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Abstract--Diffusion coefficient and equilibrium solubility for poly(vinyl acetate)/vinyl acetate system 
(VAc) were determined by measuring the rate of uptake or loss of VAc. The amount of residual VAc, 
as well as temperature, affected the mutual diffusion coefficient. Free volume theory, proposed recently 
by Vrentas and Duda, represented the behaviour of diffusion coefficients reasonably well over a wide range 
of temperature and VAc concentration. 

INTRODUCTION 

Since monomer  conversion in polymerization pro- 
cesses may be far from complete, it is necessary to 
remove the unreacted monomer  in order to improve 
the physical properties of  the polymer and to meet 
environmental regulations. This removal can usually 
be done in separators such as flash evaporators or 
devolatilizers with film-forming devices depending 
upon the viscosity of  the polymers [1]. Diffusion 
coefficient and equilibrium solubility of  the monomer  
in the polymer matrices are the most essential par- 
ameters to be considered for an appropriate selec- 
tion or design of  the separators. Many papers have 
reported results about equilibrium solubilities and 
diffusion coefficients [2 7] of  polymer-volati le solute 
systems. 

The diffusion coefficient is observed to rise with 
temperature of  the system, while it goes up and then 
falls as the content of  the volatile solute increases [8]. 
Concentrat ion dependence of  diffusion coefficients 
has been expressed by various empirical equations [2]. 
However,  these equations lack physical significance, 
so that it is uncertain to extrapolate the experimental 
data. 

Fujita [3] has proposed a free volume theory 
to explain the peculiar behaviour of  the diffusion 
coefficients in concentrated polymer solution. 
Recently Vrentas and Duda [4-6] proposed a new 
free volume theory eliminating many of the short- 
comings of  Fujita 's theory. It is based on the fact that 
diffusion of  monomer  molecules depends on the 
probability that a free volume of  sufficient size will 
occur in the polymer matrices and on the prob- 
ability that monomer  molecules have enough energy 
to jump into this hole. In this work, we determined 
absorption and desorption diffusion coefficients and 
equilibrium solubility for the poly(vinyl acetate)/ 
vinyl acetate (PVAc/VAc) system using a weighing 
method, and analysed the predictability of  the free 
volume theory. 
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EXPERIMENTAL PROCEDURES 

1. PVAc preparation 

PVAc was bulk polymerized with AIBN (0.001 g/g of 
VAc) at 50 + I°C in a shaking water bath for 12 hr. The 
resulting polymer was dissolved in methanol to cast into a 
film, which was dried under vacuum at room temperature 
for several weeks. Number-average molecular weight and 
polydispersity of the polymer were 1.5 x 105 and 5.4 
respectively. 

2. Absorption and desorption 

The schematic diagram of the experimental apparatus is 
shown in Fig. I. A sample film was cast on a fiat quartz plate 
in a sample bucket and loaded in the sorption chamber, the 
temperature of which was kept constant by circulating 
silicone oil through the jacket. Vacuum was applied to the 
sorption chamber after several times of repeated introduc- 
tion and removal of pure N 2 and then the system was 
brought to sorption temperature. When extension of the 
quartz spring loaded with a sample film was monitored to 
be time invariant, VAc vapour was introduced into the 
sorption chamber. 

Linear variation of the quartz spring due to absorption 
and desorption of VAc molecules was detected using a 
cathetometer to 10#m precision. The sample bucket must 
be maintained horizontally to keep the molten sample 
uniform in thickness. 

RESULTS AND DISCUSSION 

The one dimensional diffusion is governed by: 

8C _ ~2C 
D (l) 

gt ~x 2 

with the associated initial and boundary conditions: 

C(x, o) = Co 

C(L,  t) = Cs 

~c o. (2) 
t~t x = o 
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Fig. 1 

The diffusion coefficient in equation (1) is an average 
corresponding to the range of solute concentrations 
appropriate to the experiments, which can be ap- 
proximated by [13] 

fco ~DdC 
D = (3) 

C - C o  

where C, and Co are equilibrium and initial solute 
concentrations respectively. By integration of the 
concentration profile obtained by solving equations 
(1) and (2) [2], the weight of the solute absorbed or 
desorbed can be expressed as [8]: 

Moo ~L:] \n t/2 + 2,=,~.( 1)"lerfc ( 1,2 • 

(4) 
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Fig. 2. Absorption and reduced conjugated absorption 
curves for PVAc at 100°C, 0.7 atm. 
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Fig. 3. Absorption diffusion coefficients for PVAc/VAc 
system. Solid lines, prediction using equations (3) and (7) 

employing values of parameters in Table 1. 

In the early stages, the average diffusion coefficient 
can be determined as: 

2 

D =  4 / d ( ~ )  ) (5) 

obtained by approximation of equation (4). 
Absorption and reduced conjugated absorption 

curve of PVAc/VAc system at 100°C and under 
0.7 atm of VAc vapour are plotted in Fig. 2. 

As the reduced conjugated curve was almost linear 
for a long period of time, initial fluctuation of the 
spring due to sudden change in the pressure of the 
sorption chamber did not hinder the determination of 
the diffusion coefficients using equation (5). 

Figures 3 and 4 represent respectively absorption 
and desorption diffusion coefficients as a function of 
equilibrium VAc concentration. It can be seen that 
diffusion coefficient depends on VAc concentration as 
well as temperature. 

Its dependence on solute concentration has been 
expressed in a number of empirical forms [2], such as 
equation (6): 

D = D o exp(0tC) (6) 
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Fig. 4. Desorption diffusion coefficients for PVAc/VAc 
system. Solid lines, prediction using equations (3) and (7) 

employing values of parameters in Table 2. 
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Table I. Values of the parameters of the free volume theory for absorption diffusion coefficients 
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Do) (cm2/scc) ~ try) K22 - Ts2 ~ ~ (K) 12~ ' V~' K,, - Tg, Z 

2.9 x 10 -s 1681.4* - 2 8 0 . 0 '  0.31 328.0 b 0.9 b 0.84" - 114.0 b 0.45 

"bValues are taken from Refs [7] and [14] respectively. 

Table 2. Values of  the parameters  o f  the free volume theory for desorption diffusion coefficients 

~v2 .... ~¢',* - - 

Do, (cm2/soc) ~ It../ K22 - r~. ~ ~ (K) V~' V~' K,, - T,, X 

2.6 x 10 -s 1681.4 = -280.0 = 0.31 328.0 b 0.9 b 0.84' -114.0 b 0.45 

='bValues are taken from Refs [7] and [14] respectively. 

These equations predict reasonably well only over 
a narrow range of solute concentration. 

Vrentas and Duda 's  simplified version [4, 5] of 
the free volume theory for binary mutual  diffusion 
coefficient can be written as: 
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Fig. 5. Equilibrium solubility of VAc in PVAc as a function 
of VAc pressure. The solid line represents equation (8) with 

;t = 0.45. II, 70°C; +,  85°C; *, 100°C; A, 120°C. 

, _  , , . ,  

(7) 

(I*, KjL/7 and K H - Tg~ are properties of pure VAc 
while V*, Kl2/]) and K22- Tg 2 are those of pure 
PVAc. ~, D0~ and g depend on mixture properties. 
Duda et al. [7, 8] clearly present methods of determi- 
nation of all these parameters. Tables 1 and 2 sum- 
marize values of the parameters for absorption and 
desorption of the PVAc/VAc system respectively. 

Z, the reciprocal interaction parameter of the 
Flory-Huggins '  equation (8), was determined from 
data of equilibrium absorption solubility as shown in 
Fig. 5 

P~ = ~b, exp(~b2 + ZqS~). (8) 
P? 

It can be noted from Fig. 5 that equilibrium solubility 
deviates significantly from Henry's law at high press- 
ures of VAc vapour and that Z is nearly independent 
of temperature [15]. 

Solid lines in Figs 3 and 4 represent the pre- 
dicted average diffusion coefficient using equations 
(3) and (7) employing values of parameters in 
Table ! and 2, which seems to coincide reasonably 
with the experimental data. 
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Fig. 6. Absorption diffusion coefficients predicted by 
equation (7) derived from free volume theory. Temperatures 
are 190, 140, 120, 100, 85 and 70°C respectively from 

the top. 
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Fig. 7. Desorption diffusion coefficients predicted by 
equation (7) derived from free volume theory. Temperatures 
are 190, 140, 120, 100, 85 and 70°C respectively from 

the top. 
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It is interesting to observe tha t  values of  par- 
ameters  for absorp t ion  diffusion coefficient are iden- 
tical with those for desorpt ion diffusion coefficient 
except for Do~. This keeps the physical meaning  of  the 
free volume theory. Predictions of  diffusion co- 
efficient as a function of  VAc concent ra t ion  were 
made  using equat ion  (7) and  are shown in Figs 6 and 
7. Its dependence upon  VAc concent ra t ion  decreased 
as tempera ture  and  VAc content  increased. 

REFERENCES 

1. H. D. Zettler and H. Thiele. In Devolatilization of 
Plastics, p. 25. VDI-Verlag GmbH, Diisseldorf (1980). 

2. J. Crank. In The Mathematics of Diffusion, Chaps 9 
and 10. Clarendon Press, Oxford (1976). 

3. H. Fujita. Fortschr Hochpolym-Forsch. 3, 1 (1961). 
4. J. S. Vrentas and J. L. Duda. J. Polym. Sci.; Polym. 

Phys. Edn 15, 403 (1977). 
5. J. S. Vrentas and J. L. Duda. J. Polym. Sci.; Polym. 

Phys. Edn 15, 417 (1977). 

6. J. L. Duda, J. S. Vrentas, S. T. Ju and H. T. Liu. 
AICHEJ. 28(2), 279 (1982). 

7. J. L. Duda and A. R. Berens. In Devolatilization of 
Polymers, Chap. III. 1. Hanser publishers (1983). 

8. H. T. Liu. PhD thesis, Pennsylvania State University 
(1980). 

9. A. R. Berens and H. B. Hopfenberg. Polymer 19, 489 
(1978). 

I0. D. J. Enscore, H. B. Hopfenberg, V. T. Stannett and 
A. R. Berens. Polymer 18, ll05 (1977). 

1 I. M. J. Misovich, E. A. Grulke and R. F. Blanks. Polym. 
Engng Sci. 27(4), 303 (1987). 

12. J. L. Lundberg and E. J. Mooney. J. Polym. Sci. Part 
A-2 7, 947 (1969). 

13. J. Crank and G. S. Park. In Diffusion in Polymers, 
Chap. 1. Academic Press, New York (1968). 

14. J. S. Yoon, H. H. Chung, K. H. Lee and S. J. Maing. 
In preparation. 

15. Gfinter Padberg. In Devolatilization of Plastics, p. I. 
VDI-Verlag GmbH, Diisseldorf (1980). 

16. A. R. Berens. Polym. Engng Sci. 18(11), 864 
(1978). 

17. A. R. Berens. Polym. Engng Sci. 20(1), 95 (1980). 


