Gas Transport in Poly(vinyl Benzoate)
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Synopsis

The transport parameters of nine gases (O, Ny, CO,, He, Ne, Ar, Kr, Xe) through poly(vinyl
benzoate) (PVB) have been measured by the time lag method above and below the glass
transition temperature, T, The results are compared with the related data of poly(vinyl
acetate) (PVAc) by Meares and discussed as the effect of replacement of the methyl group by
a phenyl group in the side chain of PVAc. Small molecules, such as H,, He, and Ne, diffuse
more easily through PVAc than PVB, but the tendency is reversed for the larger gases. The
activation energy for diffusion is proportional to the squares of the Lennard—Jones diameters
of the gases below the 7. On the other hand, above the T, linear relation is obtained to the
cubes of the diameters. Solubility behavior is discussed by comparing the heats of solution for
PVB and PVAc.

INTRODUCTION

A number of gas transport studies have been reported, and the correlation
between the transport parameters and physical and chemical properties
discussed in them. As reviewed by Stannett,! some reasonable and func-
tional relationships have been developed, but they do not seem enough to
explain transport process.

On the other hand, the usage of membranes for gas separation has re-
cently been discussed,? and rigorous studies have been accomplished to
explore the gas separation membranes with good separation factors and
permeation rates. Although some of them have succeeded in the practical
systems, it is strongly desired to establish how to design polymers for sep-
aration membranes. In order to explore advanced polymers, it seems im-
portant to study the fundamental correlations between the permeabilities
and the chemical structures of polymers, and we intended to research from
this standpoint.

We present this paper as the first report on gas transport studies of
polymers derived from poly(vinyl alcohol) (PVA). Poly(vinyl benzoate)
(PVB), which is prepared from PVA and benzoyl chloride, is a homolog
vinyl polymer of poly(vinyl acetate) (PVAc). The transport of gases through
PVB has not been examined yet. The present paper is concerned with the
comprehensive study of the transport parameters in PVB, and we compare
them with the data of PVAc studied by Meares.?

EXPERIMENTAL

Materials

Two methods are known for the synthesis of poly(vinyl benzoate). Pizzir-
ani et al. prepared this polymer by bulk polymerization.* But this method
is troublesome in the synthesis of monomer, and the conversion should be
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kept low in order to prevent crosslinking. Another method for the prepa-
ration of this polymer was reported by Staudinger et al.®> and Noma et al.®
We adopted this procedure as follows. In a glass apparatus protected from
moisture by a calcium chloride tube, 5 g of poly(vinyl alcohol) was suspended
in 100 mL of anhydrous pyridine and heated overnight with stirring at
90°C. To the suspension 23 g of benzoyl chloride was slowly added, and the
reaction mixture was cooled to 50°C and maintained 4 h. Gradually PVA
was dissolved to a clear solution, and then a crystalline precipitate formed.
The viscous solution was diluted with 400 mL of acetone, filtered through
glass cloth to remove the precipitated, and poured into distilled water with
vigorous agitation to precipitate the polymer. Low molecular weight ma-
terials were removed by repeated precipitation from tetrahydrofuran with
a mixture of water and methanol until the polymer was free from chloride
ion.

The degree of esterification was estimated by an elemental analysis for
carbon, hydrogen and nitrogen. It was practically complete (>97% ester-
ified), and no nitrogen was detected.PVA, obtained from Aldrich Chemical
Co., was of high molecular weight (MW 126,000; 98% hydrolyzed) and used
as received.

The gases were at least greater than 99.9% pure and used without further
purification.
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Fig. 1. Temperature dependence of the permeability coefficients for oxygen, nitrogen, hy-
drogen, and carbon dioxide in poly(vinyl benzoate): (- - -) data in poly(vinyl acetate) of Meares.?
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Fig. 2. Temperature dependence of the permeability coefficients for the noble gases in
poly(vinyl benzoate): (---) data in poly(vinyl acetate) of Meares.?

Film Preparation

Films of PVB were prepared by casting from a 10% solution in benzene
on a glass plate floating on mercury and allowed to air dry at room tem-
perature for a few days. Then they were immersed in distilled water to
remove the glass plate easily. The transparent films were dried under vac-
uum at 60°C for several days.

The thicknesses of the membranes tested were 50-200 pm. The density
of the membranes was determined by the floating method with an Anton
Paar K.G. Density Meter (DMA 02 D) and a KI aqueous solution at 25°C.

Procedures

The high vacuum time lag method developed by Barrer’ was used for
measuring the permeability and diffusion coefficients. The experimental
apparatus was almost same as reported before.? The downstream pressures
were monitored with an MKS Baratron 310 CHS-10 type pressure trans-
ducer, which was calibrated against the McLeod gage: The permeation cell,
with a mercury seal to protect the membranes from water, was placed in
a thermostat controllable water bath. PVB membranes were placed in the
cell and were outgassed under high vacuum (less than 10-2 torr) for a few
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days at temperatures increasing slowly to 85°C before permeation mea-
surements. Ingoing pressures were from 20 to 50 cm Hg.

The specific volume-temperature relationship on PVB membranes was
measured in a conventional mercury-filled dilatometer and the heating rate
was about 0.5°C/min.

RESULTS AND DISCUSSION

The temperature dependence of the permeability coetficients P, which
were obtained from steady state permeation rates, are presented in Figures
1 and 2 in the form of Arrhenius plots. P of each gas has been measured
at many temperatures in the range 25-85°C, and each recorded value is the
mean at least two experiments at the same temperature. Pand the diffusion
coefficient D for CO, decreased maximally about 7% and 10%, respectively,
as the increase of ingoing pressure. But all of other gases were independent
of ingoing pressure. So assuming that Fick’s and Henry’s laws are valid for
all gases, D was calculated from

D= 1?/60 e}

where [ is the membrane thickness and 0 is the time lag, and the solubility
coefficient S was given by
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Fig.3. Temperature dependence of the diffusion coefficients for oxygen, nitrogen, hydrogen,
and carbon dioxide in poly(vinyl benzoate): (- - -) data in poly(vinyl acetate) of Meares.?
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Fig. 4. Temperature dependence of the diffusion coefficients for helium and neon in
poly(vinyl benzoate): (- --) data in poly(vinyl acetate) of Meares.?
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Fig. 5. Temperature dependence of the diffusion coefficients for argon, krypton, and xenon
in poly(vinyl benzoate): (- - -) data in poly(vinyl acetate) of Meares.?
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The pressure dependence of S recognized only for CO, was ignored by this
analysis. I is presented in the form of Arrhenius plots in Figures 3-5, and
S is ploted in Figures 6 and 7. Each plot has a change of slope at about
62°C. The dilatometry results, however, reveal a T, at 65.5°C in Figure 8.
The gas transport parameters calculated from each plot including the data
below the T, are given in Tables I and II.

PVB is an amorphous and glassy polymer, and the membranes used are
transparent and free from orientation. So we may compare these results
with the data of PVAc by Meares,® which are also presented as dashed lines
in Figures 1-7. PVB has a higher T, and a little higher density than PVAc,
as compared in Table III, which is due to the difference between the methyl
group and the phenyl group of each ester part.

The transport phenomena of these polymers are interesting as seen in
Figures 1-7. The P and D of PVB are higher than those of PVAc to each
gas except H,, He, and Ne. This means that small molecules diffuse more
easily through PVAc than PVB, but, increasing the size of a penetrant gas,
the diffusivity in PVB gets larger than PVAc. On the other hand, the
activation energy for diffusion, £, in PVB are lower than in PVAc for all
gases (Figs. 3-5). Though the diffusivities may be related to such properties
as densities, chain stiffnesses, thermal expansivities, etc., at present, it is
difficult to discuss the correlation in detail because of the complexity. But
it is clear the difference of acyl group of each polymer is the source.
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Fig. 6. van’t Hoff plots of the solubility coefficients for oxygen, nitrogen, hydrogen, and
carbon dioxide in poly(vinyl benzoate): (- - -) data in poly(vinyl acetate) of Meares.?
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Fig. 7. van’t Hoff plots of the solubility coefficients for the noble gases in poly(vinyl ben-
zoate): (- - -) data in poly(vinyl acetate) of Meares.?
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Fig. 8. Specific volume vs. temperature plot for poly(vinyl benzoate).
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TABLE I
Gas Transport Parameters for Oxygen, Nitrogen, Hydrogen, Carbon Dioxide, and the Noble
Gases in Poly(vinyl Benzoate) below T2

Gas P, E, D, E, S, AH,
0, 8.05 x 10-# 3.98 1.95 x 10-3 6.00 412 x 10-5 —202
N, 1.38 x 10-7 5.36 155 x 10-2 7.87 894 x 10- —252
H, 7.37 X 10-7 3.98 1.32 X 10-2 522 560 x 10-5 ~124
Co, 266 x 10-* 2.29 1.14 x 10-2 7.87 2.34 x 10-¢ 559
He 461 x 10-7 371 561 x 10-3 4.03 8.22 x 10-5 —0.32
Ne 1.82 x 10-7 4.03 1.25 x 10-2 5.54 1.45 x 10-5 —~1.51
Ar 2.66 X 10-7 5.13 111 x 10-2 7.55 2.39 x 10-5 242
Kr 251 x 10-7 5.45 3.14 x 10-2 9.16 8.00 x 10-6 -3.71
Xe 9.64 x 10-7 6.82 722 x 10~z 110 1.34 x 10-5 —417

@ Units: P, = ¢cm®STP) - cm/cm? - s - cm Hg; E, = keal/mol; D, = cm?/s; E, = kecal/mol;
S = cm¥STP)/em?® - em Hg; AH, = kcal/mol.

E, increases from He to Xe and is plotted against the Lennard-Jones
diameters® of the gas molecules d, d2, and d? (A) (Fig. 9). E, is proportional
to d? below the T, [Fig. 9(b)], as Meares observed?®; however, above the T,
fairly linear with d3, especially for the noble gases, the relation seems most
linear [Fig. 9(c)], as Ash et al. concluded.’® These results necessitate further
study, and we will report in the near future.

It is usually accepted that the heat of solution is the sum of the work
required to create a hole to accommodate the penetrant gas and the inter-
action energy between the gas and the polymer. Meares discussed that the
interaction energy is given by the heat of solution below the T, and the
work of hole formation is given as {AH(T > T,) — AH(T < Tp)}.® When
we compare PVB and PV Ac from this point of view, the interaction energy
of PVB is smaller than that of PVAc in spite of the large solubility for each
gas. In contrast, the value of {AH(T > T,) — AH(T < T,)} are smaller
than PVAc except Ar as presented in Table III, that is, the work of hole
formation for other gases are smaller in PVB. We assume the following
from these results: 7—7 interactions between phenyl groups make other
parts of polymer segments separate each other and the interaction between

TABLE II
Gas Transport Parameters for Oxygen, Nitrogen, Hydrogen, Carbon Dioxide, and the Noble
Gases in Poly(vinyl Benzoate) above T2

Gas P, E, D, E, S, AH,
0, 368 x 10-4 961 135 x 10-2 7.28 2.72 x 10-2 2.34
N, 168 x 10-¢  10.1 119 10.8 142 x 104 —0.69
H, 3.34 x 10-5 650 341 x 10-2 5.86 9.80 x 10 0.64
Co, 9.79 x 10-5 778 881 x 10-! 10.8 111 X 10-¢ ~298
He 6.10 % 10-5 696 412 x 10- 5.36 148 x 10-3 1.60
Ne 101 x 104 824 860 x 10-2 6.82 117 x 10-3 142
Ar 1.15 x 10— 916  1.13 x 10-! 9.09 102 x 10-¢ 0.069
Kr 342 x 10-¢ 103 2.53 12.1 1.35 x 104 ~184
Xe 402 x 104 139 151 x 10-2 176 266 X 10-5 ~3.70

aUnits: P, = em¥STP) - cm/cm? - s - em Hg; E, = keal/mol; Dy = cm?/s; E; = kcal/mol;
Sy = em3STrYcemd . cm Hg; AH, = kcal/mol.
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TABLE III
Differences of the Heats of Solution above and below T, for Oxygen, Hydrogen, Neon,
Argon, and Krypton in Poly(vinyl Benzoate) and Poly(vinyl Acetate)® with T, and Densities

{AH(T > T,) — AH(T < T,)} (kcal/mol)

T, Density
Polymer 0, H, He Ne Ar Kr C) (g/cm?®)
PVB 4.35 1.88 1.92 2.93 2.49 1.87 62 1.214
PVAc 5.16 3.89 3.12 5.67 1.82 5.94 26 1.17-1.176p

a Refs. 11 and 12.

them weak, that is, the interaction energies between polymer segments,
other than 7— interaction energy, get small. Whereas the interaction ener-
gies between polymer segments in PVAc are comparatively homogeneous
everywhere. Penetrant gases will make holes to solute where the interaction
between polymer segments is small. Therefore it can be understood that
the hole formation energy in PVB gets smaller than PVAc. To discuss in
more detail, it seems necessary to measure the solubility for PVB individ-
ually by sorption experiments, and this is now in progress.

a
154+
3
£
~
s}
c
*
he]
]
5k
0 1 i Aiil Ty
Y] 1 2 3 4
d A
b c
151 15
2 3
£ £
% oo ® o
ol 3 =
x oe * o
A LX) B % o e
[ o °
. 3
5F N o
He Ne Ar Kr Xe He Ne Ar Kr Xe
H:
L, G AR
[¢] 1 10 15 0 20 40 60
d2(A2) d3A3)

Fig. 9. Activation energies for diffusion for nine gases in poly(vinly benzoate) vs. d (their
Lennard—Jones molecular diameters) (a), d2 (b), d3 (c) above (O) and below (@) the glass tran-

sition temperature.



410 HIROSE, MIZOGUCHI, AND KAMIYA

References

1. V. Stannett, J. Membr. Sci., 3, 97 (1978).

2. As reviews: H. K. Lonsdale, J. Membr. Sci., 10, 81 (1982); H. Strathmann, J. Membr. Sci.,
9, 121 (1981).

3. P. Meares, J. Am. Chem. Soc., 76, 3415 (1954); Trans. Faraday Soc., 53, 101 (1957).

4. G. Pizzirani, P. Magagnini, and P. Giusti, J. Polym. Sci. A, 9, 1133 (1927).

5. H. Staudinger, K. Frey, and W. Starck, Ber., 60, 1782 (1927).

6. T. Noma, K. Nakamura, and T. Teramura, Kobunshi Kagaku, 4, 112 (1947).

7. R. M. Barrer, Trans. Faraday Soc., 35, 628, 644 (1939); R. M. Barrer and G. Skirrow, J.
Polym. Sci., 3, 564 (1948).

8. Y. Kamiya and F. Takahashi, J. Appl. Polym. Sci., 21, 1945 (1977).

9. M. Trautz, A. Melster, and R. Zink, Ann. Phys. (Leipz.) 7, 409 (1930); M. Trautz, R.
Heberling, I. Husseini, F. Ruf, and A. Freytag, Ann. Phys. (Leipz.) 20, 118 (1934); H. L. Johnston
and E. R. Grilly, J. Phys. Chem., 46, 948 (1942).

10. R. Ash, R. M. Barrer, and D. G. Palmer, Polymer, 11, 421 (1970).
11. S. M. Allen, V. Stannett, and H. B. Hopfenberg, Polymer, 22, 912 (1981).
12. K. Toi, Y. Maeda, and T. Tokuda, J. Membr. Sci., 13, 15 (1983).

Received March 29, 1984
Accepted May 29, 1984



