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Solvent transport into Santoprene thermoplastic rubber samples exposed to n-alkanes (Cs to C,¢),
2,2,4-trimethylpentane, cyclohexane and 1,2,3,4-tetrahydronaphthalene in the temperature interval 25-70°C
has been studied. For all liquids, equilibrium penetrant uptake and degree of penetrant overshoot have
been influenced by factors such as penetrant size, shape, polymer morphology and temperature. Sorption—
desorption-resorption-redesorption experiments have been performed for some typical solvents at 25°C
to determine the true sorption equilibrium and transport parameters. The values of the polymer-solvent
interaction parameters have been used to calculate the molar mass between crosslinks of the network
polymer. Kinetic rate constants and the activation parameters for the process of diffusion, permeation and
sorption/desorption have been calculated. The transport coefficients and the activation parameters showed
a dependence on the size of the penetrant molecules. The transport phenomenon was found to follow the
Fickian-type mechanism.
(Keywords: Santoprene; diffusion; molecular transport)
INTRODUCTION

The molecular transport of organic solvents in rubbery
polymers is a subject of both fundamental and technical
importance' 3. It is fundamentally important because
factors such as polymer morphology and molecular
interactions that control the transport phenomenon are
not well understood. Also, the existing transport theories,
based on the macroscopic parameters, are difficult to
interpret in terms of the interactions occurring between
the polymer matrix materials and the diffusing molecules.
It is technically important because the use of thermo-
plastic rubber products in applications such as barrier
layers, cable coatings, etc., is extremely widespread®.
Material failure in such applications might result in the
loss of large amounts of capital investments. Polymer
applications in areas such as landfill liners in hazardous
waste treatment>'®, reverse osmosis’®, pervaporation
separation?®'1°, etc., all require diverse characteristics of
the film materials. Successful applications of polymers in
these areas depend very much on their response to the
presence of liquids.

Previous research efforts from our laboratory in this
area have been directed towards the accumulation of
extensive transport and sorption data of a variety of
polymers in the presence of various organic liquids** 8,
In these studies, liquid sorption or transport was found
to be a function of structure of both the polymer and the
diffusant molecule. The polymer chain orientation also
seemed to modify the transport process. The present

* To whom correspondence should be addressed

study extends these approaches toward molecular trans-
port characteristics of a Santoprene thermoplastic rubber
in the presence of aliphatic alkanes as probe molecules.
Santoprene, i.e. miscible blends of ethylene—propylene
random copolymer (EPM) and isotactic polypropylene,
is a useful engineering polymer that combines the
performance characteristics of vulcanized rubber with the
processing ease of thermoplastics. The polymer is used
in applications such as hose connectors, plugs, windshield
spacers, vibration isolators, flexible cords, submersible
cables, filter and pump seals, etc. However, acceptability
of Santoprene for a specific application depends ulti-
mately on its performance requirements and hence
solvent exposure testing must be carried out before it is
used.

Diffusion coefficients (D) and equilibrium sorption
(M, ) are the fundamental properties measured during
solvent ingression studies. Some studies have indicated
that the weight gain curves for polymers immersed in
solvents show a decrease after reaching a maximum!°2!,
This phenomenon was attributed to diffusion of indi-
genous residual materials. The loss of low molecular
weight residuals may be disastrous in some cases, €.g. the
loss of residual to a packaged food. In several polymeric
systems, the presence of solvents leads to a sudden
overshoot effect which is followed by a decline to an
equilibrium position. Such effects have been attributed
to the relaxation processes within the polymer during
solvent migration?®-22,

The objective of this study is to measure the sorption
and transport characteristics of Santoprene as a func-
tion of temperature, solvent size, shape and polymer
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morphology. A technique is proposed to assess the weight
loss and thereby determine the sorption parameters. After
sorption, polymer samples were desorbed to measure
the amount of sorbed solvent and removal of any
residuals. The desorbed samples were again exposed to
solvent for resorption followed by redesorption. Thus, it
appears that the sorption (S)-desorption (D)-resorption
(RS)-redesorption (RD) test is an effective analytical
probe for studying the molecular transport phenomenon
in rubbery polymers. The sorption, diffusion and permea-
tion coeflicients of Santoprene—alkane systems have been
estimated together with activation parameters to under-
stand the behaviour of Santoprene in the presence of
different solvents.

EXPERIMENTAL

Reagents and materiuls

Sheets of Santoprene rubber (sample designation
103-40) were obtained from Advanced Elastomer Systems
{St. Louis, MO, USA) in dimensions of 26cm x 26cm

Table 1

Typical mechanical and fluid resistance properties of Santoprene

with initial thicknesses ranging from 0.158 to 0.161 cm.
Disc-shaped samples (diameter 1.97-1.99 cm) were cut
from the large sheets by means of a sharp-edged
carbon-tipped steel die. The test samples were dried in
vacuum desiccators 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 |.

The reagent grade solvents used as penetrants were:
n-pentane (BDH, UK), n-hexane and n-heptane (both
S.D. Fine Chem. Ltd, Bombay, India), n-octane (Riedel,
Germany), n-nonane, n-decane, n-dodecane, n-tetra-
decane and n-hexadecane (all from S.D. Fine Chem. Ltd),
2,2 4-trimethylpentane (BDH), cyclohexane (Ranbaxy
Labs Ltd, Punjab, India) and 1,2,3,4-tetrahydronaph-
thalene (Riedel, Germany). Of these, 2,2,4-trimethyl-
pentane, n-dodecane and 1,2,3,4-tetrahydronaphthalene
were double distilled before use while the other solvents
were used as supplied. Their measured physical properties
such as densities and refractive indices at 25°C agreed well
with the literature values®®. Relevant data are given in
Table 2.

Mechanical Fluid resistivity®
ASTM Test Test Volume
test temp. temp. swelling
Properties method ("C) Fluid (-C)
Hardness (5s Shore) D2240 25 40D Water 100 2
Specific gravity D297 25 0.95 15% NacCl 23 0
Tensile strength (MPa) D412 25 19.0 50% NaOH 23 0
Ultimate elongation (%) D412 25 600 98% H,SO, 23 2
100% modulus (MPa) D412 25 8.6 ASTM #1 oail 100 6
Tear strength (kN/m}) D624 25 64.6 ASTM #2 ol 100 17
100 355 ASTM #3 oil 100 30
Tension set (%) D412 25 48 Brake fluid 100 -9
Compression set (%) D395 25 32 Automatic transmission fluid 125 33
168 h 100 49
Brittle point (“C) D746 - -57

“Tested for 166 h

Table 2 Some physical properties of solvents used as penetrants at 25°C

n V 3
Alkane (mPas) I3 (cm*mol ~ 1) (cal'?cm ™32
n-Pentane 0.23¢ 1.84% 115.2 7.10
n-Hexane 0.29 1.88 131.6 7.27
n-Heptane 0.40 1.93 147.5 7.43
n-Octane 0.52 1.95 163.5 7.57
n-Nonane 0.67 1.97 179.7 7.65
n-Decane 0.86 1.99 1959 7.72
n-Dodecane 1.38 2.00 228.6 7.84
n-Tetradecane 2.04 2.04 260.1 7.96
n-Hexadecane 301 2.09 292.8 8.01
2,2,4-Trimethylpentane 0.47 1.94 166.1 6.85
Cyclohexane 0.90 2.02¢ 108.8 8.20
1,2,3,4-Tetrahydronaphthalene 2.00 277 136.8 9.50

2Taken at 20°C
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S—-D-RS-RD experiments

Circular cut and dried Santoprene samples weighing
initially (W,) ~0.4630g were placed in screw-tight test
bottles containing 15-20ml of the respective solvents.
These were periodically removed, the surfaces were dried
by filter paper and the samples were weighed (W,) on a
digital Mettler balance (model AE 240, Switzerland) to
within an accuracy of +0.01mg. Samples reached
equilibrium saturation within 24h and this did not
change significantly over a further period of 1 or 2 days.
The percentage weight gain during solvent sorption was

calculated as:
W,— W,
Wt% (t):(%’——o)x 100 (1)
4]

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

W, — W,
Wt loss % = <—°_-—d> x 100 (2)
Wo

where W, is the weight of the Santoprene after desorption.

Resorption testing was carried out in the same way as
the sorption tests. If the polymer does not show a weight
loss during sorption and desorption, the initial weight of
Santoprene and weight after desorption should be the
same. In the present study, weight loss of Santoprene
occurred in sorption and resorption experiments. The
resorbed samples were placed once again in a vacuum
for a second desorption. Any difference between the
weight loss after redesorption indicates a continued
weight loss during resorption. This is another way of
testing the extent of continuous loss during S-D-RS-RD
testing. The results confirm the agreement of the
equilibrium sorption value M, during desorption and
redesorption. The observed total losses in S-D-RS-RD
experiments are listed in Table 3. The mol% mass change
(i.e. moles of solvent sorbed or desorbed per 100g of
polymer) in resorption experiments is generally higher
than those observed in sorption experiments indicating

higher saturation. However, in desorption and redesorp-
tion experiments, the mol% mass change remains almost
identical.

RESULTS AND DISCUSSION

Sorption behaviour

The results of dynamic penetrant transport into a
network polymer give a better understanding of the
mechanisms of solvent transport. Earlier, we have investi-
gated the mechanisms of alkane transport into several
rubbery polymers!2-13. Continuing these approaches, the
penetrant sorption has been analysed in terms of the
empirical relation?*25:

M
log| —L )=logK +nlogt 3
g<M> gK+nlog (3)

A€xO©

where M, is the mass of solvent sorbed at time ¢, M is
the mass of solvent sorbed at complete equilibrium and
K is a parameter which depends on the structural
characteristics of the polymer in addition to its inter-
action with solvent molecules. The value of n is indicative
of the type of transport mechanism. In desorption, 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 up to 55% of the final weight
of the solvent sorbed and it has no provisions for analysis
of such details as inflections or solvent loss with time.
The estimated values of n and K for sorption and
resorption are compiled in Table 4. The values of n are
accurate to +0.01 units.

The values of n for sorption experiments vary between
0.50 and 0.62 in the investigated temperature range
suggesting that the observed diffusion mechanism appears
to follow Fickian-type transport. For the resorption
process at 25°C, the values of n range from 0.54 to 0.59.
However, the values of K tend to increase with a rise in
temperature but decrease systematically with an increase
in the molecular size of alkanes from n-heptane to
n-hexadecane suggesting decreased polymer—solvent

Table 3 Mole per cent mass change and total weight loss during S-D-RS-RD experiments at 25°C

Mass change (mol%)

Total mass loss (%) after

S-D RS-RD

Alkane S D RS RD cycle cycle
n-Pentane 0.096 0424 0.564 0428 26.1 1.75
n-Hexane 0.138 0.386 0.523 0.352 25.5 0.55
n-Heptane 0.142 0.346 0.503 0.330 26.6 —0.67
n-Octane 0.164 0.321 0.486 0.305 252 —-0.12
n-Nonane 0.122 0.275 0.402 0.257 264 —147
n-Decane 0.111 0.249 0.346 0.237 252 1.15
n-Dodecane 0.088 - - - 25.7 —
n-Tetradecane 0.079 - - - 240 -~
n-Hexadecane 0.079 - - - et -
2,2,4-Trimethylpentane 0.091 0.280 0.393 0.261 26.3 —1.57
Cyclohexane 0.451 0.532 1.981 0.546 242 1.67
1,2,3,4-Tetrahydronaphthalene 0.253 0.337 0.537 0.288 26.0 -

“Reliable data not obtained
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Table4 Fitting parameters of equation (3) for Santoprene and alkanes

102K
n (g~ " min")
S RS S RS
25-70°C  25°C  25-70°C  25°C
n-Pentane 0.54 (0.56) 264 (6.5)
n-Hexane 0.54-0.57 (0.57) 15.1-20.5 (5.0)
n-Heptane 0.52-0.62 (0.39) 17.1-21.7 (3.8)
n-Octane 0.51-0.52 (0.57) 124-167 (4.0
n-Nonane 0.51-0.57 (0.55) 12.2-18.7 (3.1)
n-Decane 0.52-0.53 (0.58) 11.0-153 (3.1)
n-Dodecane 0.51-0.54 (-4 7.8-122 (-9
n-Tetradecane 0.50-0.53 (-* 6.2-104 (-9
n-Hexadecane 0.50-0.52 (-9 46-102 ()
2,2.4-Trimethylpentane 0.52-0.56 (0.56) 10.3-152 (2.3)
Cyclohexane 0.57-0.61 (0.58) 6.2-90 (3.1)
1.2,3.4-Tetrahydronaphthalene  0.50-0.59 (0.54) 6.3-9.3  (20)

4 Data not obtained due to high boiling points

0.19-11 o l

o 1]

K (g/gmin")

125 165 205 245 285

\' (cm3mol'1 )

Figure 1 Dependence of parameter K of equation (3) on molar volume
of n-alkanes. Vertical bars indicate the temperature interval of 25-70°C

interactions. The values of K for cyclohexane are almost
identical to those of 1,2,3,4-tetrahydronaphthalene. The
K values for 2,2,4-trimethylpentane are smaller than for
n-octane for both sorption and resorption processes. On
the other hand, the values of K for n-pentane and
n-hexane do not follow the regular trend. The dependence
of K on molar volume of alkanes in the investigated
temperature interval is shown in Figure 1. For resorption,
the values of K are smaller than those observed for
sorption, possibly due to morphological changes of the
polymer.

Data from sorption and desorption runs are presented
as plots of the fractional uptake of the penetrant against
t'2/h. These plots are referred to as reduced sorption/
desorption curves, since the sheet thickness is included
in the abscissa. This type of presentation is useful because
it clearly shows any possible deviations of the penetrant
transport from Fickian behaviour. Reduced plots of
S-D-RS-RD experiments for lower n-alkanes, i.c. C; to
C,, including 2,2.4-trimethylpentane (Cg) at 25°C are
presented in Figure 2. For all penetrants, sorption uptake
curves initially exhibited an overshoot effect with sudden
maxima which later declined back to the true equilibrium
values. Such overshoot effects have been attributed to
changes in polymer morphology due to the presence of
solvent molecules'®-26. The observed overshoots in the
present systems may be the result of morphological
changes either from solvent-induced crystallization or
from the possible phase separation occurring due to
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miscible blend morphology of Santoprene, thereby
altering the conventional sorption phenomenon. The
overshoot effect is not observed for desorption, resorption
and redesorption processes as shown in Figure 2.

The observed overshoot effect for the sorption processes
has been analysed by calculating the percentage over-
shoot index, OI'®:

M

-M.
0l="""""7 4100 )
M

where M, is the maximum penetrant equilibrium. The
values of OI at different temperatures are given in Table
5 and these values at 25°C show a decrease with
increasing size of alkanes except for n-octane. Among the
penetrants studied, the O1 at 25°C for n-pentane is highest
(135). The OI results are not systematically dependent on
temperature. The OI for 2,2,4-trimethylpentane is higher
than for n-octane but for 2.24-trimethylpentane it
decreases with an increase in temperature. At higher
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Figure 2 Reduced plots of mol% sorption, desorption, resorption.
and redesorption at 25°C for (Q) n-pentane, (A) n-hexane, ([J)
n-heptane, (@) n-octane, (A\) n-nonane, () n-decane and ([7) 2,2.4-
trimethylpentane

Table 5 Per cent overshoot index values for Santoprene and alkanes
at different temperatures

Alkanes 25°C 40°C 55°C 70°C
n-Pentane 1354 = - =
n-Hexane 63.2 61.5 534 -
n-Heptane 573 69.5 529 426
n-Octane 379 36.9 304 236
n-Nonane 46.5 41.0 46.3 378
n-Decane 442 472 392 348
n-Dodecane 42.1 42.0 16.0 28.5
n-Tetradecane 33.1 48.0 323 20.8
n-Hexadecane 17.7 26.0 20.7 26.4
2,2,4-Trimethylpentane 68.1 589 55.6 45.6
Cyclohexane 11.9 10.7 8.8 2.0
1,2,3,4-Tetrahydronaphthalene 16.9 15.7 12.8 54

“Data not obtained due to low boiling points
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temperatures, the OI values are generally smaller than
at lower temperatures. The observed lower OI values for
a bigger penetrant like n-hexadecane are attributed to
the slow relaxation of the polymer chain in the presence
of n-pentane.

Due to the observed overshoot effect in the present
experimental systems, the sorption data have been
analysed by shifting each of the fractional uptake curves
based on the magnitude of the overshoot effect apparent
in the plots (Figure 2). The shifting of the sorption curves
can be expressed as?®:

M, —a=Kt" (5)

.
where « is a shift factor indicating the initial overshoot
effect during sorption. The values of «, K and n have been
determined at 95% confidence limit by fitting the
experimental sorption results to equation (5) using the
Marquardt’s least squares procedure. The values of K
and n as estimated from equation (5) for all the systems
are almost identical to those given in Table 4.

In a sorption—desorption cycle, the available free
volume of the polymer might increase and hence, the
subsequent sorption process is different from that of the
original. These effects have been successfully described by
the network relaxation in terms of the times required for
the molecular rearrangements of the chains and that of
the solvent diffusion into the polymer?’. However,
segmental mobility of the polymer might be increased
due to solvent ingression and this depends upon the
ability of the solvent molecules to penetrate and, thereby,
weaken the intermolecular forces of the polymer network
structure.

The resorption curves for 2,24-trimethylpentane and
n-nonane are almost identical at 25°C (Figure 2). Similarly,
for n-heptane and n-pentane, the sorption curves are
almost identical. Sorption curves for higher alkanes
presented in Figure 3 also exhibit significant overshoot
effects for cyclohexane, n-dodecane and n-tetradecane;
however, these effects are small for n-hexadecane
and 1,2,3,4-tetrahydronaphthalene. Also, the equilibrium
sorption values for n-hexadecane are lower than cyclo-
hexane and other n-alkanes. The desorption curves for
Csto C and 2,2,4-trimethylpentane presented in Figure
2, exhibit an increase in mol% desorption from alkanes
C; to Cy,. However, the desorption curves for n-decane
are slightly sigmoidal; the desorption curves for 2,2.4-
trimethylpentane and n-nonane are almost identical. The
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12 | L3 o be— 145
I d”‘v.vv
—_ Avvoo 000! e
S 081 ag, e, . "o 3
g o:oo ° e
= .
= 04+ @o 115
?ég
0 s : : 0

0 70 10 210 280
/t/h (min3em )

Figure 3 Reduced plots of mol% sorption at 25°C for (V) n-dodecane,
(<) n-tetradecane, (@) n-hexadecane, (&) cyclohexane and () 1,2,3.4-
tetrahydronaphthalene
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Figure 4 Effect of temperature on S-D-RS-RD curves for n-heptane,
n-dodecane, n-hexadecane, and 1,2,3,4-tetrahydronaphthalene. Tem-
perature: (O) 25°C; (W) 40°C; ([0) 55°C; (@) 70°C

desorption experiments for high boiling alkanes (C, ,, C,,
and C,¢) are not performed due to the difficulties in
completely drying the Santoprene samples. The desorp-
tion and redesorption curves exhibit almost identical
patterns. However, the equilibrium uptake values and the
time to attain the equilibrium desorption are higher in
redesorption than desorption. A striking difference is
observed for n-decane which exhibits a more sigmoidal
tendency in the redesorption process when compared to
desorption. Also, the equilibrium desorption values for
n-nonane and 2,2 4-trimethylpentane are almost identical.
The behaviour of 2,2,4-trimethylpentane is quite different
in S-D-RS-RD experiments, i.e. it exhibits lower sorp-
tion than all other penetrants presented in Figure 2.
However, in desorption experiments, its value is higher
than that of n-decane.

The temperature-dependent sorption curves for some
representative penetrants, namely, n-heptane, n-dodecane,
n-hexadecane and 1,2,3,4-tetrahydronaphthalene are given
in Figure 4. For the latter, sorption increases with
temperature and the overshoot effects are observed even
at higher temperatures, but the effect is not systematic.
It may be noted that the final equilibrium values for
n-hexadecane lie within a narrow range of equilibrium
sorption values. On the other hand, for n-heptane and
n-dodecane, the values vary over a wider range. A
plausible explanation for such an effect is that at high
penetrant concentration during the later stages of
sorption, the distribution of solvent molecules into the
dense region of the polymer becomes significant. Also, at
this stage a significant change in the network polymer
structure might occur in the presence of some solvents.

The mol% sorption coefficients, S, obtained from the
true equilibrium values for sorption and resorption
processes in the investigated temperature interval are
summarized in Table 6. Generally at 25°C, the mol%
uptake data for sorption are considerably smaller than
resorption. Sorption data at 25°C increase from n-
pentane to n-octane and later show a decreasing tendency
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Table 6 Sorption coefficients (S, mol%) for Santoprene and alkanes
at different temperatures obtained from sorption and resorption runs

Temperature (“C)

25 40 55 70

Alkanes S RS S
n-Pentane 0.096 (0.564) =4 =
n-Hexane 0.138 (0.523) 0.151 0.180 -
n-Heptane 0.142 (0.503) 0.143 0.169 0.184
n-Octane 0.164 (0.486) 0.186 0.210 0.232
n-Nonane 0.122 (0.402) 0.139 0.153 0.162
n-Decane 0.111 (0.346) 0.117 0.145 0.158
n-Dodecane 0.088 (-9 0.098 0.142 0.137
n-Tetradecane 0079 (- 0074 0.093 0.110
n-Hexadecane 0079 (-9 0.077 0,081 0.082
2,2,4-Trimethylpentane 0.081 (0.393) 0.105 0.117 0.131
Cyclohexane 0451 (0.981) 0519 0.610 0.723
1,2,3,4-Tetrahydronaphthalene 0.253 (0.537) 0.275 0313 0.381

“Data not obtained due to low boiling points
* Data not obtained due to high boiling points
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Figure 5 Dependence of maximum (M,,) and equilibrium (M ) sorp-
tion values on the number of carbon atoms of n-alkanes. Vertical bars
indicate the temperature interval of 25-70°C

from n-nonane to n-hexadecane; for the latter penetrants,
the S values are almost identical. The values of S for
2.2, 4-trimethylpentane are smaller than for n-octane. A
longer and bigger n-hexadecane exhibits an equilibrium
sorption of 0.079mol% at 25°C when compared to a
value of 0.096 mol% for n-pentane. At higher tempera-
tures, the values of S are not so systematic. It is interesting
to note that the equilibrium resorption values at 25°C
show a systematic decrease with an increase in the size
of the alkanes from n-pentane to n-decane. The depen-
dence of the maximum 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. It is noticed that
except for n-octane, the remaining n-alkanes exhibit a
decrease with increasing size of n-alkanes. From sorption
results given in Table 6, it is obvious that though
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2,2,4-trimethylpentane has the same number of carbon
atoms as n-octane, its sorption is not identical; the
sorption of the latter is higher. Also, the cyclic penetrants
such as cyclohexane and 1,2,3,4-tetrahydronaphthalene
exhibit higher sorption than the other n-alkanes.

There is a systematic increase in sorption with an
increase in temperature except in a few cases. The
sorption values of n-pentane at higher temperatures and
n-hexane at 70°C are not available due to their low
boiling points. Various parameters are critical in the
interpretation of sorption results; these include tempera-
ture, penetrant size and shape, polarity and sample
history. For instance, an increase in temperature should
normally increase sorption; this is due to the creation of
extra free volume. Within the investigated temperature
range, the dynamic penetrant sorption tends to increase
with temperature for all penetrants. The times to reach
equilibrium (T,,,) and maximum (T,,,,) sorptions also
play an important role. This dependence is shown in
Figure 6. Different T, and T,,, values are observed
depending on the length of the penetrant molecules.
Generally, T,,,, and T, increase with increasing size of
penetrants.

Calculation of diffusion coefficient

To calculate the overall average diffusion coefficient,
D, of the penetrant into the polymer, Fick’s second law
of diffusion is solved for the slab geometry of the polymer
immersed in an infinite solvent bath using the relation?®:

M,_1_<8>i{[ 1 ]ex [—D(2n+1)2n2t}}
.\ B a2 TP 0

(6)

Equation (6) suggests that a plot of fractional equilibrium
uptake versus t''2/h is linear at small times so that D can
be calculated from the initial slope. Sorption and
desorption data were fitted to the first 11 terms of
equation (6) (i.e. n=10) using the Marquardt algorithm.
At longer sorption times, equation (6) can be simplified
to give:

8\ Dn%

Thus, a plot of In(1—M,/M ) versus t should be linear
at long diffusion times and the slope is directly propor-

tional to D. Some of our data presented in Figure 7 show
linearity only up to ~50% sorption equilibrium and

1240 + b
<
E 90 h
x
[=]
£ 640} 1
~
£
o
—2 340 4
40 . L
4 7 10 13 16
C atoms

Figure 6 Dependence of maximum (O, T, and equilibrium (@.

T, times on the number of carbon atoms of n-alkanes at 25°C
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Figure 7 Long-term sorption plots according to equation (7) for
Santoprene and n-alkanes at 25°C. Symbols are the same as in Figures 2
and 3

Table 7 Diffusion (D) and permeation (P) coefficients of Santoprene
and alkanes from sorption measurements at different temperatures

Temperature (°C)

Alkanes 25 40 55 70

10°D (cm?s™ 1)

n-Pentane 6.73 -4 - -4

n-Hexane 244 3.84 4.57 -4

n-Heptane 3.03 4.48 4.68 4.63
n-Octane 1.57 2.07 2.17 2.60
n-Nonane 1.61 1.87 2.84 3.69
n-Decane 1.24 1.67 1.92 2.44
n-Dodecane 0.65 0.96 0.88 1.70
n-Tetradecane 042 0.55 0.96 1.07
n-Hexadecane 0.22 0.45 0.61 0.95
2,2,4-Trimethylpentane 1.26 1.58 1.95 2.35
Cyclohexane 0.55 0.80 1.01 1.17

1,2,3,4-Tetrahydronaphthalene 0.40 0.61 0.62 0.80

107P(cm?s™ 1)

n-Pentane 4.64 -4 -4 -

n-Hexane 2.89 5.00 7.11 -4

n-Heptane 4.30 6.40 793 8.51
n-Octane 2.94 4.39 521 6.87
n-Nonane 2.52 3134 5.57 7.67
n-Decane 1.95 2.77 395 5.48
n-Dodecane 0.97 1.59 213 397
n-Tetradecane 0.67 0.81 1.77 234
n-Hexadecane 0.40 0.77 1.12 1.77
2,2,4-Trimethylpentane 1.32 1.90 2.60 3.51
Cyclohexane 2.07 3.51 5.20 7.10

1,2,3,4-Tetrahydronaphthalene 1.35 2.20 2.55 4:03

“Data not obtained due to low boiling points

slopes were calculated from these lines using least squares
procedures. The diffusion coefficients obtained using
equation (7) are somewhat higher than the D values
calculated from equation (6). However, we used the D
values calculated from equation (6) for our discussion.
These values are compiled in Table 7.

The decrease of D from n-pentane to n-hexane is
considerable when compared to the values from n-hexane
to n-hexadecane. However, a systematic decrease in D is
observed (with a few exceptions) at all the temperatures
suggesting the dependence of D on the molecular size of
the penetrant. A plot of D versus the number of carbon
atoms showing this effect is shown in Figure 8. Earlier,
it was realized®®-3° that the shape of the penetrant has
a systematic effect on its transport into polymers. A linear
and flexible molecule is expected to diffuse faster than a
somewhat less flexible and less symmetrical molecule such
as 2,2, 4-trimethylpentane, cyclohexane and 1,2,3,4-tetra-
hydronaphthalene. In the present work, it was found that
at all temperatures studied, the values of D for 2,2,4-
trimethylpentane are lower than the values of a linear
molecule of the same size (n-octane). This is because the
pendent methyl groups in 2,2,4-trimethylpentane with its
larger diameter may not locate an appropriate hole size
in the polymer matrix.

Diffusion of a number of homologous paraffin hydro-
carbons has been studied by Aitken and Barrer®!. They
found that the side methyl groups in the penetrants
lowered the diffusivities more than in the case of the
corresponding linear molecules. Conversely, when pene-
trant molecules are of comparable diameter but of
varying length, the effect of the length of the molecule
will play a dominant role. This was the case for the flexible
and long chain molecule such as n-hexadecane, whose
diffusion coefficients are smaller than other lower
n-alkanes. The diffusion coefficients of cyclohexane are
higher than 1,2,3,4-tetrahydronaphthalene at all the
temperatures.

Diffusion in rubbery polymers bears a direct relation-
ship to some of the solvent properties such as viscosity
(7) and dielectric constant (¢). Vahdat®?, in a recent study,
suggested a correlation between diffusivity and viscosity
for elastomer—solvent systems. Similarly, for the present
systems, a systematic variation of 5 and ¢ is observed with
diffusion coefficients (Figure 9). Solvent permeation
through a polymer film involves a macroscopic process,
which results from the combination of two quite
different local mechanisms'!™8; the solubility of the
solvent (in gg~ ') and the diffusion of the solvent, which
is an irreversible kinetic process?®. More simply, perme-
ability, P, can be calculated as the product of the diffusion
coefficient and solubility of the liquid in the membrane,
ie. P=DS. These results are also included in Table 7. It
is generally observed that permeability results follow the
same pattern as those of diffusion coefficients in the

D- 106(cm2 s'1)

C atoms

Figure 8 Dependence of diffusion coefficient on number of carbon
atoms of n-alkanes at the temperatures given in Figure 4
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Figure 9 Dependence of (Q) viscosity and (@) dielectric constant on
the diffusion coefficient for Santoprene and n-alkanes at 25°C

Table 8 Comparison of diffusion and permeation coefficients from
S-D-RS-RD experiments at 25-C for Santoprene and alkanes

Alkanes S D RS RD
10°D(cm?s ™)
n-Pentane 6.73 232 0.41 0.24
n-Hexane 244 207 0.29 1.75
n-Heptane 3.03 0.69 0.20 0.64
n-Octane 1.57 0.54 0.20 0.23
n-Nonane 1.61 0.09 0.11 0.20
n-Decane 1.24 0.06 0.12 0.01
2.2.4-Trimethylpentane 1.26 0.61 0.06 0.47
Cyclohexane 0.55 0.92 0.14 0.65
1.2.34-Tetrahydronaphthalene 0.40 0.01 0.04 -4
107P(cm?s™ ")

n-Pentane 4.64 7.09 1.67 7.53
n-Hexane 2.89 6.89 1.32 5.30
n-Heptane 4.30 240 1.00 2.11
n-Octane 294 1.99 1.13 0.79
n-Nonane 2.52 0.32 0.58 0.64
n-Decane 1.95 0.21 0.60 0.05
2.24-Trimethylpentane 1.32 1.95 0.28 1.41
Cyclohexane 2,07 4.12 1.16 2.98

1.2.3.4-Tetrahydronaphthalene 1.35 0.05 0.31 =

“Reliable data not obtained

investigated temperature range. Permeability results of
cyclohexane are higher than 1,2,34-tetrahydronaph-
thalene. Permeability of n-octane is higher than that of
2,2, 4-trimethylpentane. A comparison of diffusion and
permeation coefficients at 25°C for the S-D-RS-RD
experiments is given in Table 8. The values of these
coefficients are different in all these processes suggesting
possible morphological changes of Santoprene in the
presence of different molecules during the cyclic S-D-
RS-RD testing. Similarly, the diffusion and permeation
coefficients for 1,2,3,4-tetrahydronaphthalene are quite
small.

Sorption kinetics

Earlier, it was shown that sorption in rubbery polymers
can be studied by using first-order kinetics**. Continuing
this approach, we have calculated the first-order rate
constant k,, by using the following equation:

dM/dt=k,(M,—M,) 8)
which upon integration gives
kyt=In[M_ /M, —M,)] 9

A representative first-order plot of log(M , — M,) versus
t is shown in Figure 10. For all solvents these plots exhibit
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negative slopes and are slightly curved. The calculated
values of the rate constants in the temperature interval
25-70°C are given in Table 9. The k, values follow a
regular trend of increasing with temperature and show

-0-8

125t 4

135

-1.45 1 L o .
0 25 50 7% 100

t (min)

Figure 10 First-order kinetics plots for Santoprene and n-alkanes at
25°C. Symbols are the same as in Figures 2 and 3

Table9 First- (k,) and second-order (k,) rate constants for Santoprene
and alkanes at different temperatures obtained from sorption and
resorption runs

Temperature (*C)

25 40 55 70
Alkanes S R S
10k, {min ")

n-Pentane -4 (1.78) - -t b
n-Hexane 625 (1200 982 11.78 -
n-Heptane 7.00 (0.84) 988 11.04 1296
n-Octane 374 (0.82) 503 634 626
n-Nonane 394 (0.49) 5.00 6.66 8.92
n-Decane 3.04 (055 406 459 571
n-Dodecane 1.67 (-9 229 217 407
n-Tetradecane .11 (=9 1.50 227 260
n-Hexadecane 0.61 (—) 1.08 1.49 227
2,2,4-Trimethylpentane 333 (0.29) 401 498 582
Cyclohexane 1.54 (0.61) 217 282 310

1,2.3,4-Tetrahydronaphthalene  1.03 (0.18) 1.48 1.75 1.96

10k, (mol ™' min~")

n-Pentane - (1.78) -* b b

n-Hexane 18.86 (1.12) 2755 2630 -*

n-Heptane 18.85 (0.70) 2732 22.88 24.66
n-Octane 6.92 (0.61) 841 9.10 865
n-Nonane 891 (039) 987 11.89 1525
n-Decane 6.70 (0.44) 879 78t 890
n-Dodecane 379 (-9 476 299 6.17
n-Tetradecane 241 (-9 344 428 4.0t
n-Hexadecane L1 (-9 212 273 417
2,2,4-Trimethylpentane 11.04 (0.26) 11.74 1229 1372
Cyclohexane 136 (0.29) 169 185 177

1,2,3,4-Tetrahydronaphthalene  1.02 (0.10) 1.33 1.47 1.29

?Data not obtained due to quick sorption within 5min
®Data not obtained due to low boiling points
¢Data not obtained due to high boiling points
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a decreasing trend from n-heptane to n-hexadecane. This
is expected in view of the fact that the diffusivity values
are proportional to the k, values as shown below.

For long sorption times, the term n>1 as well as
In(8/n?) can be ignored so that equation (6) simplifies to

give:
Dt
In( M= ) = (10)
M,—M, h?
Equation (10) is identical to equation (9) when
n?D

For extensive swelling, h*> obviously does not remain
constant and hence, D increases due to the influx of the
solvent into the polymer matrix. If swelling becomes
considerable, then it is legitimate to apply second-order
kinetics using the following empirical equation*:

! e A+B (12)
Q

where A and B are numerical constants. At long times,
Bt> A so that B=1/Q . At short times, 4> Bt so that
the quantity 1/4 =Ilim,_,(dQ/dt) represents the initial
rate of swelling, when the polymer network just begins
to relax in response to the osmotic pressure. The equation
for second-order swelling is then given as:
d—M=k2(M%—M,)2 (13)
dt
where k, is the second-order rate constant. The integrated
form of the equation representing the swelling rate at
time t is given by:

kM2t
FL (14)
1+k,M._t
which upon further simplification gives
M 1 1
kjt=—— "1 or kjt=—1—— — (15)
Mx(MxﬁMr) Ma(_Mr Mx

where k,=1/4CZ (Table 9). Detailed explanations for
the use of second-order swelling kinetics have been given
earlier by Schott*,

A typical second-order kinetics plot for n-alkanes at
25°C is given in Figure 11 and supports the use of
second-order kinetics for the systems in this study.
However, the plot shows a slight curvature and the early
portion is a straight line. From the slope of this curve,
the values of k, have been obtained; these values are
generally smaller than k; values for all the Santoprene
and solvent systems. In view of the non-swelling ten-
dencies of Santoprene samples for the solvents used in
the present study, first-order kinetics seem to be more
likely than second-order kinetics.

Temperature effects and activation parameters

Theoretical developments in the past decades have led
to the understanding that for most of the rubbery
polymers well above their glass transition temperatures,
the Arrhenius relation is generally valid®*; curved plots
are also observed when larger temperature ranges are
investigated®®. We have analysed the diffusion results

o
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o
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T T T
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-M, 1 {(mol*A)
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o >
\ |
L
ud O,
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Figure 11 Second-order kinetics plots for Santoprene and n-alkanes
at 25°C. Symbols are the same as in Figures 2 and 3

based on the Arrhenius relation for the diffusion process:
D=Dgexp(—Ep/RT) (16)

where Ey, is the activation energy of diffusion which is a
function of the intra- and interchain forces which must
be overcome in order to create the space for a unit
diffusional jump of the penetrant molecule, D, is a
pre-exponential factor and RT has its conventional
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.
Similarly, the sorption coefficient S can be expressed in
terms of the van’t Hoff equation with a pre-exponential
factor S:

S=S,exp(—AH/RT) 17)

Here, AHg is the heat of sorption which is a composite
parameter involving contributions from Henry’s law and
Langmuir-type sorption.

Since the permeability coefficient P is a combination
of diffusion and sorption processes the activation energy,
Ep, for permeation is given as:

EP=ED+AHS (18)

Equations (16) and (17) were used to calculate E;, and
AHg from the least-squares procedure.

Figure 12 displays the dependence of logD on 1/T,
wherein a slight non-linearity is observed in many cases
over the investigated temperature range. The E, values
were calculated from equation (18) and these results are
included in Table 10. Due to the slight non-linearity in
the log D versus 1/T plots, the values of Ep, or Ep do not
seem to follow any regular trend with the penetrant size.
The lowest values of Ej, of ~7-8kJmol~! are observed
for n-heptane and n-octane while the highest value of
~26kJmol ™! is found for n-hexadecane. Activation
parameters for 2,2,4-trimethylpentane are higher than for
n-octane; similar data for 1,2,3,4-tetrahydronaphthalene
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Figure 12 Arrhenius plots for the dependence of logD on I/T for
Santoprene and n-alkanes. Symbols are the same as in Figures 2and 3

Table 10 Activation parameters (Ep, Ep and AHg, all in kJmol™!),
interaction parameter () and molar mass between physical entangle-
ment crosslinks (M) for Santoprene and alkanes

Alkanes E, E; AHg ¢ M
n-Pentane - - - 0.383 50
n-Hexane 17.13 2444 731 0.360 81
n-Heptane 767 13.00 533 0345 102
n-Octane 889 1545 657 0340 141
n-Nonane 1642 2179 537 0342 129
n-Decane 1233 1955 722 0347 140
n-Dodecane 1583 2559 977 0368 156
n-Tetradecane 1895 2570 6.75 0407 189
n-Hexadecane 2644 2748 1.04 0436 244
2,2,4-Trimethylpentane 11.78 1845 6.67 0485 99
Cyclohexane 1435 2327 892 0413 205

1,2,34-Tetrahydronaphthalene 11.82 1947 7:65 1201 -

“Negative value observed

are lower than for cyclohexane. However, an increase of
~3kImol ™! in Ep or Ep values for the 2,2,4-trimethyl-
pentane molecuie is due to the presence of three pendent
methyl groups requiring a larger hole size and thus
exhibits a higher Ep than its equivalent isomer n-octane
of almost the same size. It may be noted that for all the
penetrants, the values of AHj are positive suggesting that
the sorption is mainly dominated by the Henry’s law
sorption mode giving an endothermic contribution to the
sorption process.

Interaction parameter and molar mass between crosslinks

The equilibrium swelling experiments have been used
to determine the molar mass between crosslinks M by
the procedures suggested by Flory and Rehner®”. Thus,
for a perfect polymer network:

—ppVel s> — 3% (19)
In(1—¢p)+ dp+ 1P

where V5 is the molar volume of the solvent, p, is the
polymer density, ¢, is the volume fraction of the polymer
in the swollen state. This is calculated as 3%:

Pp Ma> pp]‘
= 1+—=2]-= (20)
br [ Ps(Mb Ps
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M=

where M, and M, are, respectively, the mass of the
polymer before and after swelling, pg is solvent density
and pp is the density of Santoprene. The parameter y has
the conventional meaning from the Flory-Huggins
theory of dilute polymer solutions.

From a refinement of the lattice model, Huggins®°
deduced that y should be expressed approximately by:

Vs .

(=Bt Os=0,)’ (21)
where J is the solubility parameter of the solvent and
B is a lattice constant whose value is generally taken to
be 0.34 for elastomer—solvent systems. To calculate y,
the value of the solubility parameter of the polymer
0, is needed. The procedure used by Gee*® and
Takahashi*' is used for this purpose. A plot of the
swelling coefficient o =(M,— M,)/Mp, versus J, is con-
structed. The maximum value in « is found at d3="7.57
and this gives d,. Using this value, y is calculated from
equation (21). The values of M. are calculated using
equation (19). These data are also included in Table 10.

The values of M. show some general tendency to
increase with the chain length of the n-alkanes. Because
the nature of the crosslinked system is understood either
in terms of M or in terms of its reciprocal value, which
will be indicative of the crosslink density, it is evident
that the crosslink density decreases with an increase in
the size of the penetfant molecules; therefore, the values
of M may be regarded as physical crosslink entangle-
ments rather than chemical crosslinks. The values of M
range from the lowest value of 50 for n-pentane to the
highest value of 244 for n-hexadecane. For 1,2,34-
tetrahydronaphthalene, we could not obtain reliable M.
data. The estimation of M. using the Flory—Rehner
theory has limited applications for the type of polymer—
solvent systems studied here and hence, these values
should be regarded as only approximate. However, the
data presented here serve as a qualitatively successful
application of the Flory-Rehner theory.

CONCLUSIONS

Sorption and transport characteristics of Santoprene in
a variety of solvent media have been studied by the use
of a sorption gravimetric technique. Such a study is
important in applications including pervaporation, barrier
packaging, controlled delivery of biologically active
materials, plasticizer migration, physical ageing, etc. The
results of the study on polymer—solvent interactions is
important for successful applications of these materials
in situations involving solvents. The transport coefficients
of this study have shown a dependence on the penetrant
size, concentration, temperature and morphology of
Santoprene. The diffusivity values of 2,2,4-trimethyl-
pentane at all temperatures were considerably lower than
the corresponding values for a linear molecule of a similar
size, namely n-octane. This is attributed to the rigidity
of 2,2 4-trimethylpentane. Also, 2,2,4-trimethylpentane
exhibits a higher value of E than n-octane. At higher
temperature, the increase in diffusion and relaxation rates
of the polymer, accompanied by the increase in the
polymer free volume might have resulted in a higher
equilibrium penetrant uptake. The observed overshoot
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effect with the present systems was attributed to the
complicated two-phase polymer morphology. However,
more research is necessary.

Transport kinetics has been studied in terms of the
first- and second-order kinetics model. However, it is
difficult to characterize the overall transport kinetics with
a specific experimental parameter. First-order kinetics
seems to be more appropriate for the systems studied.
The diffusion coefficients have been estimated from
the Fickian equation. The morphological changes in
Santoprene samples have been studied by estimating the
molar mass between physical entanglement crosslinks.
None of the solvents used has shown any degradative
reactions towards Santoprene during the course of this
study.
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