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It is believed that the presence of small amounts of hydrophilic impurities in vulcanized rubbers strongly 
influence their water absorption and desorption behaviour. These impurities are thought to be responsible for 
the high water uptake and low diffusion coefficient observed with these rubbers. To test this hypothesis, a 
model of the absorption and desorption process in such rubbers is proposed and a theory, which invokes the 
chemical potential gradient of the water as the driving force, is developed. The predictions of the theory are 
compared with experimental observations for the case of vulcanized cis-polyisoprene containing sodium 
chloride as impurity with satisfactory agreement. 
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I N T R O D U C T I O N  

The absorption and desorption of water by vulcanized 
rubber is of considerable practical importance. 
Vulcanized rubber articles which are continually in 
contact with water will, in time, absorb several per cent by 
weight of water. This absorbed water may significantly 
alter its physical properties and the product could 
consequently fail in its application. 

Numerous studies have been made on the subject of 
diffusion of water in polymers 1 and the basic mechanism 
of water absorption in rubber vulcanizates containing 
hydrophilic impurities is known 2'3. For  such 
vulcanizates, the diffusion coefficient D decreases with 
increasing concentration c 4~7. 

A theoretical treatment of the water absorption process 
of such a vulcanizate has already been reported 
elsewhere 8. This paper extends the earlier experimental 
work and includes experimental and theoretical studies of 
the desorption process. For  the sake of completeness, the 
theory is presented here again in outline. 

In order to study the mechanism of the processes, a 
model material whose rubber phase contains very little 
hydrophilic impurities is doped with a known amount of 
sodium chloride so that the thermodynamic characteris- 
tics are well defined. 

THEORY OF WATER ABSORPTION AND 
D E S O R P T I O N  

Equilibrium water absorption 
It is assumed that the absorption of water by rubbers is 

due to the presence of hydrophilic impurities in them. 
Consider the case in which a vulcanized rubber sample 
containing a finely dispersed water soluble impurity is 
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immersed in an aqueous solution of this impurity and 
allowed to equilibrate. This situation is equivalent 
thermodynamically to surrounding the sample with an 
unsaturated vapour at the appropriate pressure. Water 
diffuses through the rubber phase, in which it is slightly 
soluble, and forms droplets of solution at the impurity 
sites. This gives rise to an osmotic pressure gradient 
between the droplet solution and the external solution in 
which the rubber is immersed. As a result of this, more 
water diffuses through the rubber into the impurity 
droplets. These droplets, assumed spherical, con- 
sequently grow in size and deform the rubber surrounding 
them, the increase in the volume of the droplets being 
equal to the volume of water present in the droplet 
solution. Equilibrium water uptake is reached when the 
osmotic pressure difference between the droplet solution 
and the external solution in which the rubber is immersed 
balances the restraining elastic stresses acting on the 
droplet a'4. A schematic diagram of the model is shown in 
Figure 1. Effects due to the surface energy of the 
liquid/rubber interface will be neglected as the sizes of 
the droplets, which are usually greater than microns in 
dimension, are too large for the effects to be significant. 

If ~o is the osmotic pressure of the external salt solution 
in which the rubber is immersed, ni the osmotic pressure 
of the impurity solution in the rubber and p the elastic 
pressure exerted by the rubber on the impurity droplet, 
then at equilibrium water uptake 

n i - n o = P  (1) 

This assumes that the rubber acts as a semipermeable 
membrane permitting the passage of water but not of the 
relevant dissolved impurities. 

The osmotic pressures n 0 and lti are given by 

ciRTpw c°RT and ni = (2) 
n ° -  Mo (Cw- s)Mi 
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Figure 1 Schematic representation of the model used in the analysis of 
water absorption and desorption in vulcanized rubber, no and ni are the 
osmotic pressures of the external solution and the impurity droplet 
solution, respectively, p is the elastic stress 

where Co, M 0 are the concentration and molecular weight 
of the salt in the external solution and ci, Mi of the 
impurity in the rubber. Cw is the total concentration of 
water in the rubber and s the concentration in the rubber 
phase itself. The concentrations are expressed as mass per 
unit volume. The molecular weight M~ must be the 
suitable average if an electrolyte is the impurity, viz. 
½(M1 + M2) where M 1 and M 2 are the weights of the two 
ions. The density of water is denoted by Pw, R is the gas 
constant and T the absolute temperature. 

The concentration of water, s, present in the rubber 
phase is given by means of Raoult's and Henry's laws as 

1 

s=s° MwPif 1 \ (3) 

where s o is the mass of water per unit volume that rubber 
containing no impurities will absorb when immersed in 
pure water and 2 is the ratio of the radius of the deformed 
and undeformed droplet. M, is the molecular weight of 
water and p~ the density of impurity. 

If the vulcanizate is assumed to obey the statistical 
theory of rubberlike elasticity having an elastic stored 
energy function of the form, 

W = (G/2)(22 + 22 + 22 - 3) 

where 21,/~2 and 23 are the principal extension ratios and 
G the elastic shear modulus of the rubber, then the 
pressure p required to enlarge a spherical hole in an 
infinite block of rubber is given by 9 

Gf 5 4 1 "] 
P = 2 ~  - 2 - ~ J  (4) 

Substituting equations (2) and (4) into equation (1) and 
rearranging yields 

co C,pw  5_4_1  
Mo=(Cw-S)Mi 2RT\ 2 24] (5) 
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Equation (5) represents the condition that has to be 
satisfied when the rubber attains equilibrium water 
uptake. The total water concentration in the rubber, c,, is 
given in terms of 2 by 

Pw,j3 1 ~ ± S  (6) Cw = - - ~  --  ~i --  
Pi 

Hence equation (5) can be rewritten in the form 

M o (23-1)M~ 2 R T \ - 2 - 2 ]  (7) 

Apparent diffusion coefficient 
As the diffusion progresses, the impurity droplets 

increase in size as a result of accumulation of water. This 
implies, therefore, that until equilibrium is reached, the 
droplets near the surface of the rubber sample will 
generally be larger and the solution within them generally 
more dilute than those deeper in the rubber sample. If we 
assume that the water dissolved in the rubber phase 
immediately adjacent to the impurity droplet is in local 
equilibrium with the water in the droplet solution, then a 
concentration gradient exists in the rubber phase 
favouring movement of water into the body of the rubber. 
In the usual statement of Fick's law, this concentration 
gradient is the driving force. 

However, the calculation of the concentration of water 
dissolved in the rubber immediately adjacent to an 
impurity droplet is not straightforward. The rubber here 
will generally be stressed and there is a complex stress 
field in this region. Even if such a calculation were carried 
out, the flux of water would not simply be given by the 
concentration gradient as the strain gradient present in 
the rubber would lead to some concentration gradient 
even at equilibrium. 

To overcome this difficulty, we use the concept of a 
thermodynamic diffusion coefficient 11 which assumes 
that the chemical potential gradient of the water rather 
than its concentration gradient, is the driving force. This 
approach was used by Nah and Thomas 1° to explain the 
blooming of waxes in rubber vulcanizates. The chemical 
potential of the water in the rubber phase can be readily 
formulated to take into account both the elastic and 
osmotic pressure contributions. The following two 
assumptions are necessary. 

(1) The diffusion is assumed to take place only in the 
rubber phase. There is strong evidence for this from work 
by Barrie and Machin 5 who found that the presence of 
water at hydrophilic sites in elastomers did not 
significantly affect the steady state permeation flux of 
water through the material. 

(2) The water dissolved in the rubber phase in the 
immediate neighbourhood of a droplet is in local 
thermodynamic equilibrium with water in the droplet 
solution, that is, they have the same chemical potential. 
Because of this assumption, we need only concern 
ourselves with the chemical potential changes of the water 
in the droplet solution, taking into account the elastic 
stress as well as the concentration of the impurity in the 
solution, in order to derive the driving force. 

Using this approach, the flux F of the diffusing 
substance is given by 1~ 

c 0# 
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where DT is the thermodynamic diffusion coefficient, c is 
the concentration of water in the rubber phase measured 
in mass per unit volume of rubber and (O#/Ox) is the rate 
of change of chemical potential per mole of the water with 
distance x. As the concentration of water dissolved in the 
rubber is small, DT can be taken as equal to the ordinary 
diffusion coefficient D, of water in the pure rubber. The 
problem now reduces to determining the dependence of # 
on the total fraction of water present in the rubber, 
comprising both that truly dissolved in the rubber and 
that present in the droplets. 

The chemical potential change of a mole of water when 
it is transferred into the droplet solution is given by 

- # = P V  (9) 

where P = (hi - no - p), V is the molar volume of water, ni 
and n o are the osmotic pressures of the impurity droplet 
solution and of the solution in which the sample is 
immersed and p is the pressure exerted on the droplet by 
the surrounding strained rubber. Assuming that there are 
a large number of impurity sites in the rubber where the 
droplets are formed, the gradient of average chemical 
potential per mole with distance x into the rubber will be 
given by 

~# OP - g - -  
Ox Ox 

Hence from equation (8) 

cV ~P 
F = DT~--~ (10) 

0x / ~ 1  

We shall now define an apparent diffusion coefficient D,, 
such that the flux F is given by Fick's first law. Thus 

/&w'~ 
F =  -- Da~-~x" ) (11) 

and from equations (10) and (11) 

c V dP c V dP d2 
D a = - D I R ~ d c  w -  DrRTd2dc * (12) 

Substituting s from equation (3) into equation (6) and 
differentiating the resulting equation with respect to 2 
yields (dcw/d2); (dP/d2), which is equal to d(ni-  n o -p)/d2 
is obtained from equations (2), (4) and (6). Substituting 
these into equation (12) gives 

D (23 + A - 1)(23 - 1) 

(13) 

where 

K2=OTSoVpw/Mik2ci; KI=2DTGSoV/3kRTci; 
A = MwPi/M~Ow; k = Pw/Pi 

In the derivation of equation (13), the quantity c in 
equation (12) is replaced by s since the diffusion takes 
place in the rubber phase, s being given by equation (3). 
The constant K 1 governs the elastic pressure on the 
droplet and K 2 the osmotic pressure. Equation (13) 

shows that the apparent diffusion coefficient is dependent 
on 2 and thus on the concentration of water. 

A graphical representation of the concentration 
dependence of Da is shown in Figure 2 for a vulcanizate 
having a shear modulus of 0.37 MN m-2 and containing 
1.50 kg m-  3 sodium chloride as impurity. The value of D, 
which will be assumed to be equal to Dr, is taken as 
1.32 x 10-1o m 2 s- 1 and So as 0.32 kg m-  a, from data by 
Barrie et al. 12 

When the concentration of water is below that which is 
present in the rubber at the vapour pressure of saturated 
salt solution (0.75 So), the impurity will be completely dry 
and will not affect the diffusion process so that Da has the 
value of DT. At a slightly higher water concentration some 
of the salt will dissolve in the droplet that forms around it, 
and the diffusion coefficient drops by about three orders 
of magnitude. The resulting solution will be saturated. In 
this concentration range, i.e. the 'elastic only' region in 
Fioure 2, there is thus no variation in the concentration of 
salt in the droplet solution. This means that the osmotic 
term, the K2 term in equation (13), must be ignored and 
Da is determined solely by the elastic term, governed by 
K 1 • 

At the concentration when all the salt in the impurity 
droplet solution has dissolved, further ingress of water 
into the droplet causes a dilution of the solution and 
therefore brings into effect the relatively larger osmotic 
term in the expression for Da, given by equation (13). As a 
result of this, the diffusion coefficient rises sharply, by 
about two orders of magnitude. As the water 
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concentration in the rubber increases beyond this point, 
the saturation point in Figure 2, the diffusion coefficient 
decreases. This last region is usually the most important. 
Various workers have found that the diffusion coefficient 
of water in rubber does in fact decrease with increasing 
water concentration4-’ as predicted by equation (13). 
D__._-l rL_ .._r..__r:_- --z-r . ~~..,.-I 41-b +I... 
Deyorlu Lllc. sawliwwl pumt, it Was IUU~~U LI~L LIIC; 
diffusion coefficient was approximately inversely 
proportional to the square of the total water 
concentration in the rubber. This particular dependence 
of the diffusion coefIicient on concentration was derived, 
using a less rigorous approach, by Southern and 
Thomas4, and was shown to be approximately in accord 
with their reported experiments. 

Kinetics of water absorption 

To calculate the initial rate of mass uptake when a sheet 
of rubber is immersed in an aqueous solution, or vapour, 
the diffusion equation that has to be solved with suitable 
initial and boundary conditions is 

ac a 
‘= 

< > at ax 
Da2 (14) 

As only the initial mass uptake rate is considered, the 
sheet may be treated as semi-infinite and, since the 
concentration is initially constant in the region x> 0, this 
partial differential equation can be reduced to an ordinary 
differential equation by introducing a new variable y such 
that’ 3 

With this substitution, and using the relation for D, 
given by equation (13), differentiating with respect to /, 
gives 

3J4(cr +fl) - 2Aafl- 3A2AKP2y 

(15) 

where 

a=(,13+A-1); j3=,13-1; y= 

Equation (15) has to be solved numerically. However, 
the numerical integration cannot be carried out to the 
value of 1 corresponding to the initial state of the rubber 
when i = 1 .O because at some point the impurity droplet 
solution will become saturated, and a further reduction in 
the total water concentration will not of course produce 
any further change in the concentration of this saturated 
solution. As pointed out above, in this range only the 
term involving K, in equation (13) is applicable so that 

D,=$($+;) 

chloride. For the present material (c/s,) is approximately 
0.75. 

Numerically, the above value of D, is much less than 
that for other concentrations (see Figure 2) as it derives 
solely from the elastic component and this, as will be seen 
later, is usually much smaller than the osmotic 
^^-^^-^^~ -I%:, _,.,._” l l.,+ +L, ,,,,,..+..,+:,., ,..,Gl, G”II‘p”IIc;IIL. I,,‘> ,llcklllJ U1QL LUG L"IIbGI‘LlclLI"II p"u,G 

shows an almost discontinuous drop in this region as in 
Figure 3. In the region beyond B, where the salt is dry, the 
diffusion process is of the usual nature with a constant 
value of DT. As the amount of water in the material is now 
only that in true solution, and at most that in equilibrium 
with saturated salt solution, it is small compared with the 
other water concentrations. Under these circumstances, 
approximating the profile by a discontinuous step as 
indicated in Figure 3, the boundary condition at A for the 
concentration profile CA can be expressed as 

where AC, the concentration drop at the discontinuity, 
can be calculated from the solubility of the salt in water. 
For sodium chloride, for example, 
AC= (100/36)c, x lo3 kg rnm3. Dal is the apparent diffusion 
coefficient when the salt has completely dissolved and the 
solution saturated, i.e., at A, and (&/ax), is the 
concentration gradient at A. The partial differential 8X/& 
is the velocity of the front AB. Expressing the equation 
above in terms of the parameter y gives 

(16) 

where (dc,/dy), is the gradient of the concentration versus 
y curve at point A. Substituting for (dc,/dy), in terms of 
(dc,/dR), and (dl/dy)l, equation (16) becomes 

‘i,g) _ ‘“J:2( G: +A- II2 
y1 dy 1 

(17) 

3D,>kc;A, (n; + A- 1)2 +s,A/kc; 
) 

where i,, is the extension ratio when all the impurity in the 
droplet has completely dissolved and the salt solution is 
saturated and y, is the value of y at this pdint. 

Figure 3 Water concentration profile in the rubber during absorption. 
c2 is theinitial water concentration in the rubber. c1 is theconcentration 
in the rubber when aii the impurity has dissoived and the solution 
saturated and c,, is the water concentration at the surface of the rubber 
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Figure 4 Water concentration profile in the rubber during desorption~ 
Co is the initial water concentration in tile rubber and ¢ the concentration 
at the rubber surface. (Oc/Oxh and (Oc/Ox)2 are the concentration 
gradients at C along CD and at A along AB 

The numerical integration of equation (15) has to be 
carried out beginning at y = 0, assuming an initial value of 
(d2/dy), viz. (d2/dy)o, to Y=Yt. The value of (d2/dy)ffyl 
at this point has to have the value given by equation (17). 
By trial and error the appropriate value of (d2/dy) o can be 
found, and this may then be used to calculate the 
absorption rate required. 

This absorption rate (Mffv/t), can be obtained from 
equation (11) by substitution of the relevant relations. It 
gives 

Mt =D~°3k2~ci[(23 + A-1)2 + s°A/kci](d~y) (18) 

x/~ x/-~-x (2~ +A- -  1) 2 0 

where 2o is the extension ratio around the droplet when in 
equilibrium with the surrounding salt solution given b y  
equation (7), D~o is the apparent diffusion coefficient 
appropriate to the concentration of water at the surface of 
the rubber obtained from equation (13) and M t is the 
mass uptake per unit surface area of the sample. 

Kinetics of water desorption 
The water concentration profile in a rubber sample 

which is drying out is shown in Figure 4. The sharp 
concentration drop of Fioure 3 is also present here for the 
same reasons. The concentration c, at the rubber surface 
B, is that which is present in the rubber when it is in 
equilibrium at the vapour pressure of the drying 
atmosphere. In the region AB, the diffusion coefficient of 
water will be assumed to be constant and since the water 
concentration in the rubber is low, the diffusion 
coefficient can be taken as equal to the ordinary diffusion 
coefficient, D. 

In order to work out the desorption rate, we need to 
know the value of (d2/dy)l at point C in Figure 4 so that 
we can carry out the numerical integration of the 
concentration profile along CD. We can obtain the 
expression for (d2/dy)l in the following manner. 

The fluxes at points A and C are related to the velocity 
of the front AC, dX/dt, by the equation 

dX [ Oc'X 
(19) 

where Ac is the concentration drop along AC. (dc/dx)l 
and (dc/Ox)2 are the concentration gradients at C and A 
respectively and are indicated in Figure 4. Da, and D are 
the diffusion coefficients of water in the rubber at points C 
and A, respectively. 

Introducing the Boltzmann variable y = x/2x//~t and 
expressing (Oc/~x) in terms of (dc/dy), in equation (19), it 
can be shown that 

d c \  1 [- [dc'X 2AcKlYl] (20) 

Now the flux of water leaving the rubber surface at B is 
D(dc/dx)o. The concentration gradient (dc/dx)o is equal 
to (A2c/x) where A2c is the difference between the water 
concentration in the rubber at the vapour pressure of 
saturated salt solution and the vapour pressure of the 
drying environment. If we express x in terms of y and 
integrate the flux equation we obtain an expression for y, 
i.e. the value ofy at point C as shown in Figure 4, and this 
is given by 

DA2c 1 
y~ ~ (Mt/v/~) (21) 

where Mt is the amount of water lost per unit area of 
rubber surface. If we substitute this expression for yl into 
equation (20), noting that (dc/dy)2=A2c/y, and 
expressing c in terms of 2, we obtain the following 
expression for (d2/dy)l: 

z 3Da, k~.2ci[(231+A-1)2+soA/kci] ~ ~ _ J  

(22) 
where (Mffv/t) is referred to as the desorption rate. 

Equation (15) also holds for the case of desorption and 
to carry out the numerical integration for this case we 
proceed as follows. A value of (Mdx//t) is chosen and the 
values of Yl and (d2/dyh are calculated from equations 
(21) and (22) respectively. All other quantities in these 
equations are known or can be calculated separately. The 
numerical integration of equation (15) is then carried out 
using the calculated values of Yl and (d2/dy)l until a 
constant value of 2, which is a function of c,, is obtained. 
By trial and error, a suitable (Mt/v/t) value can be found 
such that this value of 2 corresponds to the initial uniform 
concentration of the water in the rubber, Co, at the start of 
the desorption process. This value of (Mt/x/~), the 
theoretical desorption rate, can then be compared with 
the experimentally determined value. 

EXPERIMENTAL 

The rubber used was synthetic cis-polyisoprene, which is 
chemically similar to natural rubber. Being a solution 
polymerized rubber, it is relatively free from hydrophilic 
impurities. Sodium chloride was chosen as the impurity 
to be introduced into the rubber because it is readily 
soluble in water and, furthermore, does not have any 
water of crystallization in the range 20°C-30°C. 

Sodium chloride was incorporated into the rubber on a 
hot (60°C) two roll mill in the form of a 20~  aqueous 
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Figure 5 Typical absorption (©) and desorption (O) curves. (Q)) in a 
20% salt solution at 23°C and (0) in oven containing silica gel at 30°C 
and 25 % relative humidity 

solution. Rubbers with different levels of impurity were 
prepared by dropping varying amounts of the salt 
solution from a pipette. The water in the sodium chloride 
solution quickly evaporated as the milling proceeded. 

Rubbers containing between 0.05~o to 0.52~o b.y 
weight of salt were prepared and they were then cured 
with 2.0 parts of dicumyl peroxide (DCP) per 100 parts of 
rubber (pphr). The vulcanization time was 10min at 
100°C followed by 60min at 160°C, the first being 
necessary to reduce anisotropy in the vulcanizate. The 
transparent vulcanizates prepared were acetone extracted 
for 48 h and subsequently dried before use. Both the 
extraction and drying were carried out in darkened 
vessels to minimize degradation of the rubber. 

The absorption experiments were carried out at an 
ambient temperature of (23 ___ 1)°C. The rubber samples 
were flat sheets of approximate dimensions 
50 × 50 × 0.6 mm. They were immersed in 10~o and 20~o 
sodium chloride solutions (500ml). Darkened bottles 
were used to contain the solutions and samples in order to 
minimize degradation of the rubber samples due to light. 

The rubber samples were periodically removed from 
the bottles, firmly dried using filter paper, weighed and 
finally replaced in their respective bottles containing the 
salt solutions. The bottles were always tightly recapped to 
minimize evaporation losses of water and thus prevent 
any variation in the concentration of the solution. The 
solution was kept well stirred. Since the time a sample 
spent outside the solution was very short, typically 45 s, 
'drying-out' effects during the weighing operation could 
be neglected. 

The desorption measurements were carried out in a 
well circulated thermostated oven which was maintained 
at (30+0.2)°C and contained freshly prepared silica gel 
which acted as the drying agent. Samples of the 
vulcanizate which had previously attained equilibrium 
absorption in 10~  and 20~o salt solutions at 23°C were 
used. They were removed from the containers, dried, 
weighed and then suspended in the oven. The loss in 
weight was monitored as a function of time. All 
weighings, subsequent to the initial one, were made with 
the sample in the oven. 

The relative humidity of the air in the oven was 
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measured by a wet and dry bulb hygrometer 
arrangement. This had been previously calibrated by 
weighing the amount of water vapour in a known volume 
of air aspirated from the oven. Fresh silica gel was 
introduced into the oven when the relative humidity in 
the oven begins to rise. In this way, the relative humidity 
could be controlled to within + 2 ~o. 

The shear modulus of the vulcanizate is required by the 
theory and this was determined from the stress-strain 
relation in simple extension of small dumbbell testpieces. 
The results were plotted as suggested by the statistical 
theory of rubber elasticity as stress versus ( 2 - 2 - 2 ) .  
Although a linear relation, as required by this theory 14, is 
not strictly found, the best straight line fit up to about 
200~o strain was used to give the slope, which could be 
taken as G, the parameter required by the theory 
presented here. The value found in this way was 
0.50 MN m -2. 

Since there was a possibility that some of the salt 
introduced may have been lost during the mixing process, 
the amount of sodium chloride present in the vulcanizate 
after acetone extraction as quantitatively determined by 
atomic absorption spectrum analysis. 

RESULTS AND DISCUSSION 

Figure 5 shows typical absorption and desorption curves 
where M t, the weight of water gained or lost by the sample 
per unit area is plotted against the square root of time t. 
As would be expected from a diffusion controlled process, 
both the curves show an initial linear dependence of M t 
with x/t .  The slope of this linear region, (Mjxfi) ,  is 
usually referred to as the initial absorption or desorption 
rate and has units of kg m -  2 s-  1/2 

It is clear from Figure 5 that the desorption rate is 
several times greater than the absorption rate even 
allowing for differences in temperatures of test. The 
reason for this is the particular dependence of the 
diffusion coefficient with concentration given by equation 
(13), the diffusion coefficient Da decreasing strongly with 
increasing water concentration. 

Chemical analysis of the amount of sodium chloride in 
the model vulcanizate showed that, ignoring extreme 
values, only between (73-87 ~o), or an average of 80~o of 
the nominal amount of salt introduced during mixing was 
present in it after vulcanization and acetone extraction. 
Since the method of salt incorporation for these samples 
were almost identical to that used for samples whose 
results were published elsewhere 8, we can therefore 
assume that the latter samples also contained only 80~o of 
the nominal salt content. We can thus analyse the 
equilibrium aspects of the absorption process since we 
now know quantitatively the amount of salt present in the 
vulcanizates. 

Such an analysis was carried out with the new samples 
described in this publication as well as those used in the 
previous publication 8 and a comparison between theory 
and experiment is shown in Figure 6. The value of 2 at 
equilibrium was calculated using equation (7) and this 
value was then substituted into equation (6) together with 
the corrected experimental value of c, to evaluate cw (the 
equilibrium water content in this case). If we take all the 
data points in Figure 6, on average, the experimental 
values are about 8 ~ higher than the theoretical values. 

Figure 7 shows a comparison between the experimental 
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and theoretical initial absorption rates. The latter values 
were calculated using the corrected experimental value of 
ci. The values of D and s o were obtained by linear 
extrapolation of data by Barrie et al. 12 On average, the 
theoretical values are about 12~ higher than the 
experimental values. 

A comparison between the experimental and 
theoretical initial desorption rates is shown in Figure 8. It 
shows that the theoretical values are again somewhat 

\ 
7 

c 
0 

"0 

.o 

o 
..C F.- 

/ 

0 
0 

/ 

/ 

/ 

V 
a/ 

/ 

/ 

/ 

v/ 

/ 

• V 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

! I 
2 4 

Experimental desorption rate (kg m -  2 s-  112) x 105 

F i g u r e  8 Comparison of the initial desorption rate obtained from 
theory and experiment for a vulcanizate containing 2.0 pphr of dicumyl 
peroxide. Temperature 30°C. Relative humidity for (A) was 25 ~o and 
19 ~ for (xT). ( . . . . .  ) line for equality between theory and experiment 

higher than the experimental. However, in view of the fact 
that all the parameters used in the theory are determined 
independently, the observed discrepancies are probably 
little more than would be expected from the cumulative 
uncertainties in their values. 

CONCLUSIONS 

The theory formulated in this paper, which makes use of 
the concept of the chemical potential gradient of water in 
the rubber as the driving force for diffusion, satisfactorily 
predicts the equilibrium uptake, and the initial 
absorption and desorption rates of water in rubbers 
containing hydrophilic impurities. It predicts that the 
diffusion coefficient decreases strongly as the water 
content increases, in agreement with published results 4. 

The very marked effect of quite small amounts of 
hydrophilic impurity in an otherwise hydrophobic 
material suggests that the purity of such materials has to 
be carefully controlled when diffusion measurements are 
being considered. 
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