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SYNOPSIS 

The molecular transport characteristics of Santoprene rubber in the presence of n-alkanes, 
cyclohexane, 2,2,4-trimethylpentane, and 1,2,3,4-tetrahydronaphthalene at 25, 40, 55, and 
70°C have been studied using a sorption gravimetric technique. From the sorption and 
desorption studies, the diffusion coefficients have been calculated and used in the discussion 
of the transport results. It was observed that these data depend on the size of the penetrants. 
Furthermore, efforts were made to evaluate the permeation coefficients, molar mass between 
crosslinks, and the kinetic rate constants. These data showed a systematic dependence on 
the penetrant size. Activation parameters for the process of diffusion and permeation have 
been calculated from the temperature dependence of the transport coefficients. 0 1995 John 
Wiley & Sons, Inc. 

INTRODUCTION 

Molecular transport of organic solvents into rubbery 
polymers is a complex problem with many engi- 
neering applications. A detailed description of the 
diffusion mechanism in such systems depends 
largely on the ability of the polymer to physically 
accommodate the permeant molecule, and to con- 
tinually provide opportunities in the form of ran- 
domly generated voids for the aggressive permeant 
molecule to ingress into the polymer. Many exper- 
imental and theoretical investigations in this area 
have suggested that the size and shape of the per- 
meant molecule and the physical state of the poly- 
mer in addition to the usual physical variables such 
as temperature and solvent concentration are re- 
sponsible for the study of transport mechanism of 
small molecules into the rubbery polymer matrices. 

Our earlier research activities in this area have 
been concerned about the molecular transport phe- 
nomenon of various organic solvents into a number 
of engineering In continuation of this 
program of research, we now present useful trans- 
port data on a thermoplastic “Santoprene”@ rubber 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 55,17-37 (1995) 
0 1995 John Wiley & Sons, Inc. CCC 0021-8995/95/010017-21 

membrane (sample designation 201-64) with ali- 
phatic alkanes (C5-C16), 2,2,4-trimethylpentane, 
cyclohexane, and 1,2,3,4-tetrahydronaphthalene in 
the temperature interval 25-70°C. Sorption results 
for these systems have been analyzed in terms of 
the Fickian equation to calculate the diffusion coef- 
ficients for the Santoprene-alkane systems. Because 
of the slight departure from the Fickian model, the 
diffusion parameters have been analyzed in terms 
of their concentration dependencies. From a tem- 
perature dependence of transport coefficients, the 
Arrhenius activation parameters have been esti- 
mated for different transport phenomena. 

“Santoprene” is a family of advanced elastomers 
that successfully combines the performance char- 
acteristics of vulcanized rubber such as heat resis- 
tance and low compression set with the processing 
ease of thermoplastics. The blends of ethylene-pro- 
pylene random copolymer (EPM) and isotactic 
polypropylene are sold under the trade name of 
Santoprene. The polymer offers the dual advantages 
of low-cost thermoplastic processing and vulcanized 
rubber performance. As a result, it finds rapid ac- 
ceptance in a variety of industrial and engineering- 
oriented rubber product applications. The broad 
spectrum of its performance characteristics makes 
it exceptionally well-suited for a wider variety of 
end-use applications such as pump-related gaskets, 
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hose connectors, plugs, windshield spacers, body 
plugs, air ducts, expansion joints, vibration isolators, 
flexible cords, power-limited circuit cables, sub- 
mersible cable, filter, and pump seals, etc. However, 
acceptability of Santoprene for any specific appli- 
cation ultimately depends on its performance and 
thus, its end-use testing is important before it seeks 
commercial or engineering applications. 

The purpose of the present article is to study 
Santoprene-alkane interactions as a function of 
temperature, solvent size, polymer morphology, sol- 
vent sorption/desorption, and transport coefficients. 
In the course of this research, a technique was de- 
veloped to assess the weight loss of the membrane 
material to obtain the sorption coefficients. After 
sorption, polymer samples were desorbed to measure 
the amount of sorbed solvent and removal of any 
residual ingredients. The desorbed samples were 
again exposed to solvent for resorption followed by 
redesorption. Thus, the sorption (S)-desorption 
(D)-resorption (RS)-redesorption (RD) testing is 
an effective method to study the polymer-solvent 
interactions. 

Diffusion, permeation, and equilibrium sorption/ 
desorption coefficients have been determined for 
Santoprene with the above-mentioned alkanes at 
25,40,55, and 70°C. The sorption results were an- 
alyzed by using the first-order and second-order ki- 
netics relations. Penetration velocities have also 
been estimated for these systems. Concentration 
dependencies of diffusion and molar mass between 
network crosslinks have been calculated to achieve 
a comprehensive understanding about the nature of 
the polymer-solvent interactions. 

EXPERIMENTAL 

Reagents and Materials 

Sheets of Santoprene rubber (sample designation 
201-64) were procured from Advanced Elastomer 
Systems, St. Louis, MO (courtesy of Mr. Brant 
Fletcher) in dimensions of 26 X 26 cm with the initial 
thicknesses ranging from 0.164 to 0.174 cm. Circular 
disc-shaped Santoprene samples (diameter = 1.94 
to 1.97 cm) were cut from these sheets by means of 
a sharp-edged carbon-tipped steel die. Because of 
the slightly hygroscopic nature of the Santoprene 
rubber, the samples were dried perfectly in a vacuum 
desiccator over anhydrous calcium chloride at room 
temperature for at least 24 h before experimentation. 
Some typical physical and mechanical property data 
of the samples are given in Table I. 

The reagent-grade solvents used as penetrants 
are: n-pentane (BDH, England), n-hexane and n- 
heptane (both S.D. Fine Chem. Ltd., Bombay, In- 
dia), n-octane (Riedel, Germany), n-nonane, n-de- 
cane, n-dodecane, n-tetradecane, and n-hexadecane 
(all from S.D. Fine Chem. Ltd.), 2,2,4-trimethyl- 
pentane (BDH, England), cyclohexane (Ranbaxy 
Labs. Ltd., Punjab, India), and 1,2,3,4-tetrahydro- 
naphthalene (Riedel, Germany). Of these, 2,2,4-tri- 
methylpentane, n-dodecane, and 1,2,3,4-tetrahy- 
dronaphthalene were double-distilled before use, 
while other solvents were used as supplied. Their 
measured physical properties such as density and 
refractive index at  25OC agreed well with the liter- 
ature values;" however, these data are not given, 
but only the relevant data of the solvents are sum- 
marized in Table 11. 

Table I Some Typical Mechanical Properties and Fluid Resistance Behavior of Santoprene 

Mechanical Fluid Resistivity" 

ASTM Test Test Volume 
Test Temp Temp Swelling 

Properties Method ("0 Value Fluid ("0 (%) 

Hardness (5 s Shore) D2240 25 -64A Water 100 6 
Specific gravity D297 25 0.97 15% NaCl 23 0 
Tensile strength (MPa) D412 25 6.90 50% NaOH 23 0 
Ultimate elongation (%) D412 25 400 98% H2S04 23 5 
100% Modulus (MPa) D412 25 2.3 ASTM #1 Oil 100 31 
Tear strength (kN/m) D624 25 24.5 ASTM #2 Oil 100 50 

100 10.2 ASTM #3 Oil 100 71 

Compression set (%) D395 25 23 Automatic transmission 125 62 
168 h 100 36 fluid 
Brittle point (") D746 - -60 

Tension set (%) D412 25 10 Brake fluid 100 -30 

a Tested for 166 h. 
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Table I1 
Sound Function, R, Solubility Parameter, 6, and Molar Refractivity, [R]) of Solvents Used as Penetrants 
at 25°C 

Some Physical Properties (Viscosity, 7,  Dielectric Constant, c, Molar Volume, V, Rao's Molar 

Alkane 
t V 103 - R 6.5 [Rl 

(mPa - s )  E (cm3/moI) ( [m/~] ' /~  m3/moi) ( c a l / ~ m ~ ) ' / ~  (cm3/mol) 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,4-Trimethyl pentane 
Cyclohexane 
1,2,3,4-Tetra-hydroanaphthalene 

0.23" 1.84" 
0.29 1.88 
0.40 1.93 
0.52 1.95 
0.67 1.97 
0.86 1.99 
1.38 2.00 
2.04 2.04 
3.01 2.09 
0.47 1.94 
0.90 2.02" 
2.00 2.77 

115 
132 
148 
164 
180 
196 
229 
260 
293 
166 
109 
137 

b 

1.35 
1.54 
1.72 
1.91 
2.09 
2.48 
2.85 
3.22 
1.70 

1.55 

b 

7.1 
7.3 
7.4 
7.6 
7.7 
7.7 
7.8 
8.0 
8.0 
6.9 
8.2 
9.5 

25 
30 
35 
39 
44 
49 
58 
67 
76 
b 

b 

b 

a At 20°C. 
Values are not calculated. 

Sorption (S)-Desorption (D)-Resorption 
(RS)-Redesorption (RD) Experiments 

The circularly cut and perfectly dried polymer sam- 
ples weighing initially ( Wo) N 0.4980 g were placed 
in screw-tight test bottles containing 15-20 mL of 
the respective solvents. These were periodically re- 
moved, the surface-adhered liquid drops were re- 
moved by carefully pressing the samples between 
filter paper wraps, and samples were weighed ( Wt) 
on a digital Mettler balance, Model AE 240 (Swit- 
zerland) within the precision of f O . O 1  mg. Samples 
reached equilibrium saturation within 24 h which 
not changing significantly over a further period of 
1 or 2 days. The percent weight gain (wt %) during 
solvent sorption was calculated as: 

After sorption experiments, the sorbed samples were 
placed in a vacuum for desorption measurements. 
The decrease in weight was monitored periodically 
as before. The total weight loss after desorption was 
calculated as: 

wt loss % = (",") x 100 (2) 

where wd is the mass of the polymer after desorp- 
tion. 

The resorption testing was carried out in the same 
manner as the sorption tests. If the polymer does 

not show a weight loss during sorption and desorp- 
tion, the initial weight of the polymer and weight 
after desorption will be the same. However, in the 
present research, the weight loss of Santoprene oc- 
curred consistently in sorption and resorption ex- 
periments for all the solvents. If after a sorption and 
desorption cycle, the polymer has released all species 
contributing to the weight loss, the desorption equi- 
librium solvent content and resorption equilibrium 
solvent content should be the same. The resorbed 
samples were placed once again in vacuum for a sec- 
ond desorption. Any difference between the weight 
loss after redesorption indicates the continued 
weight loss during resorption. This comparison is 
another way of testing the extent of the continuous 
loss during S-D-RS-RD testing. The results con- 
firm the comparison of equilibrium sorption value, 
M,, during desorption and redesorption. The ob- 
served total losses in S-D-RS-RD experiments are 
listed in Table 111. The mol % weight change in re- 
sorption experiments are generally higher than those 
observed in sorption experiments indicating higher 
sorption. However, in desorption and redesorption 
experiments, the mol % weight change remains al- 
most identical. 

RESULTS AND DISCUSSION 

Sorption Behavior 

Dynamic penetrant transport into the network 
Santoprene rubber membrane is important because 
a comprehensive understanding about the mecha- 
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Table I11 Mole Percent Weight Change and Total Weight Loss During S-D-RS-RD Cycles at 25°C 

Alkane 

Total % Weight Loss 
Mol % Wt Change After 

S-D RS-RD 
S D RS RD Cycle Cycle 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,4-Trimethylpentane 
Cyclohexane 
1,2,3,4-Tetrahydronaphthalene 

0.345 
0.446 
0.431 
0.494 
0.379 
0.350 
0.278 
0.229 
0.218 
0.298 
1.125 
0.655 

0.731 
0.663 
0.584 
0.539 
0.468 
0.426 

b 

b 

b 

0.489 
0.824 
0.523 

1.461 
1.445 
1.218 
0.910 
1.082 
1.054 

b 

b 

b 

1.051 
2.735 
1.519 

a 

0.652 
0.562 
0.542 
0.459 
0.425 

b 

b 

b 

0.490 
0.840 
0.488 

40.3 
40.6 
40.4 
39.1 
40.6 
41.0 
38.8 
33.6 

40.5 
40.5 
40.5 

C 

- 

1.86 
3.14 
5.04 
2.03 
1.33 
- 

- 
- 

2.98 
3.20 

a Experiments not conducted. 

' Reliable data are not obtained due to incomplete drying. 
Abbreviations: S, sorption; D, desorption; RS, resorption; RD, redesorption. 

Experiments not conducted due to their high boiling points. 

nisms of solvent transport can be achieved. Previous 
research efforts from our laboratory addressed the 
mechanisms of solvent transport into a variety of 
rubbery polymer membranes."-14 Continuing these 
approaches, the dynamic penetrant sorption results 
have been analyzed in terms of the empirical equa- 
tion of the type15 

In- = I n K + n I n t  [::I (3) 

where Mt is solvent uptake at time t ,  M ,  refers to 
solvent sorption at long time, i.e., equilibrium sat- 
uration and K is a system parameter which depends 
on the structural characteristics of the membrane 
material and on the penetrant/polymer interactions. 
The exponent value of n indicates the type of trans- 
port mechanism and infers any state changes in the 
macromolecular network. The same pattern of 
Fickian or non-Fickian behavior was also observed 
in desorption experiments. In desorption studies, M ,  
and M ,  represent, respectively, the mass loss of the 
drying samples at time t and the completely dried 
samples. Equation (3) is applicable for a preliminary 
analysis of sorption data, although at best, it may 
be useful only up to 55% of the final weight of the 
solvent sorbed and it has no provisions for analysis 
of such details as inflection or solvent loss with time. 
The estimated values of n and K for the sorption 

and resorption processes are compiled in Table IV. 
The values of n are accurate to kO.01 units. 

In the majority of cases, the values of n for sorp- 
tion experiments vary between 0.52 to 0.68 in the 
investigated temperature range; this suggests that 
the observed diffusion mechanism is neither Fickian 
nor non-Fickian, but follows that of anomalous 

The values of n show an increase with 
temperature. For the resorption process at 25OC, the 
values of n range from 0.60 to 0.68. The values of 
the parameter K also increase with a rise in tem- 
perature and these depend on the size of the pene- 
trant molecule. The K values decrease systematically 
with an increase in the molecular size of the pene- 
trants from n-pentane to n-hexadecane (except n- 
heptane at 25OC) suggesting decreased polymer- 
solvent interactions. The values of K for cyclohexane 
are almost identical to that observed for 1,2,3,4-te- 
trahydronaphthalene and that of 2,2,4-trimethyl- 
pentane which at 25°C is the same as that of n- 
octane, but at higher temperatures, n-octane exhibits 
higher K than 2,2,4-trimethylpentane. 

A plot of K versus molecular volume of the pen- 
etrants in the investigated temperature range is 
shown in Figure 1. For the resorption process, in all 
cases, the values of K are about 2 to 3 times smaller 
than those observed for the sorption process, indi- 
cating somewhat milder polymer-solvent interac- 
tions. This is justifiable because, during resorption, 
the available free volume of the polymer is already 
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Table IV Fitting Parameters of Eq. (3) for Santoprene + Alkanes 

n 10 K, g/g min” 

S RS S RS - - 

Alkane 25-70°C 25°C 25-70°C 25°C 

n-Pentane 0.67 (0.63) 1.94 (0.78) 
n-Hexane 0.59-0.65b (0.61) 1.29-1.91 (0.69) 
n-Heptane 0.58-0.68 (0.68) 1.40-1.74 (0.45) 
n-Octane 0.58-0.61 (0.63) 1.00-1.54 (0.42) 
n-Nonane 0.57-0.60 (0.65) 0.96-1.59 (0.35) 
n-Decane 0.58-0.60 (0.62) 0.86-1.38 (0.38) 

a n-Dodecane 0.57-0.59 0.69-1.12 
n-Tetradecane 0.56-0.65 0.50-0.97 
n-Hexadecane 0.54-0.57 0.52-0.79 

8 

B a 

a a 

2,2,4-Trimethylpentane 0.58-0.61 (0.60) 1.00-1.38 (0.38) 
C yclohexane 0.62-0.65 (0.65) 0.68-0.97 (0.36) 
1,2,3,4-Tetrahydronaphthalene 0.52-0.59 (0.60) 0.59-0.96 (0.26) 

a Experiments not conducted due to their high boiling points. 
Range of temperature is 25-55OC. 

filled by the solvent molecules. For the sorption pro- 
cess also, the values of K decrease systematically 
from n-pentane to 1,2,3,4-tetrahydronaphthalene 
(Table IV). 

In the present work, the sorption results are dis- 
played graphically using the normalized parameter, 
t1/2/h to avoid any differences in the thickness of 
the Santoprene samples. This convenient presen- 
tation shows the possible deviations of the penetrant 
transport from the Fickian behavior. Reduced plots 
of the S-D-RS-RD experiments for lower n-alkanes 
(i.e., C5 to Clo including 2,2,4-trimethylpentane i.e., 

1.6 
C 
C .- 
E 
0 1.2 

s 
\ 
F, 
Y 

0.8 
Y 

0.4 

“ I  
120 160 200 240 280 

v (cm3mo~-1)  
Figure 1 Dependence of parameter K of eq. ( 3  ) on mo- 
lecular volume of n-alkanes. Vertical bars indicate the 
temperature interval of 25-70°C. 

C8 at  25’C) are presented in Figure 2. For all pen- 
etrants, initially the sorption curves showed an 
overshoot effect as indicated by an abrupt and fast 
initial penetrant uptake by the polymer. The max- 
ima observed are later followed by a gentle decline 
to attain the true equilibrium saturation value. Such 
overshoot effects have been attributed to polymer 
crosslink density and the increased mobility of the 
polymer chain segments.15 Solvent diffuses into the 
Santoprene network before its chains have had the 
time to relax (i.e., diffusion is faster than relaxation) 
and the fractional uptake reaches a maximum (i.e., 
the overshoot value). When the chains finally relax, 
the solvent is forced out of the network and hence 
its uptake eventually reaches the true equilibrium 
value. Another plausible explanation for the ob- 
served overshoot effect is due to the presence of a 
thin layer formed during the polymerization pro- 
cesses which is morphologically different from the 
bulk of the polymer. Also, because the solvent dif- 
fusion coefficient in the polymer matrix is dependent 
upon the degree of crosslinking, a sudden initial 
jump in the uptake is expected if the crosslink den- 
sity of the polymer is significantly lower in a thin 
outer layer of the sample. Several studies have ad- 
dressed different aspects of the overshoot phenom- 
enon when polymers absorb.16-20 However, overshoot 
was not observed for the desorption, resorption, and 
redesorption processes as shown in Figure 2. 

The penetrant overshoot effect observed during 
sorption was analyzed by calculating the percent 
overshoot index, 0115 as 
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Figure 2 Reduced plots of mol% sorption, desorption, resorption, and redesorption at 
25OC for (0) n-pentane, (A) n-hexane, (0 )  n-heptane, ( 0 )  n-octane, ( A )  n-nonane, (m) 
n-decane and (El) 2,2,4-trimethylpentane. 

Table V. Generally, the values of 01 do not show 
any systematic relationship with either the size of 
the penetrant molecules or the experimental tem- 
perature. Among the penetrants studied, percent 
overshoot index at 25OC for n-pentane is 66.7, which 

(4) 
Mmx - Ma 

M m  

where Mmx is the maximum penetrant uptake. The 
values of 01 at different temperatures are given in 

x 100 OI = 

Table V Percent Overshoot Index Values of Santoprene + Alkanes at Different Temperatures 

Alkanes 25°C 40°C 55°C 70°C 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,5-Trimethylpentane 
Cyclohexane 
1,2,3,4-Tetrahydronaphthalene 

66.7 
33.8 
32.7 
21.5 
25.5 
25.0 
25.6 
29.3 
16.9 
38.7 
8.1 

11.0 

a 

33.5 
33.1 
22.5 
23.7 
27.4 
23.4 
21.4 
18.7 
34.9 
9.6 

10.7 

a 

33.0 
32.6 
19.9 
27.1 
23.4 
24.0 
20.5 
13.8 
35.0 
8.7 
8.9 

a 

a 

30.5 
18.4 
24.5 
21.5 
22.6 
23.0 
15.2 
30.5 
7.6 
4.6 

a Data not obtained due to their low boiling points. 
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is highest among the penetrants considered. The 
overshoot effect for 2,2,4-trimethylpentane is higher 
than n-octane and also, the 01 values for 2,2,4-tri- 
methylpentane show a decrease with an increase in 
temperature. The observed lower value of 01 of 16.9 
for the bigger n-hexadecane is attributed to the fact 
that the relaxational chain rearrangements do not 
occur as fast as in the presence of a smaller size 
penetrant such as n-pentane. In view of the observed 
overshoot effect in the present systems, sorption 
data have also been analyzed by shifting each of the 
fractional uptake curves from the magnitude of the 
overshoot effect apparent in the plots (Fig. 2) by 
using16 

- In a = In K + n In t ( 5 )  

where a is a shift factor indicating the initial over- 
shoot effect during sorption. From the least-square 
estimations of a, K, and n of eq. ( 5 ) ,  the values of 
K and n remain almost identical to those given in 
Table IV evaluated from eq. (3). In a sorption-de- 
sorption cycle, the free volume of the polymer might 
increase and hence, the sorption process is different 
from that of the original. These effects are attributed 
to the relaxation of the polymer network in terms 
of the times required for the molecular rearrange- 
ments of the chains and that of the solvent diffusion 
into the phantom network polymer. This results in 
an increase of the polymer segmental mobility due 
to solvent sorption. This also depends on the ability 
of solvent molecules to weaken the intermolecular 
forces of the polymer by disrupting the hydrogen 
bonds between the chain segments or the efficiency 
of solvent molecules in increasing the free volume 
of the polymer. 

The resorption curves for n-pentane and n-hex- 
ane are almost identical a t  25°C (Fig. 2). Similarly, 
the resorption curves for n-nonane, n-decane, 2,2,4- 
trimethylpentane are almost identical. The resorp- 
tion values of n-heptane are higher than n-octane, 
n-nonane, n-decane, and 2,2,4-trimethylpentane. 
The sorption curves of higher n-alkanes, viz., n-do- 
decane, n-tetradecane, and n-hexadecane, and those 
of cyclohexane and 1,2,3,4-tetrahydronaphthalene 
are presented in Figure 3. Here again, we observe 
noticeable overshoot effects especially with n-tetra- 
decane and n-dodecane, but such effects are less no- 
ticeable with penetrants like n-hexadecane, cyclo- 
hexane, and 1,2,3,4-tetrahydronaphthalene. Also, 
the equilibrium sorption values are lower for n-hex- 
adecane than cyclohexane; 1,2,3,4-tetrahydronaph- 
thalene shows the least value of equilibrium sorp- 

0.3 

& = 0.1 

0 

12 

9 

6 

3 

0 
0 60 120 180 240 

Figure 3 Reduced plots of mol% sorption at 25°C for 
( V )  n-dodecane, (0) n-tetradecane, ( 0 )  n-hexadecane, 
( A )  cyclohexane and ( 0 )  1,2,3,4-tetrahydronaphthalene. 

tion. The desorption curves of some typical pene- 
trants viz., C5 to Clo and 2,2,4-trimethylpentane are 
presented in Figure 2. It is striking to observe a sys- 
tematic increase in mol 96 desorption from C5 to Clo. 
The desorption curves for n-nonane and n-decane 
are slightly sigmoidal suggesting a mild departure 
from the Fickian mode. The desorption results for 
higher alkanes, viz., C12, C14, and c16 are not obtained 
due to the difficulties involved in completely drying 
the polymer samples as these liquids possess high 
boiling points. The redesorption curves also show 
identical patterns to those for the desorption pro- 
cess. However, the times required to attain equilib- 
rium desorption are higher in redesorption experi- 
ments when compared to desorption results. A 
striking difference is seen in case of n-decane (Fig. 
2) which shows a sigmoidal behavior in the rede- 
sorption process. It may be noted that the behavior 
of 2,2,4-trimethylpentane is quite different in S-D- 
RS-RD experiments (i.e., it exhibits lower sorption 
or desorption values than its equivalent molecule, 
n-octane). 

The sorption results presented in Figure 4 serve 
as an excellent example of the effect of temperature 
on the observed sorption behavior of some repre- 
sentative penetrants viz., n-heptane, n-dodecane, n- 
hexadecane, and 1,2,3,4-tetrahydronaphthalene. It 
is quite clear that the overshoot effects are persistent 
even at  higher temperatures, but the effect is not 
very systematic. For 1,2,3,4-tetrahydronaphthalene, 
the temperature-dependent sorption curves follow 
a regular pattern (i.e., the sorption values increase 
with temperature). It may be noted that the final 
equilibrium values for n-heptane and n-hexadecane 
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Figure 4 Effect of temperature on sorption curves for n-heptane, n-dodecane, n-hex- 
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lie within a narrow range of equilibrium sorption 
values. On the other hand, for n-dodecane and 
1,2,3,4-tetrahydronaphthalene, the final equilibrium 
values fall within a somewhat wider range. A plau- 
sible explanation for this effect is that at high pen- 
etrant concentration i.e., during later stages of sorp- 
tion, the distribution of solvent molecules into the 
dense region of the polymer network becomes sig- 
nificant. Also, a t  this stage a significant change in 
the molecular structure of the polymer might occur. 

In desorption, however, a major portion of the 
total region is lost in the initial period which con- 
stitutes only a small fraction of the total experi- 
mental time. This probably produces a mismatch of 
the time scale for diffusion and molecular rear- 
rangement, resulting in a collapsed free volume in 
the dense region of the polymer which facilitates 
diffusion and further enhances the effect. However, 
in the resorption process, large-scale molecular 
rearrangement does not take place and the diffusion 
process in these cases may be described as a hole- 
filling process dominated by the mechanism for the 

less dense region. Hence, for this process, diffusion 
coefficient should be constant (see Fig. 2). However, 
the equilibrium solvent concentration is higher than 
that observed in sorption experiment (Fig. 2) due to 
the extra number of pre-existing sufficiently large 
holes. This phenomenon was also observed by Ap- 
icella et a1.21 Since the equilibrium saturation fol- 
lowing sorption and resorption is essentially differ- 
ent, the morphology of the polymer is appreciably 
altered by the S-D-RS-RD experiments. 

The mol 9% sorption coefficients, S obtained from 
the true equilibrium values of the sorption and re- 
sorption processes in the investigated temperature 
interval are summarized in Table VI. Generally, it 
is noticed that the mol % sorption values for the 
sorption processes are considerably smaller than the 
resorption processes at 25°C. The desorption ex- 
periments for n-dodecane, n-tetradecane, and n- 
hexadecane were not performed due to their high 
boiling points. The mol % sorption values do not 
seem to show any systematic dependence on the size 
of the n-alkane penetrants. The values of S for 2,2,4- 
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Table VI 
Different Temperatures Obtained From Sorption and Resorption Experiments 

Sorption Coefficients ( S )  and Penetration Velocities (u) for Santoprene + Alkanes at 

Alkanes 

Temperature, "C 

25 40 55 70 

S RS S 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,5-Trimethylpentane 
Cyclohexane 
1,2,3,4-Tetrahydronaphthalene 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,4-Trimethylpentane 
Cyclohexane 
1,2,3,4-Tetrahydronaphthalene 

0.345 
0.446 
0.431 
0.494 
0.379 
0.350 
0.278 
0.229 
0.218 
0.298 
1.125 
0.655 

8.603 
5.442 
5.067 
3.852 
3.984 
3.646 
2.723 
2.445 
2.028 
3.886 
1.716 
1.643 

(1.461) 
(1.445) 
(1.218) 
(0.910) 
(1.082) 
(1.054) 

b 

b 

b 

(1.051) 
(2.735) 
(1.519) 

(2.565) 
(2.404) 
(1.975) 
(1.587) 
(1.406) 
(1.501) 

b 

b 

b 

(1.253) 
(0.938) 
(0.681) 

S ,  mol % 
a 

0.448 
0.447 
0.511 
0.397 
0.344 
0.292 
0.247 
0.215 
0.321 
1.187 
0.697 

lo3 u, cm/s 
a 

6.719 
6.302 
4.665 
5.282 
4.628 
3.620 
2.830 
2.670 
4.514 
1.903 
2.031 

a 

0.463 
0.452 
0.528 
0.409 
0.378 
0.309 
0.256 
0.225 
0.326 
1.243 
0.749 

a 

8.110 
7.754 
5.375 
6.328 
5.362 
4.152 
3.738 
2.942 
5.242 
2.337 
2.156 

a 

a 

0.439 
0.524 
0.410 
0.386 
0.316 
0.255 
0.223 
0.322 
1.302 
0.816 

10.567 
6.672 
7.410 
6.850 
5.472 
5.557 
4.157 
6.134 
2.973 
2.690 

a Data not obtained due to their low boiling point. 
Data not obtained due to their high boiling points. 

trimethylpentane are significantly smaller than n- 
octane. A longer and bigger molecule such as n-hex- 
adecane exhibits an equilibrium sorption of 0.218 
mol % as compared to a value of 0.345 mol % for n- 
pentane. Moreover, the value of S for n-pentane 
(0.345 mol %) is almost identical to that of n-decane 
(0.350 mol %). The same dependence is observed 
for sorption at higher temperatures. It is interesting 
to note that the equilibrium resorption values at 
25OC follow a systematic pattern with the size of 
the penetrant molecule from n-hexane to n-hexa- 
decane except n-octane. The dependence of maxi- 
mum and equilibrium sorption values on the size of 
the n-alkanes (i.e., in terms of the number of carbon 
atoms) is given in Figure 5. From the sorption results 

given in Table VI, it is obvious that, although 2,2,4- 
trimethylpentane has 8 carbon atoms, its sorption 
is not identical to n-octane; the sorption of the latter 
is higher than the former. Also, cyclic penetrants 
such as cyclohexane and 1,2,3,4-tetrahydronaph- 
thalene exhibit higher values of sorption than all 
the n-alkanes, probably due to their difficulty in mi- 
gration through the available free volume spaces of 
the polymer. 

The value of equilibrium sorption for n-hexane 
is slightly higher than n-heptane at 25°C but, a t  
higher temperatures, viz., 40 and 55"C, sorption of 
n-hexane and n-heptane are more or less identical. 
There is generally not a systematic increase in sorp- 
tion with an increase in temperature, except in a 
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few cases. The sorption experiments of n-pentane, 
other than at ambient, and that of n-hexane at 70"C, 
were not performed due to their low boiling points. 
Various parameters are critical in the interpretation 
of sorption results; these include temperature, pen- 
etrant size and shape, and polarity in addition to 
sample history. For instance, an increase in tem- 
perature should normally increase sorption; this is 
due to the creation of extra free volume. Within the 
investigated temperature range, the dynamic pen- 
etrant sorption tends to increase in the temperature 
interval from 25 to 55°C for all the penetrants except 
n-heptane and n-octane. However, upon further in- 
creasing the sorption temperature up to 70"C, n- 
heptane and n-octane have shown a decrease in S. 
This suggests that at 70°C, penetrants like n-hep- 
tane and n-octane might interact specifically with 
the Santoprene chain segments with a possible 
leaching out of indigenous additives, thereby low- 
ering the equilibrium uptake value. This can be also 
explained as being due to several reasons: diffusion 

of residual volatiles, chemical degradation of the 
groups on the polymer backbone, and diffusion of 
the residuals due to leaching out of the additives. In 
the present investigation, the observed effect might 
be due to the last cause. 

Times to attain equilibrium and maximum sorp- 
tion also play an important role in understanding 
the transport mechanism. Different equilibrium 
(T,) and maximum (T,) times are observed de- 
pending on the length of the penetrant molecules. 
Generally, it is observed that the maximum, as well 
as equilibrium, times increase steadily with an in- 
crease in the size of the penetrant molecules (see 
Fig. 6). It may be noted that the dependence of both 
T, and T, values on the chain length of penetrants 
follow smooth curves. 

Penetration Velocity 

The penetration velocity, u, of the polymer-solvent 
pair is related to the moving solvent boundary within 
the polymer matrix. This was calculated from the 
weight gain results as22 

where d WJdt denotes the slope of the weight gain 
versus time curve and p is the density of the polymer; 
A is the area of one face of the disc shaped polymer 
sample and factor 2 accounts for penetration from 
both the surfaces. The area of the circular thickness 
portion of the disc-shaped sample is also taken into 
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Figure 6 Dependence of maximum (0, T,) and equi- 
librium (0 ,  T,)  times on the number of carbon atoms of 
n-alkanes at 25°C. 
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consideration while computing the total area of the 
sample exposed to the liquid environment. The cal- 
culated penetration velocities are also listed in Table 
VI. Penetration velocities of n-alkanes calculated at 
25°C follow a systematic decrease from n-pentane 
to n-hexadecane (except n-octane). The same trend 
is observed at  higher temperatures. The results of u 
for 2,2,4-trimethylpentane are lower than the 
equivalent n-octane molecule at all the temperatures 
except at 25°C. 

Analysis of Sorption and Desorption 
Measurements: Calculation of 
Diffusion Coefficient 

Solvent transport into a rubbery polymer is a com- 
plex nonsteady-state phenomenon. The diffusion 
coefficient of the penetrant into such a polymer can 
be calculated using Fick's second law23 

ac 
- -  - div(D grad C )  
at (7)  

where C is the local concentration of the solvent, t 
is time, and D is the diffusion coefficient. For a slab 
geometry of the Santoprene sample immersed in an 
infinite bath of the liquid, the diffusion coefficient 
is assumed to be constant. Crank23 reported different 
solutions of the Fick's second law depending on the 
initial and boundary conditions. The case of interest 
in this article is that of a free film of thickness h, 
exposed to a uniform and constant concentration of 
solvent with a zero initial concentration of the dif- 
fusant in the film. Thus, the solution to eq. (7) in 
terms of Mt is given as: 

Equation (8) suggests that a plot of fractional equi- 
librium uptake versus t'/2/h is linear a t  small times 
so that D can be calculated from the initial slope. 

At long times, another solution to eq. (7) is pre- 
ferred for computational purpose which was also 
used by Allen et al.24 

In deriving eq. (9), the diffusion coefficient is as- 
sumed to be constant. The calculated diffusion coef- 
ficients are given in Table VII. Equation (9) a t  longer 
diffusion time can be simplified to give 

ln(1 - M,/M,) = In (10) 

Thus, a plot of ln(1 - Mt/M,) versus t should be 
linear at long diffusion times and the slope is directly 
proportional to D. Our data have been plotted in 
this format, which are in conformity with eq. (10) 
(see Fig. 7). 

The diffusion coefficients obtained by using eq. 
(10) are somewhat higher than the D values calcu- 
lated from eq. (9). This is expected because of the 
consideration of the long-term diffusivity while cal- 
culating D from eq. (10). However, we regard the 
values of D calculated from eq. (9) as more reliable. 
A systematic decrease in D with an increase in the 
size of the penetrants from n-pentane to n-hexad- 
ecane (except n-heptane at 25°C) is observed at all 
the temperatures. A plot of D versus number of car- 
bon atoms showing this effect is shown in Figure 8. 
This type of dependence has been also obtained in 
the l i t e r a t ~ r e . ~ ~ - ~ ~  A linear and flexible molecule is 
expected to diffuse faster than a somewhat less flex- 
ible and less symmetrical molecule such as 2,2,4- 
trimethylpentane, cyclohexane, and 1,2,3,4-tetra- 
hydronaphthalene. It was found that at all the tem- 
peratures studied, the values of D for 2,2,4-trime- 
thylpentane are lower than the expected values of 
a linear molecule of the same size such as n-octane. 
This is because the presence of pendant methyl 
groups in 2,2,4-trimethylpentane render its molec- 
ular diameter larger; thus, the molecule may not lo- 
cate an appropriate hole for its transport in the 
polymer matrix. 

Diffusion of a number of homologous paraffin hy- 
drocarbons has been studiedz8 wherein it was ob- 
served that the side methyl groups in the penetrants 
lowered the diffusivities more than in the case of 
the corresponding linear molecules. Conversely, 
when penetrant molecules are of comparable di- 
ameter but of varying length, the effect of length of 
the molecule will play a dominant role. This was the 
case for n-hexadecane, whose diffusion coefficients 
are smaller than other lower n-alkanes. The diffu- 
sion coefficients of cyclohexane fall between n-de- 
cane and n-dodecane, and those of 1,2,3,4-tetrahy- 
dronaphthalene fall between n-tetradecane and n- 
hexadecane. 

An important feature of the Fickian sorption is 
that both sorption and desorption curves are linear 
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Table VII Diffusion (D) and Permeation (P) Coefficients of Santoprene + Alkanes from Sorption 
Measurements at Different Temperatures 

Temperature, "C 

Alkanes 25 40 55 70 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,4-Trimethylpentane 
Cyclo hexane 
1,2,3,4-Tetrahydronaphthalene 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,4-Trimethylpentane 
Cyclohexane 
1,2,3,4-Tetrahydronaphthalene 

6.07 
2.88 
3.22 
1.83 
1.69 
1.34 
0.78 
0.62 
0.34 
1.66 
0.90 
0.56 

1.51 
1.11 
1.39 
1.03 
0.82 
0.67 
0.37 
0.28 
0.17 
0.56 
0.85 
0.49 

106D, cm'/s 
a B 

3.83 
3.74 
2.36 
2.23 
1.78 
1.04 
0.69 
0.55 
2.07 
1.27 
0.80 

106P, cm'/s 

4.63 
4.72 
2.88 
2.87 
2.10 
1.44 
1.08 
0.74 
2.40 
1.74 
0.93 

a a 

1.48 
1.67 
1.38 
1.13 
0.87 
0.52 
0.34 
0.27 
0.76 
1.27 
0.74 

1.85 
2.13 
1.73 
1.50 
1.13 
0.76 
0.55 
0.38 
0.89 
1.82 
0.92 

* 
a 

4.82 
3.64 
3.79 
2.67 
2.05 
1.49 
0.97 
3.05 
1.90 
1.19 

B 

a 

2.12 
2.18 
1.99 
1.47 
1.10 
0.75 
0.49 
1.12 
2.08 
1.29 

a Data not obtained due to their low boiling points. 

with t'I2/h in the initial stages. In some cases, (e.g., 
with n-pentane or n-hexane), the linear sorption re- 
gion extends up to almost 70% of M,. The departure 
from the Fickian diffusion occurs for many reasons. 
For example, if sorption equilibrium cannot be 
achieved at  the membrane surface, the sorption 
curves exhibit an inflection and show a non-Fickian 
trend (abnormal type). Diffusion of penetrant mol- 
ecules into polymers depends on two factors viz., 
the availability of appropriate molecular size holes 
in the network and the attractive forces between the 
penetrant molecules and the polymer. The presence 
of holes is determined mainly by the polymer struc- 
ture and morphology reflected in its stiffness and 
ability to closely pack in the amorphous state. The 
formation of an appropriate hole also depends on 
the cohesive energy density of the polymer and on 
the penetrant amount. 

Santoprene is a lightly crosslinked polymer hav- 
ing dense regions distributed randomly in the whole 
of the matrix. When such an elastomer is immersed 
in a solvent, the solvent diffusion into the polymer 
expands the system, and thereby weakens the mo- 
lecular interaction between the neighboring polymer 
chains. This implies that the polymer chains be- 
tween crosslinks move more freely, and hence the 
molecular mobility of the network chains is en- 
hanced through the diffusion of the solvent. How- 
ever, the fraction of the constrained regions of the 
network chains may decrease through an interaction 
between the network chains of the polymer and the 
solvent molecules. A highly crosslinked polymer 
structure will inhibit the diffusion process more than 
a linear polymer because such chains are more 
tightly bound together and resist the separation 
necessary to form a void capable of accommodating 
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Figure 7 Long-term diffusion plots for Santoprene + n- 
alkanes at 25°C. Symbols are the same as in Figures 2 
and 3. 

a diffusing molecule. The energy to create such voids 
will therefore be large and the permeability is small. 
Such structural tightness is found not only in highly 
crosslinked polymers but also in those possessing a 
high degree of crystallinity, symmetry or strong co- 
hesive forces brought about by the polarity effects. 
The opposite effect will occur if there are none of 
these features and the polymer network is loose. This 
is usually most possible in plasticized materials and 
those containing double bonds such as in Santo- 
prene. 

Diffusion in rubbery polymers also seems to bear 
a direct relationship with some of the important 
properties such as viscosity, dielectric constant, re- 
fractive index, and speed of sound of solvents. Re- 
cently, Vahdat” investigated a correlation between 
diffusivity and viscosity for elastomer-solvent sys- 
tems. To see such a dependence in the present sys- 
tems, we found that other liquid state properties like 
viscosity q, and dielectric constant E ,  also show a 

4 7 10 13 16 

C atoms 
Figure 8 Dependence of diffusion coefficient on the 
number of carbon atoms of n -alkanes at temperatures 
given in Figure 4. 

systematic dependence on penetrant diffusivity (Fig. 
9). Similarly, the molar refraction [R] ,  of the liquid 
calculated from the Lorenz-Lorentz formula,30 
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Table VIII 
25°C for Santoprene + Alkanes 

Comparison of Diffusion and Permeation Coefficients from S-D-RS-RD Experiments at 

Alkanes S D RS RD 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
2,2,4-Trimethyl pentane 
Cyclohexane 
1,2,3,4-Tetrahydronaphthalene 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
2,2,4-Trimethylpentane 
C yclohexane 
1,2,3,4-Tetrahydronaphthalene 

6.07 
2.88 
3.22 
1.83 
1.69 
1.34 
1.66 
0.90 
0.56 

1.51 
1.11 
1.39 
1.03 
0.82 
0.67 
0.56 
0.85 
0.49 

106D, cm2/s 

2.35 
2.17 
0.44 
0.27 
0.03 
0.03 
0.46 
0.003 
0.01 

1.24 
1.24 
0.26 
0.17 
0.02 
0.02 
0.26 
0.80 
0.002 

0.86 
0.65 
0.48 
0.31 
0.27 
0.24 
0.22 
0.28 
0.11 

106P, cm2/s 

0.91 
0.80 
0.58 
0.32 
0.38 
0.37 
0.27 
0.65 
0.22 

a 

2.27 
0.28 
0.08 
0.11 
0.004 
0.35 
1.22 

b 

a 

1.27 
0.16 
0.05 
0.06 
0.002 
0.20 
0.86 

b 

Experiments are not conducted. 
Reliable data are not obtained. 

(where M is molecular weight of the liquid, p is its 
density and n is the refractive index) also shows a 
decreasing trend with diffusion coefficients. Also, 
Rao's molar sound function R, calculated from the 
speed of sound u, data of the liquids31 

shows the same dependency (see Fig. 9). 
In continuation of our earlier studies,"-'4 the val- 

ues of the permeability coefficient P, have been cal- 
culated as: P = D - S, and these data are also included 
in Table VII. It is generally observed that perme- 
ability data follow the same pattern as those of dif- 
fusion coefficients in the investigated temperature 
range. Permeabilities of cyclohexane and n-nonane 
are somewhat identical. Similarly, permeabilities of 
1,2,3,4-tetrahydronaphthalene lie between those of 
n-decane and n-dodecane. Permeabilities of n-oc- 
tane are higher than those of 2,2,4-trimethylpentane. 
A comparison of diffusion and permeation coeffi- 
cients at 25°C for the S-D-RS-RD experiments is 

made in Table VIII. The values of these coefficients 
are different in all these processes, suggesting pos- 
sible morphological changes in Santoprene in the 
presence of different penetrants during cyclic S-D- 
RS-RD testing. The values of diffusion and per- 
meation coefficients are considerably smaller in the 
cases of n-nonane and n-decane in desorption and 
redesorption experiments when compared to other 
penetrants. Similarly, diffusion and permeation 
coefficients for cyclohexane and 1,2,3,4-tetrahy- 
dronaphthalene are extremely small. 

Concentration Dependence of 
Diffusion Coefficients 

Several studies have indicated that diffusion in rub- 
bery polymers deviates from the classical Fickian 
mechanism through a concentration-dependent dif- 
fusion. When sorption proceeds with time, the con- 
centration continues to build up at the membrane 
surface and later, toward its interior. As a result, 
the diffusion coefficient becomes concentration-de- 
pendent. To investigate this effect, attempts have 
been made to analyze the concentration dependence 
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Figure 10 Concentration dependence of diffusion coef- 
ficient for Santoprene + alkanes a t  25°C. Symbols are the 
same as in Figures 2 and 3. 

of diffusivity for those systems exhibiting anomalous 
or nearly non-Fickian diffusion behavior. 

The computer-generated plots of D versus wt % 
concentration for n-pentane to n-octane, n-nonane 
to n-hexadecane, and for 2,2,4-trimethylpentane, 
cyclohexane, and 1,2,3,4-tetrahydronaphthalene at 
25°C are presented in Figure 10. It is found that in 
majority of cases, we observe a nearly Gaussian type 
behavior with the maximum being observed around 

70 wt % penetrant concentration. The maxima de- 
crease systematically from a smaller to a bigger 
molecule. These observations are consistent with the 
swelling tendency of the membrane in the presence 
of n-alkanes. The observed maxima of diffusion ver- 
sus concentration are attributed to the competing 
contributions of the solvent mobility and the ther- 
modynamic equilibrium factor. This observation is 
consistent with the report of Feng et al.32 on di- 
chloroethane transport into a phase-segregated 
polyurethane membrane. 

Kinetics of Sorption 

Almost all crosslinked polymers exhibit swelling 
when brought in contact with aggressive solvent 
media. Such swelling in these polymers is attributed 
to the phenomenon of sorption kinetics. It has been 
shown earlier14 that sorption in rubbery polymers 
can be treated by using first-order kinetics. Con- 
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Figure 11 First-order kinetic plots for Santoprene 
+ alkanes at  25OC. Symbols are the same as in Figures 2 
and 3. 
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Table IX 
Temperatures Obtained from Sorption and Resorption Experiments 

First-Order (k,) and Second-Order (k,) Rate Constants for Santoprene + Alkanes at Different 

Temperature, "C 

25 40 55 70 

Alkanes S RS S 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,4-Trimethylpentane 
Cyclohexane 
1,2,3,4-Tetrahydronaphthalene 

n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,4-Trimethylpentane 
Cyclo hexane 
1,2,3,4-Tetrahydronaphthalene 

15.48 
7.64 
6.68 
4.40 
3.92 
3.22 
1.98 
1.48 
0.98 
4.14 
2.55 
1.52 

21.00 
6.45 
5.18 
2.61 
2.54 
2.04 
1.35 
0.97 
0.57 
4.03 
0.82 
0.54 

(3.45) 
(2.62) 
(2.01) 
(1.44) 
(1.17) 
(1.05) 

b 

b 

b 

(1.00) 
(1.23) 
(0.51) 

(1.65) 
(1.02) 
(0.95) 
(0.72) 
(0.43) 
(0.34) 

b 

b 

b 

(0.40) 
(0.28) 
(0.13) 

a 

9.48 
7.94 
5.28 
5.42 
4.22 
2.65 
1.78 
1.42 
4.79 
2.98 
1.88 

10k2, mol-' min-' 
a 

7.89 
5.66 
2.89 
2.84 
3.69 
1.75 
1.14 
0.94 
4.16 
0.89 
0.61 

a 

11.25 
9.96 
6.30 
6.59 
4.81 
3.14 
2.39 
1.61 
5.47 
4.00 
2.11 

a 

9.21 
7.30 
3.51 
4.25 
2.85 
1.90 
1.48 
0.99 
4.50 
1.26 
0.65 

a 

a 

12.89 
7.66 
7.75 
6.28 
4.26 
3.38 
2.24 
6.91 
4.70 
2.63 

a 

B 

9.34 
4.27 
4.85 
3.90 
2.63 
2.02 
1.36 
6.29 
1.38 
0.77 

a Data not obtained due to their low boiling points. 
Experiments not conducted due to their high boiling points. 

tinuing this approach, the values of the first-order 
kinetic rate constants kl have been calculated as: 

trend with an increase in the size of the penetrant 
molecule. This is expected in view of the fact that 
diffusivity values are directly proportional to  the kl 
values as shown in the following treatment. 

For long sorption times, the term n 2 1 as  well 
as ln(8/r2) can be ignored so that eq. (9) simplifies 
to  give 

dM/dt = kl(M, - MJ (13) 

which upon integration gives 

klt = In[M,/(M, - MA1 (14) 

A representative plot of log(M, - M,) versus t is 
shown in Figure 11. Different negative slopes are 
observed for different solvents and this is attributed 
to  different solvent sorptivities. The calculated rate 
constants from 25 to  7OoC are given in Table IX. 
The kinetic rate constants follow the regular trend 
of increase with temperature and show a decreasing 

Equation (15) is to eq* (14) when 

r2D 
h2 kl = - (16) 



For extensive swelling, h2 does not remain con- 
stant and hence, D increases due to the influx of the 
solvent molecules into the polymer matrix. As long 
as the increase in D matches h2, the values of kl in 
eq. (16) remain nearly constant, so that eq. (14) or 
eq. (15) is obeyed approximately and first-order ki- 
netics are applicable to these systems. When swell- 
ing becomes considerable, and the increase in h2 ex- 
ceeds the increase in D to a point where the variation 
in k, and deviation from the first-order kinetics be- 
come somewhat significant, then it may be legitimate 
to apply the second-order kinetics model from the 
following empirical e q ~ a t i o n . ~ ~ - ~ ~  

t 
- = A + B t  (17) C 

where A and B are numerical constants and C is 
concentration. At long times, Bt 9 A so that, B = 1/ 

1 
C,. At short times, A > Bt so that, the quantity - 

A 

represents the initial rate of swelling, 
t+O 

when the'polymer network just begins to relax in 
response to the osmotic pressure. The equation for 
second-order swelling is then given as 

where k2 is the second-order rate constant. The in- 
tegrated form of the equation representing swelling 
rate at time, t is given by 

k,MLt 
Mt  = 

1 + k,M,t 

which upon further simplification gives 

where k2 = 1/ACL. The dimensions of k2 are con- 
centration-' and time-' (see Table IX). A detailed 
explanation for the use of the second-order swelling 
kinetics has been given by S ~ h o t t . ~ ~  

A typical second-order kinetic plot €or alkanes at  
25°C (Fig. 12) supports the use of the second-order 
kinetic equations to analyze the data of this study. 
The second-order kinetics plot follows the curvature 
behavior over the extended region of swelling. How- 
ever, in order to estimate the second-order kinetic 

SORPTION OF ALIPHATIC ALKANES 33 

0 10 20 30 40 
12.3 

9.8 

7.3 
h - I 

V 
4.8 Y - 

L 

I 

z 
L 9.2 

I 

8 2.3 
Y - 

8 

6.8 

5.6 

4.4 
0 12 2 4  36 48 

t (min) 
Figure 12 Second-order kinetic plots for Santoprene 
+ alkanes at 25°C. Symbols are the same as in Figures 2 
and 3. 

rate constants, we need to consider only the initial 
portion of the swelling curve. The early portion of 
this curve is a straight line and from the slope of 
this curve, the values of k2 were calculated. These 
values are smaller than the kl values for all the San- 
toprene + solvent systems and show almost the same 
dependence on the penetrant size and temperature 
as those of the k1 values discussed above. 

Effect of Temperature and Activation Parameters 

Advances have been made over the past several years 
to develop a microscopic description of the diffusion 
phenomenon in polymers; diffusion in rubbery poly- 
mers is quite different from that in glassy polymers.36 
According to the molecular models of rubbery poly- 
mers above their glass transition temperatures, the 
Arrhenius relation is generally valid experimentally, 
but curved plots are observed in cases when larger 
temperature ranges are used.37 The present experi- 
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S, can be expressed in terms of the van’t Hoff re- 
lationship with a pre-exponential factor So, as: 

where AH8 is the heat of sorption and is a composite 
parameter involving the contributions from: (1) 
Henry’s law, needed for the formation of a site and 
the dissolution of the species into that site; the for- 
mation of a site usually involves an endothermic 
contribution and (2) Langmuir’s (hole filling) type 
sorption mechanisms, in which case the site already 
exists in the polymer matrix and sorption by the 
hole-filling mechanism gives exothermic heats of 

2 -9 3.03 316 3.29 sorption. 
Because the transport phenomenon involves both 

I / T  I O ~ ( K - ~ I  the sorption and diffusion processes, the perme- 
ability coefficient, may also be expressed similarly 
so that the activation energy, EP for the process of 
permeation is: 

Figure 13 Arrhenius plots for the dependence of log D 
vs. 1 / T for Santoprene + alkanes. Symbols are the same 
as in Figures 2 and 3. 

mental results have been analyzed using the Ar- 
rhenius relation for the diffusion process as 

D = Doexp(-ED/RT) (21) 

where ED is the activation energy of diffusion which 
is a function of the intra- and interchain forces that 
must be overcome in order to create the space for a 
unit diffusional jump of the penetrant molecule; Do 
is a pre-exponential factor and RT has the conven- 
tional meaning. The activation energy will be greater 
the larger the penetrant molecule, the stronger the 
polymer cohesive energy, and the more rigid the 
polymer chain segments. 

In an analogous manner, the sorption coefficient 

Since in the present systems the values of S, P, and 
D have shown an increase with a rise in temperature, 
eqs. (21) and (22) were used to calculate ED and AH, 
values from the least-squares procedure. Figure 13 
displays the plots of log D versus 1/T wherein the 
dependence follows almost linearly in the investi- 
gated range of temperature. Using eq. (23), the E p  
values were calculated. These results are summa- 
rized in Table X. It is noticed that, unexpectedly, 
the results of ED or Ep do not show any regular trend 
with the size of the penetrant. The lowest value of 
ED and Ep of about 8 kJ/mol is observed for n-hep- 
tane, while the highest value of ED, of about 20 kJ/ 
mol, is found for n-hexadecane. Activation param- 

Table X Activation Parameters (ED, Ep, and AH, All in kJ/mol), Interaction Parameter (x) and Molar 
Mass Between Crosslinks (&) for Santoprene + Alkanes 

Alkanes ED EP AHs X n;i, 

n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 
2,2,4-Trimethylpentane 
Cyclohexane 
1,2,3,4-Tetrahydronaphthalene 

12.87 
8.23 

12.89 
15.12 
12.67 
18.30 
17.41 
19.43 
11.19 
14.70 
13.69 

13.86 
8.64 

14.10 
16.65 
14.86 
20.80 
19.48 
20.04 
12.67 
17.43 
17.81 

0.99 
0.41 
1.21 
1.53 
2.19 
2.51 
2.07 
0.61 
1.48 
2.74 
4.12 

0.360 
0.345 
0.340 
0.342 
0.347 
0.368 
0.407 
0.436 
0.485 
0.413 
1.201 

302 
364 
557 
484 
538 
588 
667 
875 
381 
846 

a 

a Negative value is observed. 
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eters for 2,2,4-trimethylpentane are lower than n- 
octane; similar data for 1,2,3,4-tetrahydronaphthal- 
ene and cyclohexane are almost identical. However, 
the values of AHs increase systematically from n- 
hexane to n-dodecane. This probably suggests, but 
does not prove, that the intermolecular forces be- 
tween liquids and polymer molecule play an impor- 
tant role and that the diffusion and sorption mech- 
anisms are not identical in the present Santoprene 
and n-alkane systems. A previous study by Bil- 
lingham et al.38 also supports this conjecture. 

For all the penetrants the values of AHs are pos- 
itive, suggesting that the sorption is mainly domi- 
nated by the Henry’s mode giving an endothermic 
contribution to the sorption process. An interesting 
question is whether the solvent molecules penetrate 
into the voids that already exist in the membrane 
material before solvent sorption or whether they 
create the pores in which they reside. To answer 
this question, the volumes of the membranes satu- 
rated with the solvents were measured and compared 
to the volume of the membrane without any solvent. 
If the solvent molecules simply fill the microvoids 
or free volume in the membrane, its volume then 
should not increase. However, in almost all cases, 
the volume of Santoprene is increased by solvent 
sorption due possibly to a contribution from the 
Henry’s mode. It may, however, be noted that the 
volume increases are not greatly significant (i.e., 
av 
- generally vary from 0.45 for n-pentane to about 
V 

1.13 for cyclohexane at 25°C). 

Interaction Parameter and Molar Mass 
Between Crosslinks 

As discussed earlier, the diffusion parameters in a 
solvent-elastomer system depend strongly on the 
morphological setup of the material, as manifested 
in the average molar mass Mc between crosslinks 
of the network, which is inversely related to the 
crosslink density. The most important characteristic 
of an elastomeric network is its degree of crosslink- 
ing to give elastic re~overability.~’ This aspect of 
network structure affects all of the elastomeric 
properties, including equilibrium properties such as 
modulus, ultimate strength, and degree of ~welling.~’ 
Knowledge of it is thus of paramount importance 
with regard to both the molecular interpretation of 
rubberlike elasticity and the rational design of poly- 
mers having specified properties for a wide range of 
elastomeric applications. The magnitude of &?c sig- 
nificantly affects the physical and mechanical prop- 
erties of the crosslinked polymers both in the pres- 

ence and absence of solvent media and hence, its 
determination has a great practical value. 

In the polymer literature, equilibrium swelling 
experiments have been widely used41 to determine 
A&. Pioneering research by Flory et a1.42,43 laid the 
foundations for the analysis of equilibrium swelling 
data. Thus, for a perfect polymer network, 

where Vs is the molar volume of the solvent, p p  is 
the polymer density, c$p is the volume fraction of the 
polymer in the swollen state, and x has the conven- 
tional meaning from the Flory-Huggins interaction 
parameter between the solvent molecules and the 
polymer. Volume fraction of the polymer in the 
swollen state has been computed by using:” 

where Mb and Ma are, respectively, the mass of the 
polymer before and after swelling, ps is solvent den- 
sity and p p  is density of Santoprene. 

The polymer-solvent interaction parameter, x is 
calculated as,44 

where 6s is solubility parameter of the solvent, p is 
a lattice constant whose value is generally taken to 
be 0.34 and RT is the usual energy term. In order 
to calculate x as suggested above, it is important to 
have a prior knowledge of the solubility parameter 
6, of the polymer. The procedure of Gee45 and 
T a k a h a ~ h i ~ ~  has been used to compute 6, of the 
polymer. A plot of swelling coefficient a (= (Ma 
- Mb)/Mbps) versus solubility parameter of the sol- 
vent was constructed. A maximum value in a was 
found at 6s = 7.57 and this was taken to be the sol- 
ubility parameter of the p ~ l y m e r . ~ ~ , * ~  Using this 
value for a,, we have calculated x from eq. (26).  The 
values of MC have been calculated from eq. (24). 
These data are also included in Table X. 

The values of MC show a generally increasing 
trend with the length of n-alkanes. Because the na- 
ture of the crosslinked system is understood either 
in terms of Mc or in terms of its reciprocal value 
(i.e., crosslink density), it is evident that the cross- 
link density decreases with an increase in the size 
of the penetrant molecules. The values of M c  range 
from about 300 to 875 for n-hexane to n-hexadecane. 
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However, for n-pentane, &$c is small [i.e., 168 (not 
reported)] and for 1,2,3,4-tetrahydronaphthalene, we 
could not obtain reliable data. The value of 2,2,4- 
trimethylpentane is smaller than n-octane. At  any 
rate, the estimation of ac from the Flory-Rehner 
theory has limited applications and hence these val- 
ues should be regarded as only approximate. How- 
ever, the data presented here serve for a qualitatively 
successful application of the Flory-Rehner theory. 

CONCLUSIONS 

The transport parameters of this study were found 
to decrease linearly with an increase in the size of 
the n-alkanes. The diffusivity values of 2,2,4-tri- 
methylpentane at all temperatures were consider- 
ably lower than the corresponding values for a linear 
molecule of a similar size viz., n-octane. This is at- 
tributed to the rigidity of 2,2,4-trimethylpentane. 
Also 2,2,4-trimethylpentane exhibits a lower value 
of ED than its corresponding isomer, n-octane which 
has a similar size. The change of the alkane size led 
to increasing resistance to the diffusion of the bigger 
solvent molecules penetrating through the polymer 
membrane. 

A t  higher temperature, the increase in diffusion 
and relaxation rates of the polymer, accompanied 
by an increase in the polymer free volume, resulted 
in a higher equilibrium penetrant uptake. The ob- 
served overshoot effect with the present systems was 
attributed to polymer relaxational phenomenon. 
Transport kinetics have been studied in terms of 
the first-order and second-order kinetic equations. 
However, it is difficult to characterize the overall 
transport kinetics with a specific experimental pa- 
rameter. It was shown that the changes in the trans- 
port kinetics during S-RS experiments are caused 
by the changes in the relative rates between the 
polymer chain relaxation and the penetrant diffusion 
during sorption. Though the diffusion coefficients 
have been estimated from the Fickian equation, 
these tend to exhibit concentration dependencies. 

We are thankful to the Council of Scientific and Industrial 
Research [Grant No. 01 (1239)/92/EMR-I1] for a major 
financial support of this study. 
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