained
from other studies are also included in Tables II and III.

In an earlier paper, we reported that significant plasticization may occur
when CO, is absorbed. For instance, the 7, of PMMA equilibrated at 35°C
with CO, at 25 atm is reduced to 60°C from 105°C for the pure polymer.l”
The solubilities of He, Ar, N,, and CH, are much lower than that of CO,
as shown in Figures 2 and 3; therefore, their plasticizing effect is expected
to be small. To confirm this, the T, of PMMA which had been quenched
from 170°C into ice water and then equilibrated at 35°C with 25 atm of Ar
was measured by DSC. The experimental technique is described in the
previous paper.?” Comparison of the two thermograms in Figure 4 reveals
that the T, of PMMA was not depressed by the sorbed Ar to any significant
extent. The hump at temperatures below T, in scan A is due to sub-T,
annealing.'” The fluctuations in scan A at temperatures higher than 7,
are due to the desorption of Ar.

Sorption of Ar in Blends

Sorption isotherms for Ar in the various blends are shown in Figure 5.
Straight lines are observed for the rubbery compositions while slightly
concave curves are seen for the glassy ones. For the 60% PVF, blend,
no curvature in the isotherm can be detected since its T, is only slightly
higher than the sorption temperature. The sorption parameters obtained
from regression analysis are listed in Table IV. For the 40% PVF, blend,

TABLE III
Sorption Parameters for Various Gases in Extruded PMMA at 35°C
kp c, b kp+ Cib
Gas [em? (STP/cm® atm) fem? (STP)/cm?] (atm™1) [em® (STP)/cm?® atm]

N, 0.0737 0.814 0.0301 0.0982

Ar 0.115 1.45 0.0480 0.185

CH, 0.182 3.62 0.0560 0.385

CO,2 1.41 25.6 0.0993 3.95

& From Ref. 19. Corrected for plasticization effects.
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Fig. 4. DSC thermograms for PMMA: A was equilibrated with 25 atm of Ar prior to scan
while B was not. Both show essentially the same T,.

the curvature of the isotherm is very slight so that only the Henry’s law
coefficient calculated from the slope at high pressures is presented in
Table IV.

The correlation between the Henry’s law solubility coefficient and the
blend composition is shown in Figure 6. For semicrystalline blends, the
solubility coefficients have been divided by the factor a since sorption only
occurs in the amorphous phase.3-32 Earlier studies have suggested that the
solubility coefficients for blends can be related to those of the component
polymers by

ln kD = 4)1 ln kD,l -+ d)z ln kD,2 -+ (BV3/RT)¢1¢2 (4)

4 1 I
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Fig. 5. Sorption isotherms for Ar in PVF,/PMMA blends at 35°C.




INERT GASES IN PVF,/PMMA BLENDS 4799

TABLE IV
Sorption Parameters for Air in Extruded PVF,/PMMA Blends at 35°C
k b C,H kD/a
Wt % [em?® (STP)/ [emg (STP)/ b [cm? (STP)/ [107% em? (STPY/
PVF, cm? atm] cm?] (atm 1) cm?® atm] cm? cm Hg]

100 0.0350 —_ — 0.0779 1.03
90 0.0480 — — 0.0857 113
80 0.0568 — —_ 0.0849 1.12
60 0.0742 — —_ 0.0817 1.08
40 0.0893 — — 0.0893 1.18
20 0.104 0.982 0.0345 0.104 1.37
0 0.115 145 0.0480 0.115 1.51

where B is the interaction energy density, V; is the molar volume of the
gas, R is the gas constant, and subscripts 1 and 2 denote the two components.
This equation has been successfully used to find the B value for miscible
polymer blend systems.8-12 A negative deviation from the tie line in Figure
6 is expected from eq. (4) since B is negative for a miscible blend. This is
observed in Figure 6; however, there is significant scattering caused by
experimental errors since the solubility levels are so low.*® Solubility coef-
ficients derived from permeation measurements are also shown in Figure
6 for comparison and similar scattering exists. A value for B of —3.85 cal/
cm?® obtained from melting point depression data® and V; = 57 cm3/mol
for Ar® were used to calculate the solid line in Figure 6. The measured
and calculated results agree reasonably well.

Gas Transport in PVF, and PMMA

The diffusion coefficient D for a gas in a rubbery polymer can be deter-
mined from the diffusion time lag 8 from a transient permeation experiment
using

D = 1[2/66 &)
.8 T T T T
o Permeation
1.6 e Sorption -
< —— Caiculated

(kp/a) x103 [cm3(STP) /cm3em Hg)

.o} o -
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Fig. 6. Henry’s law coefficient for Ar in blends at 35°C: calculated from eq. (4); (O) per-
meation; (@) sorption.
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where [ is the film thickness. The solubility coefficient &, can be estimated
from the ratio of the permeability coefficient P to D, i.e.,

kp=P/D 6)

Notice that these two equations are only valid when the diffusion coefficient
is independent of concentration. This is the case here since the permeability
coefficients for He, Ar, N,, and CH, are independent of the upstream
pressure, p,, for all rubbery blends. Figure 7 shows an example for PVF,.
Similarly, the diffusion time lags for these gases in PVF, are also inde-
pendent of p, as shown in Figure 8. The solubility coefficients determined
from eq. (6) are listed in Table II to compare with the values measured
directly from sorption experiments. The values from sorption and from
permeation experiments agree within 10%.

The permeability coefficient for gases in glassy polymers may depend on
pressure in a variety of ways. Most glassy polymers studied to date show
permeability coefficients which decrease with pressure.891621,3035-37 Thjg re-
sponse can be explained by a partial immobilization transport model,383°
in which the diffusion coefficient for the Henry’s law mode is assumed
constant and the mobility of the gas sorbed by Langmuir sites is a fraction
of that dissolved in the polymer matrix. A few exceptional cases show
permeability coefficients which increase with pressure.%4041 In another
paper,® we reported permeabilities for CO, in PVF,-PMMA blends which
increase with pressure owing to concentration dependent diffusion coeffi-
cients caused by CO, plasticization. Here, we note that the permeability
coefficients for Ar, N,, and CH, in PMMA-rich blends are independent of
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Fig. 7. Permeability coefficients for He, Ar, N,, and CH, in PVF, at 35°C vs. pressure.
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the pressure, as shown in Figure 9 for PMMA, within the range of exper-
imental errors, 3%, from 1 to 20 atm.

Pressure independent permeability coefficients are expected when trans-
port in a glass follows the fotal immobilization model2°; however, such
behavior has only been observed to date for model systems comprised of
elastomers containing sorptive fillers.#2 While gas permeability coefficients
in a glass can be pressure-independent like that in a rubber according to

I0_9: T T T T
C———— He 1
— i PMMA / 35°C 1
= i
1S3
< 0710 —
3 i ]
N o 7
E L 4
o =
? . " Ar 1
(.2 e 1
™
B 107%E N E
- - .
2 L CHq N -
o - - —
1013 1 ] ! !

0 5 10 15 20 25
po (atm)

Fig. 9. Permeability coefficients for He, Ar, N,, and CH, in PMMA at 35°C vs. pressure.
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this model, an important means for distinguishing the former from the
latter is that the time lag should decrease with pressure rather than be
pressure independent. Figure 10 shows the measured time lags for Ar, N,
and CH, in PMMA where a 20-40% decrease in 8 is observed when the
upstream pressure increases from 1 to 20 atm. According to the total im-
mobilization transport model, the time lag can be calculated from the fol-
lowing:

lz
0 = D [1 + Kf(bp,)] )]
P
= E )
_Ch
K = ky ¢)]

where f(bp,) is a function given previously.? The time lags calculated by
this theory are also shown in Figure 10 for comparison.

Correlation of Blend Transport Behavior

Since the permeability coefficients for all blends studied here are inde-
pendent of pressure, there is no need to choose a common pressure base to
compare them with each other. The permeability coefficients for the four
gases are plotted vs. overall blend composition in Figure 11. For Ar, N,,
and CH,, the permeability coefficients increase with PVF, content up to
60% PVF, after which crystallinity begins to affect this relationship. The
permeability to He is effectively independent of composition to this point
but then decreases owing to increasing crystallinity. Apparent diffusion
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Fig. 10. Pressure dependence of diffusional time lags for Ar, N,, and CH, in PMMA at
35°C: (- - -) calculated from eq. (7).




INERT GASES IN PVF,/PMMA BLENDS 4803

IO-QL-[ -l ] l

llllll

-10 °
10 T = 35%

1 lllTHI

x
/
1 xlllntl - |

Ar

1 Illllll

P [ em3 (STP) ~em /em? -sec cmHg |
o
d

Lo bl

T
1

10713 1 1 [ |
0 20 40 60 80 100

PMMA wt % PVF, PVF,

Fig. 11. Permeability coefficients for He, Ar, N, and CH, as a function of overall blend
composition.

coefficients D, computed from time lags using eq. (5) show responses rather
similar to the permeability as seen in Figure 12. The value of D,,, will
depend on pressure (see Fig. 10), and those shown in Figure 12 are based
on 20 atm. A “true” diffusion coefficient can be estimated from the total
immobilization model [eqs. (7)-(9)] provided appropriate sorption infor-
mation is known. Values estimated for Ar in this way are shown in Figure
12 for comparison, and on this scale the change in response seen is only
slight. Similar information could not be computed for the other gases since
their sorption isotherms were not measured.

For He, the diffusion time lags were too short (<4 s) in the standard
films used for other gases to make reliable estimates of the diffusion coef-
ficient. A few thicker films were prepared to obtain approximate He dif-
fusion coefficients, and these are reported in Figure 12.

Blends containing 60% or more PVF, are significantly crystalline as
shown in Table I, which tends to reduce both P and D relative to purely
amorphous compositions. This effect is clearly seen in Figures 11 and 12.
Since crystals act as barriers to gas transport, the effective diffusion coef-
ficient computed by the methods used above is less than that in the amor-
phous phase by a factor k.34 Based on composite theory,” k is a function
of both the level of crystallinity and the crystalline morphology. In order
to compare diffusion behavior of the crystalline blends with amorphous
blends (<50% PVF,), some means of adjusting the data for the k factor is
needed. It has been suggested that an upper bound on k is obtained by
equating it to the amorphous volume fraction, i.e.,
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We have done this in Figure 13 since no better alternative was available.
Based on a simple rule of mixtures, one may expect the diffusion coefficients
for blends to follow

InD = ¢1 In Dl + (bg In D2 an

which using the coordinates in Figure 13 should result in a continuous
straight line over the entire range of compositions. Instead, there is a break
dividing the completely amorphous and glassy compositions from those
which are semicrystalline and rubbery. We feel that a major reason for
this is that k is probably less than the estimate provided by eq. (10), which
fails to raise the values of the diffusion coefficient in the semicrystalline
region to become an extension of those from the fully amorphous region.
In fact, based on a recent theory,!* one might expect a relation which is
concave upwards rather than linear as suggested by eq. (11). However, the
situation for these blends is too complex to push the analysis further.

As a final point, we attempt to assess the influence of varying crystallinity
on the relationship between permeability and blend composition. The sol-
ubility part of P should be proportional to a and again using eq. (10) for
the mobility part suggests plotting P/a? vs. the composition of the amor-
phous phase as shown in Figure 14. Once more a break in the relation for

107° T T T T

He

IRARL

Illlll

T

T

10-6 T:=35%

i

gl

T ‘l\U_fTHI[

10°8

D or Dy, (cm?/sec)

=T llllllll

Lol

1010

1 ! ]
0 20 40 60 80 100

PMMA wt % PVF, PVF,

Fig. 12. Diffusion coefficients for He, Ar, N,, and CH, as a function of overall blend
composition. All data points except for the open squares were computed from 2/66: (O) for
Ar, calculated from D = P/kp.
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each gas appears in the region separating amorphous and glassy compo-
sitions from those which are semicrystalline and rubbery, which precludes
comparisons with simple mixing rules.’* The crude approximation eq. (10)
provides is at least one reason for this.

Correlation of Sorption Parameters

Earlier studies have shown that all three sorption parameters in eq. (3)
can be correlated to the Lennard-Jones potential well depth ¢/k by a sem-
ilogarithmic relationship.®3*%7 Figures 15 and 16 show such plots for the
Langmuir site capacity C’; and the hole affinity constant & for pure PMMA.
There is a good linear correlation in both cases. The Henry’s law coefficients
kp for both PMMA and PVF, are plotted vs. €/k in Figures 17 and 18. For
PVF,, & values obtained from both sorption and permeation experiments
were used. In the past!632# we have found a relation of the form

logkp = log kY + m(e/x) (12)

to describe data for other polymers in either the rubbery or glassy states.
The value of m is always close to 0.0095 K ~! while 9, will vary considerably
more depending on the polymer.64¢ The dashed straight lines in Figures
17 and 18 have been drawn with a slope m = 0.0095 and a choice of %9
to maximize the fit to the data. In every case, CO, falls above this line by
a substantial amount as also reported recently for PVC.4 For PMMA, data
for all gases except CO, agree well with the line drawn giving &9, = 0.0093
cm3 (STP)/em® atm, which is typical of many polymers.# For PVF,, the
He point lies above the line drawn, which may reflect errors in measuring
its time lag as described earlier or a correlation line of lower slope. The
value of k9 obtained from the line drawn for PVF;, 0.0026 cm?® (STP)/cm?
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Fig. 15. Correlation of Langmuir capacity terms for PMMA with Lennard-Jones potential
well depth of the gas.
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atm, is smaller than for most polymers but larger than a recently reported
value of 0.002 cm?® (STP)/cm?® atm for PVC.4

To explore further the issues shown in Figures 17 and 18, we have ex-
amined the analogous behavior for poly(methyl acrylate) and poly(vinyl
acetate) which are isomers and similar to PMMA by each having COO
linkages in their pendant groups. Data from this work and four other
sources -4 are plotted vs. ¢/k in Figure 19. The results for PMA and PVAc

kp [cm3(STP) /cm3'01m]
o

0.0l

] 1 ] T | 1 1 I | l I
* s
— PMMA / 35°C —
- V-
o 7 ]
B / ]
i 7/ i
.//
i /
/e
a / e
- > ]
[ / .
- / -
L. / -5
B /7 i
/

o

b~ -
FHe Ne ATCHy  COp ]
oo ot
0 100 200

e/k (°K)

Fig. 17. Correlation of Henry’s law constant k2, for PMMA with Lennard-Jones potential
well depth of the gas. Data point for He from permeation measurements, the others from

sorption measurements.
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are essentially identical which is somewhat expected in view of their very
similar structures. Again a straight line has been drawn with slope m =
0.0095 K ! with k9, adjusted to maximize the fit with the data. Some points
for He and H, fall slightly above the line for reasons which are not clear
to us. As seen for PMMA and PVC, CO, falls well above the line, which
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Fig. 19. Correlation of Henry’s law constants &, for poly(methyl acrylate) (O) and poly(vinyl
acetate) (@) with Lennard-Jones potential well depth of the gas. The bars on data points
denote the data source: (up) Ref. 49; (right) this work; (left) Ref. 46; (down) Ref. 48; (up-left)
Ref. 47.
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has been suggested to result from some specific interaction between CO,
and the polymer. It is interesting to note that Kr also lies above the line
in Figure 19 but not as far away as CO,. The main point established here
is that CO, seems to have an exceptionally large Henry’s law solubility
coefficient in some polymers, e.g., PVC, PMMA, PMA, and PV Ac, compared
to others.163032444 The observation for Kr in Figure 19 may justify using
a curve instead of a straight line in Figure 19; however, even then CO,
would lie well above such a curve as suggested by the dashed line in Figure
19. This unusual solubility effect for CO, is being explored further. En-
hanced CO, solubility has been reported for butadiene/acrylonitrile co-
polymers.® The higher H, solubility than expected remains a puzzle.

Correlation of Diffusion Coefficients

Gas diffusion coefficients in polymers may be correlated with the molec-
ular size of the diffusing molecule, and the Lennard-dJones collision
diameters® are often used for this purpose. Figure 20 shows a plot of the
observed diffusion coefficients for PVF, vs. the Lennard-Jones collision
diameter of the gas molecules. A smooth curve seems to describe the data
for the three spherical gases, He, Ar, and CH,; however, for N, and CO,,
which are more linear in molecular shape, their diffusion coefficients lie
above this correlation line. In fact, a parallel study® using a commercial
PVF, film has shown that H, and O, also behave like N, and CO, in this
respect, and a very good correlation curve lying above that for spherical
gases can be established for these linear gases. This indicates that rotational
freedom may be somewhat restricted for these gases as they make diffu-
sional jumps in the polymer.

For glassy polymers, previous studies using polycarbonate,® polysul-
fone,* and a copolyester® have shown that the diffusion coefficient for CQO,
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Fig. 20. Correlation of diffusion coefficients in PVF, with Lennard-Jones collision di-
ameter of the gas.
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lies well above the correlation curve if Lennard-Jones collision diameters
are used. However, if kinetic diameters measured from zeolite sorption®
are used, the correlation is quite satisfactory. Note that CO, has a kinetic
diameter of 3.3 A, which is much smaller than its collision diameter of 4.00
A. For the other gases studied here, however, the kinetic and collision
diameters are very close (see the abscissas of Figs. 20 and 21). Thus, it was
suggested that diffusional jump of CO, in mobility restricted environments
must occur without significant rotation of the CO, molecule.® This argu-
ment is examined in Figure 21 for PMMA, where the diffusion coefficients
are plotted vs. the kinetic diameters. The diffusion coefficient for CO, is
based on measurements for a film exposed to a CO, pressure of 1 atm and
no higher.? The correlation curves for spherical and linear gases in Figure
21 are similar to those in Figure 20 except CO, falls below the correlation
curve. A parallel study®> for PMMA has shown that for CO, the data point
can be better correlated if the collision diameter is used instead of the
kinetic diameter. The different correlation behavior of CO, in PMMA from
the three polymers studied before®%37 might result from the different mo-
lecular structures of the polymers. While PMMA has a large pendent group,
polycarbonate, polysulfone, and the polyester all have rigid backbones with-
out pendent groups. Further studies of gas transport in other poly(alkyl
methacrylate)s which are underway should give more conclusive results on
this point.
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Fig. 21. Correlation of diffusion coefficients in PMMA with kinetic diameter of the gas.
Apparent diffusion coefficients are given for He and H,, and the ratio of permeability to
solubility coefficient at 1 atm is used for CO,.
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Ideal Separation Factors

Owing to the interest in using polymer membranes for gas separations,
we will examine the potential of these materials for separations. An ideal
separation factor for gas A relative to gas B is given by the ratio of perme-
abilities to these gases, i.e.

aff = P,/Pg 13)

Use of pure gas permeabilities ignores any interactions between gases dur-
ing transport of a mixture. We will examine the ideal separation factors
for He/CH,, CO,/CH,, and H,/CH, owing to the practical significance of
separating these pairs. Calculated ratios of permeabilities are shown in
Figure 22. Only a single value for H,/CH, is given since H, permeability
was measured only for PMMA.

The ideal separation factors show a change in character at 60% PVF,
where crystallinity becomes significant. Interestingly, these effects do not
cancel from the permeability ratio which suggests that x probably depends
on gas type in addition to morphology and level of crystallinity. Composite
theory would not predict this. Since CO, permeability depends on pressure,
the value of aff2 computed will vary according to the pressure selected —
20 atm is used here. Very likely, plasticization by CO, will alter the actual
separation factor which can only be determined by mixed gas measurements
which were not done. Ignoring this, extraordinarily high separation factors
are seen for all gas pairs in PMMA rich blends. For PMMA, o is 230,
which is in contrast to values in the range of 10-40 for many other poly-
mers.*® Likewise, aflg, is much higher for PMMA than most other polymers.
This is because the He diffusion coefficient is about 3 X 10* larger than
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Fig. 22. Ideal separation factors for gas pairs vs. blend compositions.
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that for CH,; however, the He solubility coefficient is only about a factor
of 15 less than that for CH,. On the other hand, for CO,/CH, in PMMA,
the ratio of diffusion coefficients (~30) and solubilities (~8) both favor
transport of CO, over CH,.

The peculiar shape of the separation factors vs. blend composition seen
in Figure 22 can be understood by comparing the different shapes of the
plots for He and CH, permeability in Figure 11 and for CO, in Figure 23.1

SUMMARY

The miscible blend system PMMA/PVF, consists of totally amorphous,
glassy materials on the PMMA side of the composition scale while semi-
crystalline, rubbery materials exist on the PVF, side. The change from
glassy to rubbery materials as composition is varied is reflected in the shape
of the sorption isotherms of gases and the effect pressure has on the diffusion
time lags. The appearance and variation of crystallinity as the PVF, content
increases affects both gas solubility and permeation in these blends. Because
of these complexities, it is not possible to analyze the effect of blend com-
position on these characteristics using the simple relations which have been
shown to apply to homogeneous miscible blends4 which are always
glassy®%!3 or always rubbery.!?

Simple procedures to estimate gas solubility in the amorphous phase of
semicrystalline mixtures seem to work well; however, similar estimates for
diffusion coefficients or permeability coefficients in the amorphous phase
are not as good. The variation of Ar solubility with blend composition cor-
rected for crystallinity is entirely consistent with theoretical estimates.

The sorption and transport of He, Ar, N,, and CH, in these blends is
considerably less complicated than that described earlier for CO,° since
the latter plasticizes the polymers while the former do not.

PMMA exhibits some unique gas sorption and transport behavior com-

I 1 [
€0,/ 35°C

20 atm

P (Barrer)

03 I | I

0 100
PMMA wt % PVF, PVF3

Fig. 23. Permeability coefficients for CO, plotted vs. blend composition. Data are from
Ref. 19.
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pared with other glassy polymers studied previously. For gases like He, Ar,
N,, and CH, the permeability is independent of pressure for PMMA where-
as these permeabilities decrease with pressure to varying degrees in these
other polymers. The permeability to CO, increases with pressure for PMMA
while it decreases with pressure the same as other gases in many glassy
polymers. PMMA shows what appears to be unusually selective gas per-
meation. Clearly, further studies on the effect of polymer structure on gas
sorption and transport behavior are needed to fully understand these issues
and are crucial to the development of advanced membrane materials for
separations.

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