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A linear representation of the diffusion of 
solvents into insoluble polymers 

B E R N H A R D  R E I S E R *  
Max-Planck-lnstitut for FestkOrperforschung, Heisenbergstrasse 1, D-7000 Stuttgart 1, 
West Germany 

The amount, q, of a solvent taken up by a sample of an insoluble polymer during a time, 
t, can be represented accurately by the relation q = t /(at + b), which has a very simple 
linear equivalent: (t/q) = at + b, where a and b are constants. The same behaviour is also 
shown by the exchange of ions in an ion-exchange resin and in the case of a swell process, 
where q may be measured as a volume increase. The kinetic relation q = k(Q -- q)2, where 
Q = a -1 and k = Q-2b-t, is compared wi th  Fick's first law of diffusion and the 
dependence of the diffusion coefficient and the concentration gradient on q is discussed. 

1. Introduction 
In this article two points will be considered: 

(a) The diffusion of a solvent into an insoluble 
polymer, shown in Fig. 1, can be expressed as a 
linear function, shown in Fig. 2. This will be out- 
lined in Section 2. 

(b) The above relation leads to a kinetic 
expression which can be compared with Fick's 
first law of diffusion. For the case where the 
amount q of the solvent in the polymer approaches 
its limiting value, Q, it can be shown accurately 
that the diffusion coefficient and the concen- 
tration gradient are proportional to the amount, 
Q -  q, of solvent which can be taken up by the 
solvent during further diffusion. Particularly in the 
case of the diffusion coefficient this propor- 
tionality seems to be reasonable and can be 
expected also for ranges of q far from Q because 
(Q - q) is a measure of the space open for further 
diffusion. These points will be considered in 
Section 3. 

2. The diffusion of a solvent into an 
insoluble polymer 

The measurement of the amount of  the solvent in 
the polymer can be performed either by mass or 
by volume measurements. A mass, M(0), or vol- 
ume, V(0) is selected from a piece of the poly- 
mer. Then this sample is plunged into the solvent. 
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After a time, t, the mass M(t) or the volume V(t) 
of the sample is measured. Provided that the poly- 
mer is insoluble in the solvent the amount m(t) of 
the solvent within the polymer is 

re(t) = M( t ) - -M(O) .  (1) 

However, m(t)  depends on the size of the polymer. 
A size independent parameter is 

m(t)  
q(t) - M(O)" (2) 

In the case that the volume V(t) of the polymer 
sample is measured, it is assumed that the volume 
change is proportional to m(t): 

m(t)  = v ( V ( t ) -  V(0)), (3) 

where v is a proportionality factor. 
A measure independent of the size of the polymer 
sample is 

V ( O -  V(O) 
qv(t) = v (4) 

v(o)  

Measured values of q(t) are shown in Figs 1 and 2. 
They are compared with the functions 

t 
q at + b (5) 

(t /q) = at + b. (6) 
The constants a and b are easily derived from Fig. 
2 by the linear expression, Equation 6. 
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Figure 2 The relat ion q = q(t) shown in Fig. 1 represented 
as a linear expression (t/g(t)) = at  + b. The constants  a 

and b as well as the explanat ion of  the other numbers and 

symbols are given in Table I. 

The results shown in Figs 1 and 2 for caout- 
chouc synthetic rubber display a swell-process. 
Instead of q, qv was used and it is seen that the 
linear relation is obeyed very well. The example of 
an ion-exchange resin shows that in this case also 
the linear relation may hold accurately. 

3. Comparison of the diffusion rate with 
Fiek's first law of diffusion 

Equation 6 leads to the following rate expression 
for the up-take of solvent: 

(l = k (Q  -- q)2; (7) 

Q = ] i m q ( t ) ,  (8) 
where 

k =  b - l Q  -2 (9) 

and Q = a -  1. 
Fick's first law of diffusion [ 1 ] reads 

dh = --  D .Vc .dA ; (10) 

integration of the whole surface, asssuming a mean 
concentration gradient, gives 

h = - - D ~ - A ,  ( l l )  
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where n is the amount of solvent (tool) through 
absorbtion into the polymer specimen, and A is 
the surface area of  the specimen. If the molecular 
weight of the solvent is S, then n and q are related 
by 

nS 
(12) 

q - )14(0)" 

Hence, Fick's diffusion law, expressed in terms 
of q, becomes 

gl = DoVcA (13) 
where 

D S  
Do - M(0)" (14) 

Comparison with Equation 7 gives 

Do V-c- = k ( Q - - q ) 2 / A .  (15) 

For some polymer samples the surface area, A ,  is a 
constant. The concentration gradient may be 
developed into a Taylor series expansion at some 
point Q' < Q: 

d - -  , 
Vc(q)  = Vc(Q')  + -~q Vc(Q )" ,(q - Q ' )  + . . .  

(16) 
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For Q' approaching Q the first term vanishes 
because 

Q~ilI1Q ~cc(Q')= lim V-c = lim V-c = 0, 
q--+ Q t - ~  

(17) 

For q nearly equal to Q only the first term of the 
Taylor series is significant: 

V c ~ C a ' ( Q - q ) ; a s q ~ Q ,  (18) 
where �9 d 

This means that for q approaching Q for a sample 
of a polymer with a given surface, Vc~ and because 
of Equation 15, Do is proportional to (Q - q). 

This result seems also to be reasonable for 
q ~ Q, (Q - q) is a measure of the empty volume 
which may take up further solvent. It should be 
expected that  the diffusion coefficient is propor- 
tional to this free volume open for diffusion. One 

may imagine that the intermolecular space within 
the polymer is filled more and more with solvent 
molecules and that the number of molecules 
entering subsequently is proportional to the mag- 
nitude of the empty space. 

R e f e r e n  ce$  

1. A. EUCKEN, "Grundrit~ der physikalischen Chemic" 
(Academische Verlagsgesellschaft, Leipzig, 1951). 

2. J. CRANK, "The Mathematics of Diffusion", (Claren- 
don Press, Oxford. 1975). 

3. J. CRANK and G. S. PARK, Trans. Faraday Soc. 45 
(1949) 240. 

4. R. NITSCHE and K. A. WOLF, "Kunststoffe", Vol. 2 
(Springer-Verlag, Berlin, Heidelberg, New York, 
1961). 

5. A. GEMANT, "Ions in Hydrocarbons" (John Wiley 
and Sons, New York, 1962). 

6, R. Bosch GmbH, Stuttgart, Germany, private commu- 
nication, 1964. 

Received 29 May and accepted 18 November 1980. 

1610 


