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Hydraulic Permeation of Liquids Through Swollen 
Polymeric Networks. 111. A Generalized Correlation 

D. R. PAUL and 0. M. EBRA-LIMA,* Department of Chemical 
Engineering, University of Texas, Austin, Texas 78712 

Synopsis 

An approximate equation was developed that permits calculation of the solvent tracer diffu- 
sion coefficient in a homogeneous swollen membrane from the measured hydraulic permeability 
coefficient. This relation was applied to data for 28 polymer-solvent systems that included 15 
different organic solvents and 5 hydrocarbon polymer networks whose equilibrium swellings 
ranged from 16.1 to 91.5% polymer on a volume basis. The calculated tracer diffusion coefficient 
divided by the pure solvent self-diffusion coefficient for these systems formed a unique correla- 
tion when plotted versus the polymer volume fraction in the membrane. This relation agreed 
well with tracer diffusion coefficient data in the literature for the benzene-natural rubber system 
measured by radioactive tagging. Discussion centers on the evidence for the validity of the 
equation developed and the role of hydrodynamics on diffusion in swollen membranes. 

INTRODUCTION 

A number of earlier papersl-10 were concerned with the diffusonal trans- 
port of solvents across a membrane composed of a polymeric network swollen 
to various extents by the solvent. In this situation, one may define two diffu- 
sion coefficients for use in Fick's law which are experimentally accessible 
These are the mutual diffusion coefficient D, which is applicable when the 
experiment involves an actual concentration gradient of the solvent within 
the membrane. The other is a tracer diffusion coefficient, denoted here by 
Dl(u3, which is the coefficient measured when there is not a gradient of the 
total concentration of the.solvent but merely a gradient of a tagged fraction 
of this species. It was the emphasis of the earlier papers to deduce the mutu- 
al diffusion coefficient from hydraulic permeation data through the homoge- 
neous, uniform swollen membranes. The calculation procedure has been ad- 
equately developed in the earlier papers, along with its application to a wide 
range of experimental data. The first two papersgJO in this series had the 
specific purpose of applying this method of analysis to a range of experimen- 
tal situations to gain further insight into the mechanism of diffusional trans- 
port through swollen networks and, in particular, to investigate the role hy- 
drodynamics plays in determining transport coefficients. 

Recently: an alternate method of analyzing hydraulic permeation was in- 
troduced which yields a transport coefficient that approximates the tracer 
diffusion coefficient Dl(v3. It is the purpose here to apply this approach to 
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the hydraulic permeation results reported earlier and some new data present- 
ed here. The diffusion coefficients obtained by this route will be compared 
with extensive experimental measurements obtained via the tracer technique 
for diffusion of benzene in rubber membranes that traverse the entire spec- 
trum of swelling levels." The method of comparison will show that after 
proper accounting of hydrodynamic factors, specific for each individual sol- 
vent, the present results agree well with these experimental data for benzene. 
This close agreement offers strong support for the consistency of the hydrau- 
lic permeation data, the adequacy of the present method of analysis to give 
the tracer diffusion coefficient, and the importance of hydrodynamics in gov- 
erning such transport. 

EXPERIMENTAL 
All of the systems of interest here were membranes made from hydrocar- 

bon polymers in the form of crosslinked networks swollen by any of a wide 
variety of organic solvents. The level of swelling, denoted by the volume 
fraction of rubber in the membranes a t  equilibrium, vro, varied over a wide 
range because of the thermodynamic interaction of the solvent selected with 
the polymer, summarized here by the Flory-Huggins interaction parameter, 
XI and the crosslink density of the network uelVo. 

Five different polymers, identified in Table I, were used. The first of these 
was already crosslinked and in membrane form as received. The other four, 
however, were pressed into film form and crosslinked for these studies. The 
polyisoprene polymer was crosslinked using a peroxide formulation, whereas 
the remaining ones employed a sulfur curing method. The details of the 
preparation have been described elsewhere.12 The crosslinked density, u,lVo 
for each of these membranes was deduced from force-elongation measure- 
ments as described ear1ier.l Table I1 shows the organic solvents used with 
each of these membrane for hydraulic permeation measurements. There are 
a total of 28 different systems. Eighteen of these have been reported on pre- 
viously, however, ten represent new results. 

Special attention should be directed to the column headed VrO, which indi- 
cates the volume fraction of rubber in the membrane at equilibrium swelling. 
Most of the ten new systems were selected to give low swelling levels since the 
earlier results fell primarily in the higher swollen region. Mutual diffusion 
coefficients have been reported for these 18 ~ystems' .~ .~ based on a method of 
analysis that recognizes the concentration gradient of solvent that is induced 
across the membrane by application of the hydrostatic pressure. This gradi- 
ent was calculated from thermodynamic considerations. The flux for each 

TABLE I 
Membrane Materials 

ve 
- , moles/cm3 Polymer Method of crosslinking V,, 

Natural rubber (gum sheeting) Sulfur (as received) 1.04 x 10-4 
Butyl rubber Sulfur 0.90 x 10-4 
Polybutadiene (Ameripol CB-220) Sulfur 1.59 x 10-4 
Polyisoprene (Ameripol SN-600) Peroxide 2.55 x 10-4 
SBR Rubber (Ameripol SBR-1013) Sulfur 2.08 x 10-4 
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pressure level was then plotted versus the calculated concentration differen- 
tial. In general, the highly nonlinear plots of flux versus applied pressure be- 
came linear when flux was plotted versus the concentration differential. A 
reduction of Fick’s law, including the important frame of reference terms, 
may be integrated across the membrane to show that such a plot should be 
linear when the mutual diffusion coefficient is independent of concentration, 
which is an adequate approximation if the concentration differential is not 
large. From the slopes of such plots the mutual diffusion coefficient can be 
deduced. 

This method of analysis uses the experimental hydraulic permeation data 
for all pressure levels. The final column in Table I1 shows the mutual diffu- 
sion coefficient deduced in this manner for all 28 systems. The values en- 
tered here depart slightly from previously reported values for some of the sys- 
tems owing to a recalibration of the active membrane area in the permeation 
cell. These values cover well over a decade in range and may be thought to 
be specific for the individual polymer, the solvent, and the degree of swelling. 
Part of the purpose of this paper is to sort out in a more detailed fashion this 
dependence. 

CALCULATION OF DI(V~) FROM THE HYDRAULIC 
PERMEABILITY 

It was mentioned above and exhaustively shown in earlier papers that the 
relation between flux nl v1 and applied pressure Ap in hydraulic permeation 
experiments involving highly swollen membranes is quite nonlinear. Never- 
theless, one may define phenomenologically a hydraulic permeation coeffi- 
cient K from these data as follows: 

As noted 
can be represented by the following empirical form: 

the pressure dependence of K for most of these systems 

KO 
1- 4- b A p e  K =  

In this equation, KO is the initial hydraulic permeation coefficient, while b is 
an empirical parameter to describe the pressure dependence of K. This 
equation has practical significance here since reciprocal plots of flux versus 
pressure can then be used to obtain a very accurate estimate of the initial hy- 
draulic permeation coefficient KO which is more reliable than simply employ- 
ing t’le initial slope of flux versus pressure plots. The method of analysis 
from this point forward will employ only the initial hydraulic coefficient KO 
and, therefore, does not use all of the data presented in a plot of flux versus 
pressure as the previous method of analysis did. 

Earlier,5v6 we showed that the mutual diffusion coefficient D can be calcu- 
lated from the hydraulic permeation coefficient KO as follows: 

RTKo(l - ulo) 
UlOVl 

D =  (3) 
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where u10 = 1 - ur0 and V1 is the partial molal volume of the solvent (species 
1). The derivative in parentheses expresses how the activity of the solvent in 
the membrane varies with the volume fraction of that species in the mem- 
brane evaluated at equilibrium swelling conditions. More will be said about 
this quantity later. Bearman13 has considered the possible relations between 
the measured mutual diffusion coefficient and the tracer diffusion coefficient 
from a theoretical point of view. For certain situations, this relation becomes 

This is a widely recognized result that is often quoted and used in various cal- 
culations; however, it is not a rigorous result with universal applicability, as 
shown by several careful studies in liquid ~ystems. '~J~ If we combine this 
connection between the tracer diffusion coefficient and the mutual diffusion 
coefficient with eq (3), we obtain 

Thus, we have a result for calculating Dl(u1d from KO that does not require 
any thermodynamic information about the system, viz., the activity deriva- 
tive. A similar relationship without the (1 - u10) term in the numerator is 
used frequently in the l i t e r a t ~ r e . ~ . ~  The term (1 - u10) enters into this de- 
velopment from consideration of frame of reference terms in Fick's law which 
are very necessary and important in highly swollen systems as previously dis- 
~ u s s e d . ~ . ~  

Equation ( 5 )  has been used to calculate Dl(u1d from the hydraulic perme- 
ation data for the 28 systems indicated in Table I1 with the results listed 
there in the fifth column. For a given system, these values are considerably 
larger than the mutual diffusion coefficients. Among the various systems, a 
range of more than a decade is covered. These coefficients will be subjected 
to further analysis.in subsequent sections. 

COMPARISON OF METHODS OF ANALYSIS 

The values of the mutual diffusion coefficient shown in the last column of 
Table I1 were calculated by a graphic procedure that employed all of the data 
obtained in a hydraulic permeation experiment as indicated above and did 
not involve use of eq. (3) explicitly. The values of Dl(u1d given in Table 11, 
however, were obtained by use of KO values. It will be interesting to compare 
these two methods of analysis here. This may he done by comparing the D 
entries in Table I1 with the product Dl(a In al/a In u l ) ,  since this should be 
the same result one would get if eq. (3) were used. To do this requires ther- 
modynamic information about the system in order to obtain the activity de- 
rivative. 

It would be interesting to employ detailed thermodynamic data of activity 
versus volume fraction to do this calculation; however, this information is not 
available for all of the systems of interest here. Therefore, as an alternate 
approach, we will employ the Flory-Huggins model for polymer solutions ap- 
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propriately modified for network elasticity effects, which is well known to de- 
scribe adequately swelling in such systems as reported here. The primary in- 
formation inputs into this model are the crosslink density of the network, the 
molar volume of the solvent, and the degree of equilibrium swelling applica- 
ble for the system of interest. With this we can deduce the necessary param- 
eters needed to estimate the desired derivative. It is important to remember 
that in the hydraulic permeation experiment, a fully swollen membrane is in- 
stalled in the apparatus in a way which constrains the area of the membrane 
to remain constant even though the action of the pressure changes the level of 
swelling of the membrane. This fact must be properly accounted for in the 
thermodynamic model via appropriate modifications of the elasticity terms. 
From a previous paper, we showed that the relationship between the activity 
of solvent in the membrane under these conditions depends on the volume 
fraction of solvent in the membrane u1 as follows: 

lnal = lnu, + (1 - u l )  + X,(1 - ul)*  + 

where uro is the equilibrium swelling of the membrane and is the swelling 
level when the area of the membrane was fixed. It should be remembered in 
all that follows that the activity applies only to the membrane phase. This 
equation contains the following parameters which are experimentally known: 
V1, ur0, and v,/V1. The solvent interaction parameter x1 can be computed 
from the condition that In a1 = 0 when u1 = 1 - ur0 and eliminated from eq. 
(6). The derivative of the resulting expression evaluated at  u1 = 1 - u,.,-, gives 
the desired quantity: 

+ ( Z ) = Z - u r o +  2(1 - ~ d n ( 1  - U r J  

U r 0  

Since this equation contains only information that is experimentally avail- 
able, the activity derivative can be calculated. Values for each system are 
shown in column 4 of Table 11. 

The value of Dl(uld for each system has been multiplied by the appropri- 
ate activity derivative to give the entry in column 7 of Table 11. According to 
eq. (4), this quantity should be equivalent to the values of D given in the last 
column of Table 11. As can be seen, the values in the two columns, while not 
always identical, are very similar in magnitude. In some cases the entry in 
the D column is larger than the entry in the Dl(uld(a In al/a In V , )  column 
and smaller in other cases. As a statistical test, the ratio Dl(uld(a In al/a In 
V l ) / D  for the 28 systems were averaged. The mean value was found to be 
0.99, with a standard deviation of 0.14. This demonstrates that the two 
quantities may be regarded from a statistical point of view as equal and any 
departures from equality in Table I1 are simply scatter. 

It is important to recognize that the above is not really a test of the rela- 
tionship given by eq. (4) but instead is a comparison of the consistency of two 
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Fig. 1. Activity derivative evaluated at 01 = u10 = (1 - u , ~ )  for a solvent-swollen network using 
eq. (7). Note that each point on the curve implies a unique value of the interaction parameter xi. 

V e  v - 0.01 
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0 0.2 0.4 0.6 0.0 1.0 
Vro 

Fig. 1. Activity derivative evaluated at 01 = u10 = (1 - u , ~ )  for a solvent-swollen network using 
eq. (7). Note that each point on the curve implies a unique value of the interaction parameter xi. 

methods of data reduction using the same principle. The calculation that 
yields D in Table I1 employed all the experimental flux data and might be re- 
garded as an integral approach. The seventh column was calculated from 
Dl(u1d using just the initial hydraulic permeation data plus activity infor- 
mation and may be regarded as a differential approach. It is interesting to 
note that, within the limits of experimental reliability of the various informa- 
tion, the two routes yield essentially the same results. 

It will be of interest to consider further the activity derivatives employed in 
this calculation, since often it is necessary to make thermodynamic adjust- 
ments of mutual diffusion coefficient datal6?l7 in order to arrive at  purely mo- 
bility-governed parameters. To investigate more fully the nature of the ac- 
tivity derivative for a crosslinked network, we have calculated the derivative 
as a function of equilibrium swelling level for a particular situation where 
Vl(u,/Vd = This would correspond, for example, to a membrane with 
VJVO = and solvents with V1 = 100, which is typical of those systems re- 
ported here. The results of this calculation are shown in Figure 1. As Uro ap- 
proaches 1, the derivative becomes unity as one e ~ p e c t s . ~ J ~  The derivative 
decreases as the level of swelling increases; however, it goes through a mini- 
mum in the neighborhood of about 25% polymer and then increases to ap- 
proach infinity as ur0 - 0. This result is very unusual a t  first glance, since 
one normally might expect the derivative of activity to be a continuous mono- 
tonic function of concentration. However, it must be recognized that this 
plot does not show the effect ‘of swelling level for a single polymer-solvent 
system, but instead each uro represents a different system with a unique 
value of XI that will give this value of ur0. As ur0 becomes smaller, the chains 
in the network are more highly extended and elasticity considerations make 
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progressively larger contributions to the derivative, which is the reason it ap- 
proaches infinity as uro - 0. For a given solvent-polymer system (fixed x1 
value) of uncrosslinked chains or a network formed from a solution with poly- 
mer volume fraction ur so that the chains are not strained, the following equa- 
tion5s6J7 approximates the effect of polymer composition on the activity de- 
rivative: 

(2) = u,(l - 2X1U1). 

Equation (8) reduces to the following special cases: 

= u r 2  for X1 = 1/2. (9) 

It is clear from eqs. (8) and (9) that the activity derivative in this situation 
decreases in a monotonic fashion as the level of swelling increases and the de- 
rivative approaches zero (rather than infinity) as the polymer volume fraction 
goes to zero. 

It is significant to note from Figure 1 that for a crosslinked network, the ac- 
tivity derivative goes through a minimum in the neighborhood of swelling 
produced by most good solvents for the natural rubber membrane employed 
in most of our earlier studies. Over a rather broad range of swelling levels 
from about 15 to 40% polymer, the activity derivative does not vary by more 
than a few per cent. This fact is important to the observation that the mutu- 
al diffusion coefficient was not concentration dependent for these systems 
since, as will be seen in the subsequent section, Dl(u1d does not vary strongly 
in this region either. However, a t  lower levels of swelling, the mutual diffu- 
sion coefficient will depend on concentration more strongly since both 
Dl(u1d and the activity derivative rapidly change in this region. 

COMPARISON WITH TRACER MEASUREMENTS 

The purpose of this section is to compare values of Dl(u1d calculated from 
KO with literature values of the tracer diffusion coefficient for benzene in nat- 
ural rubber reported by Pattle, Smith, and Hill." Their measurements were 
made using radioactively tagged benzene molecules and covered the entire 
range from the self-diffusion coefficient of pure benzene &(l) to the other 
extreme where very small amounts of benzene were present in the pure rub- 
ber, i.e., Dl(0). It is clear that a comparison with all of the present data may 
not be made directly since the experiments here employ a wide range of liq- 
uids which have self-diffusion coefficients considerably different from those 
of pure benzene. 

The value of the self-diffusion coefficient for a pure liquid is inversely pro- 
portional to the viscosity of that liquid and may be calculated by a formula of 
the following form: 
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Fig. 2. Generalized correlation for solvent transport in rubbers. Points were calculated from 
hydraulic permeabilities while line represents tracer diffusion coefficients for benzene in natural 
rubber measured by radioactive tagging. Key to rubber types: (0) natural rubber; (+) butyl 
rubber; (0) polybutadiene; (0- ) polyisoprene; (6) SBR. 

where N is the Avogadro number, V1 is the molar volume of the liquid, and 7 
is the viscosity of that pure liquid. The parameter u in the denominator is a 
constant for which a value of 2~ is widely used,18 and in fact we used this 
value in an earlier paper.1° However, upon a more thorough analysis of self- 
diffusion coefficient data in the literature,lS2l it is clear that u = 4f ig ives  a 
better representation of most experimental data and will be used here. The 
latter value of u gives self-diffusion coefficients which are approximately 11% 
larger than those using u = 2 ~ .  Values of the self-diffusion coefficient calcu- 
lated by eq. (10) are tabulated in column 5 of Table 11. The considerable 
variation seen among these values derives principally from the difference in 
viscosity of the pure liquids. 

As a strategy to compare the transport of various liquids through mem- 
branes in a single graph, we chose to plot the diffusion coefficient for a swol- 
len rubber sample, Dl(uld, divided by the self-diffusion coefficient for the 
pure liquid in question, Dl(l) ,  versus ur0 as shown in Figure 2. This ap- 
proach has the effect of requiring all liquids to be normalized to a ratio of 1 in 
the limit of no polymer content. It has further justification through our ear- 
lier observation that mutual diffusion coefficients for a variety of liquids in 
swollen rubber were inversely proportional to the viscosity of the diffusing 
liquid which suggests a hydrodynamic regime of Since the self- 
diffusion coefficient is also inversely proportional to the viscosity of the dif- 
fusing liquid, ratioing cancels this factor and leaves a parameter independent 
of liquid viscosity but dependent on the degree of swelling. The dashed line 
in Figure 2 is the experimentally determined tracer diffusion coefficient for 
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benzene reported by Pattle, Smith, and Hill." Each point in Figure 2 repre- 
sents data from Table I1 for a particular system, i.e., a particular rubber and 
solvent. Figure 2 is extremely striking since the points lie rather close to the 
dotted line for benzene. 

We now wish to examine the meaning of this similarity of the two kinds of 
results and the possible underlying reasons. First of all, what would one ex- 
pect to find if tracer measured diffusion coefficients through a single rubber 
for different liquids were compared by this kind of plot? If the diffusion of 
the liquid is governed principally by the rate of thermal movements within 
the liquid itself, that is to say, the movements of the solvent molecules are 
sufficiently more rapid than those of the polymer so that the chains act more 
or less as geometric obstructions, then one could expect all the Dl(ula)/Dl(l) 
data to fall on a single curve versus uro in the region of high swelling since the 
magnitude of the obstruction effect should be a function of the volume frac- 
tion of polymer, uro. However, one would not expect the single plot for all 
liquids to apply in regions of very low swelling where solvent molecules are 
essentially isolated from one another by the polymer matrix. In this case, 
the viscosity of the liquid would not be the pertinent parameter to define the 
molecular motions that govern diffusion since polymer segmental motions 
should be the limiting factor. In addition, the molecular structure of the dif- 
fusing liquid should become an important factor which would obviate the 
possibility of a single curve applying in this region. In the high swelling re- 
gion, the exact structure of the polymer (within a limited range of similar 
.types) would be unimportant in determining its obstructing effect to the liq- 
uid transport. With this picture of diffusion, we can then expect to find that 
tracer-measured diffusion coefficients for many of the liquids and polymers 
shown in Table I1 would fall about a single curve of the type shown in Figure 
2. However, it  is uncertain how far toward the limit of pure polymer (where 
both the details of polymer and liquid structure would become important 
variables in determining the diffusion process) this should apply owing to the 
necessary cessation of the hydrodynamic regime of diffusion a t  some point. 
The points shown in Figure 2, however, are not tracer-measured coefficients 
but are estimations of this value obtained from hydraulic permeation mea- 
surements. The similarity of the present data with the dashed curve in Fig- 
ure 2 then suggests the following two conclusions: (1) the hydrodynamic re- 
gime described above is operative, and (2) the present approach for estimat- 
ing tracer diffusion coefficients from hydraulic permeation results is ade- 
quate. It is clear from the nature of this comparison that either both of these 
statements must be true, or there is some fortuitous cancellation of effects. 
In Figure 2, there is a high density of points in the high swelling region. 
There is some scatter among these points; however, the scatter is certainly no 
greater than the inherent experimental errors in the measurements and the 
calculation of the self-diffusion coefficient via eq. (10). Because of these cau- 
tions, it  is only appropriate to examine the overall behavior in Figure 2 rather 
than the fine detail. Within this limit, we conclude that the dotted line for 
benzene agrees well with the points calculated from the present data (for a 
wide spectrum of systems obtained via a different kind of experiment) even 
though the latter appear to fall consistently above the line. 

It is somewhat surprising to see that in the low swelling region beyond, say, 
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ur0 - 0.5, the limited hydraulic permeation data seem to continue to fall 
about the benzene line. We could not have predicted this a priori since at  
some uro, structural effects as mentioned above should begin to be important. 
The apparent agreement out. to ur0 - 0.9 could be only fortuitous circum- 
stances present in the few data points in this region. Data for solute trans- 
port through swollen membranes to be published later show that in the region 
uro > 0.9, diffusion is not controlled by hydrodynamic effects. 

It is interesting to compare diffusion in natural and butyl rubber. It is well 
known that butyl rubber is a much superior barrier to gas transport than is 
natural rubber. In fact, diffusion coefficients for a wide variety of gases are 
approximately 20-fold smaller in butyl rubber than in natural rubber.22 
However, the present data show that when the two rubbers are swollen by 
solvents, the differences in transport characteristics inherent to the pure rub- 
bers is lost since data for the two rubbers fall on the same curve in Figure 2. 
This suggests that all polymer molecular motions in the swollen state are very 
sluggish in comparison to that of the solvent, even for natural rubber. This 
adds further confirmation to the idea that in the swollen state the polymer 
does not contribute to the diffusional process of the liquid by its molecular 
motions but instead acts as a barrier around which the solvent must diffuse. 

CONCLUSIONS 

The results shown here lead to three important conclusions: 
First, we conclude that eq. ( 5 )  seems to give an adequate way of estimating 

the tracer diffusion coefficient from hydraulic permeation data. This is par- 
ticularly significant since in many formulations of a similar equation, the 
term (1 - u10) is not included. This factor, it will be recalled, stems from a 
consideration of frame-of-reference terms in Fick’s law. Without it, the cal- 
culated tracer diffusion coefficient for a membrane with, say, uro = 0.2 would 
be five times larger than the values given by eq. (5) .  Such results would fall 
well above the curve for benzene in Figure 2 and might force one to conclude 
that diffusion is not the dominant mechanism of transport in hydraulic per- 
meation. The close agreement shown in Figure 2 adds further confirmation 
to the fundamentally well-established fact that this term must be included. 

Second, we conclude that to an adequate approximation, the mechanism of 
diffusion in highly swollen network polymers is governed by hydrodynamics. 
In this regime, the role of the polymer is principally to act as a barrier to the 
transport of the small solvent molecules. A similar point of view has been ex- 
pressed in the form of a theory by me are^.^^.^^ At  the present time, we are 
unable to establish the quantitative validity of this point of view or to place 
limits on the degree of swelling where such a regime applies. Clearly, in the 
limit uro - 1, it must break down. The importance of hydrodynamics is only 
assured from the present results for relatively nonpolar systems. We have 
shown for the poly(viny1 alcohol)-water system that some aspects of a hydro- 
dynamic regime are not p r e ~ e n t . ~  This is not surprising in view of the strong 
polar interactions that exist between this solvent and polymer. 

Third, we are in a position to better understand the correlation for swollen 
membranes observed in previous papers between the mutual diffusion coeffi- 
cient and the solvent viscosity even though the level of swelling did vary over 
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a limited range. Certainly, to a limited approximation the mutual diffusion 
coefficient is the product of the tracer diffusion coefficient and the activity 
derivative as shown by eq. (4). Figure 1 shows that the activity derivative 
does not vary widely within the range 0.15 < ur0 < 0.4. Correspondingly, 
Figure 2 shows that Dl(uld/Dl(O) does not vary greatly within these limits 
either. Thus, it is not a t  all surprising that the product Dq is nearly a con- 
stant to within, say, plus or minus 15% in this range of swelling. 

This research was supported by a grant from the National Science Foundation and in part by 
aid from the Bureau of Engineering Research a t  The University of Texas a t  Austin. 

Nomenclature 

volume fraction of solvent in membrane 
volume fraction of polymer in rubber membrane at  equilibrium 

(1 - U r O ) ,  volume fraction of solvent in membrane at equilibrium 

molar volume of solvent 
mutual diffusion coefficient 
tracer diffusion coefficient of solvent in swollen membrane with 

solvent volume fraction u1 

self-diffusion coefficient of pure solvent 
hydraulic permeability coefficient defined by Eq. (1) 
hydraulic permeability coefficient for small pressure differentials 
Flory-Huggins interaction parameter 

swelling 

swelling 

polymer crosslink density 

solvent viscosity 

derivative of the logarithm of solvent activity with respect to the 
logarithm of solvent volume fraction evaluated at  u1 = U I O  and 
constant temperature and pressure 
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