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ABSTRACT: Diffusion and sorption of four long-chain hydrocarbons, namely, 2,2,4-trimethylpentane, dode-
cane, tetradecane, and hexadecane, through four commercial polymer membranes has been studied in the
temperature interval of 25-60 °C by conventional weight gain experiments. The diffusion results have been
analyzed in terms of the simple Fickian model. The slightly anomalous transport behavior of the polymer-
solvent systems has been attributed to a slow leaching out of the indigenous elastomer compounds and/or
additives during solvent immersion. The dependence of diffusion coefficient and other related parameters
on the size and shape of the penetrant molecule has been discussed. It was found that the transport parameters
decreased with an increase in penetrant molecular size. A temperature dependence of transport parameters
was used to estimate the Arrhenius activation energies for the process of sorption, diffusion, and permeation.
The estimated activation energies of diffusion and permeation in the temperature interval of 25-60 °C
showed an increase with increasing penetrant size. Furthermore, the sorption results have been interpreted
in terms of the semiquantitative estimates of the kinetic rate constants and enthalpy of sorption. Experimental
results and the predicted quantities have been used to study the nature of polymer-solvent interactions in

terms of polymer structure and solvent power.

Introduction

The transient diffusion of low molecular weight organic
liquids, aqueous salt solutions, and gases through polymer
membranes has been of great interest in such diverse areas
of technology as drug and pesticide delivery, protective
clothing, ion-exchange chromatography, and toxic waste
disposal.l® We are currently interested in the study of
sorption, diffusion, and permeation of organic liquids
through polymer membranes of commercial importance.47
Many diffusion studies have been made to quantify species
diffusion rates; the best allow for a simultaneous deter-
mination of the diffusion and sorption coefficients of the
species in the barrier medium from a single experiment.
On the other hand, permeation coefficients have been
either directly measured® or can be predicted from sorp-
tion and diffusion data.®

In engineering applications, the barrier properties of
polymeric materials are often determined by the chemical
structure of the chain and the system morphology. The
parameters derived from chemical structure, such as degree
of polarity, interchain forces, ability to crystallize, and
chainstiffness, are essentially determined by the selection
of the particular polymer. Dimensional stability and
integrity of the polymeric materials in the presence of
aggressive liquid environments is essential for their
successful application. The aggressive environments can
be broadly classified into two categories: solvents and
nonsolvents. The former class of liquids actually solvates
the polymer and induces extensive swelling, leading
sometimes to degradative reactions. The nonsolvents, on
the other hand, do not attack the polymer chemically,
solvate it, or produce any recognizable effect other than
to bring about material failure, which would not occur in
a reasonable period of time under the same stress
conditions and the absence of the environment. When no
stresses are present, these agents do not have any readily
discernible effect on the polymer. The present study deals
with this latter category of solvents. Here, we will focus
on how molecular structure influences the barrier prop-
erties of polymers including molecular orientation and
chain stiffness. However, it must be recognized that the
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range in which these quantities can be manipulated will
depend on polymer chemical structure.

In our earlier studies,'%!1 the influence of size and shape
of the penetrant molecules on diffusion of lower members
of hydrocarbons (C¢~Cig) into several commercial polymer
membranes was reported. It was established that (i) the
diffusion coefficient decreases with increasing penetrant
size and (ii) a linear relationship exists between log D and
the molar volume of the penetrant. However, these
findings were limited to penetrants of relatively small size.
Further investigation of the diffusion of large-size mol-
ecules into polymer membranes would be of considerable
interest.

In continuation of this research and as a part of our
ongoing data-gathering program on liquid transport
through polymer membranes, we now present diffusion,
sorption, and permeation results of the probe molecules
belonging to higher hydrocarbons, namely, 2,2,4-trime-
thylpentane (TMP), dodecane, tetradecane, and hexade-
cane (i.e., ranging carbon atoms from Cg to Ci¢) through
four commercial polymer membranes, namely, neoprene
(CR), styrene—butadiene-rubber (SBR), ethylene—propy-
lene—diene terpolymer (EPDM), and natural rubber (NR).
The transport parameters were calculated for each poly-
mer-solvent system from the weight gain experiments. A
study of the temperature dependence of these coefficients
allowed us to predict the activation parameters and heats
of sorption. The experimental results and the computed
quantities were used tostudy the extent of polymer-solvent
interactions.

Experimental Section

Molded sheets of CR, SBR, EPDM, and NR in dimensions of
1/1gin. X 6 in. X 6 in. were procured from Utex Inc., Weimer, TX
(courtesy of Mr. A. Kutac). During sample fabrication, a 12-in.
laboratory mill was used to mix and prepare the rubber
compounds for molding; the polymer sheets were cured at 160
°C for 20 min. Polymer compositions and some representative
engineering properties are given in Table L.

Reagent grade solvents, namely, 2,2,4-trimethylpentane, dode-
cane, tetradecane, and hexadecane, were double distilled before
use to ensure purity. Their measured physical properties such
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Table I
Elastomer Compositions and Their Properties
compounds CR SBR EPDM NR

Neoprene Wa 100.0
SBR 1500® 100.0
EPDM 585¢ 100.0
NR (RSS-2) 100.0
zinc oxide 5.0 5.0 5.0 5.0
carbon black, N550 50.0 50.0 50.0 50.0
stearic acid 0.5 1.0 1.0 2.0
sulfur 2.0 2.0 2.5
Agerite Resin D¢ 2.0 2.0
Agerite Stallite S¢ 2.0
Aranox/ 2.0
Bonogen & 2.0
CBTS* 1.0 1.0 1.0
END-75¢ 0.7
magnesium oxide 4.0

totals 162.2 161.0 161.0 164.5
specific gravity 1.42 1.15 1.09 1.14
hardness (Shore A) 78 65 75 62
ultimate elongation, % 200 420 310 600
ultimate tensile, psi 3320 2840 2050 3510
Ty °C -36 -42 -37 =57

a Du Pont. ® Ameripol Synpol. ¢ Polysar. ¢ Polymerized 1,2-dihy-
dro-2,2,4-trimethylquinoline. ¢ Octylated diphenylamine. f N-Phe-
nyl-N’-(p-toluenesulfonyl)-p-phenylenediamine. & Sulfonic acid-oil
blend. » N-Cyclohexyl-2-benzothiazolesulfenamide. ! Ethylene thio-
urea 75%.

as density and refractive index at 25 °C agreed well with the
literature. The perfectly dried polymer samples were cut
circularly (diameter 1.94 cm) by means of a sharp-edged steel
die. Thethicknesses of the membranes were measured at several
points with an accuracy of £0.001 cm by using a micrometer
screw gauge. Anaverage of several values was taken as the initial
thickness, h, of the polymer samples.

Sorption experiments were performed by placing the previously
weighed polymer test samples into the respective liquid containers
maintained at the desired temperature in a thermostatically
controlled electric oven (Memmert, Germany). At periodic
intervals, the test samples were removed from the liquid
containers, and the wet surfaces were dried between Kimwipe
wraps and weighed immediately to the nearest 0.05 mg by placing
the samples on a covered watch glass within the balance chamber.
The samples, after weighing, were placed back into the original
test bottles, which were then transferred to the electric oven.
The sorption experiments were performed at 25, 44, and 60 °C
with an accuracy of £0.5 °C. A likely source of error in this
method is that the sample has to be removed from the liquid
container to allow weighing. If this is done quickly within 30-40
s, compared to the time the sample spent in the liquid container
in between consecutive weighings, the sample exerts a negligible
effect.

The results of mass uptake of the liquid by the polymer samples
were expressed as moles of liquid sorbed per 100 g of the
membrane material. This way of expressing the mole percent
increase in sorption, M;, was found to be very convenient for
comparing the sorption results of various liquid-polymer systems.
This practice has also been followed in the literature,!%!3 and
thus, we prefer to use the mole percent concept for discussion
of the sorption data rather than percent weight gains.

Results and Discussion

The sorption plots (i.e., mole percent versus square root
of time, t1/2) at 25 °C for all the membrane—solvent systems
are given in Figures 1 and 2. All the curves show initially
almost a linear increase up to ~50% of equilibrium and
later tend to level off. The plateau regions of these curves
give the maximum sorption values; after attainment of
equilibrium sorption, experiments were continued for
longer times to ensure complete equilibration. The
maximum sorption data, i.e., M., for all the polymer—
solvent systems in mole percent units are compiled in Table
II. Similar sorption plots have been obtained at other
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Figure 1. Mole percent solvent uptake at 25 °C for SBR and
NR membranes with (O) 2,2,4-trimethylpentane, (A) dodecane,
(0) tetradecane, and (®) hexadecane.
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Figure 2. Mole percent solvent uptake for EPDM at 25 °C and
CR at 60 °C with liquids shown in Figure 1.

temperatures but not displayed graphically. The overall
sorption rate tends to decrease with increasing molecular
weight of the penetrant. Allof the sorption curves appear
to be position-dependent anomalous transport, although
hexadecane sorbed at a slower rate than the others. The
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Table 11
Equilibrium Sorption Data of Polymer-Solvent Systems

molar vol, temp, 102M., mol %
solvent cm3/mol °C CR SBR EPDM NR

TMP (CgH,s) 166.1 25 833 2946 5698 56.19
44 879 3081 5476 55.52
60 9.13 31.20 54.25 54.82
dodecane (C;2Hzg) 228.6 25 530 27.23 46.43 40.78
44 586 30.29 44.59 42.19
60 6.66 31.67 44.37 45.20
tetradecane (C;(Hjp) 261.1 25 3.86 2247 3897 33.89
44 426 24.29 3827 34.78
60 4.83 25,79 3821 36.08
hexadecane (C;gH3,) 293.4 25 245 1748 33.84 28.16
44 3.25 19.57 3270 29.45
60 361 21.03 3233 33.58

decreased sorption rate might be the consequence of lower
equilibrium penetrant molar concentrations and conse-
quently lower osmotic stresses.

The major observation from our study is that, as the
temperature of swelling increased, the penetrant uptake
decreased for EPDM plus all the solvents and NR plus
branched hydrocarbon, viz., 2,2,4-trimethylpentane. This
effect, which is shown in Figure 3, is not an experimental
artifact but may be the result of induced crystallinity at
higher temperatures in the presence of penetrants. The
induced crystallinity reduces the free energy of mixing,
thereby decreasing the solvent uptake.l

To gain further insight into the transport mechanism,
the sorption results were fitted to the heuristic expres-
sion15:16

M,/M, = kt" (1)

Here, M, is the mole percent of the penetrant sorbed per
weight of the polymer at time ¢, M., represents the same
quantity at long times, and k is a constant that is
characteristic of the system. A value of n = 0.50 implies
Fickian diffusion, a value of n = 1.00 implies case II
transport, and for values of n greater than 1.0 supercase
II transport is observed. Values of n of 0.50 < n < 1.00
are indicative of anomalous transport behavior. It is
usually stipulated that this equation is only valid for short
times and for M;/ M. <0.50. The least-squares estimations
of n and k obtained at the 95% confidence limit are
presented in Table IIIL.

In the majority of cases, the values of n lie between 0.50
and 0.60, indicating that the transport mechanism deviates
slightly from the Fickian mode and may thus be classified
as anomalous. This fact is also supported by the slightly
sigmoid shaped sorption curves, indicating the behavior
that is observed follows pretty much what would be
expected of a nearly (but not completely) ideal “Fickian”
process in elastomers well above their glass transition tem-
peratures. Inordertodetermineifthe anomalous behavior
is due to swelling-induced breakup of an agglomerate—
filler structure similar to that commonly observed during
the first mechanical deformation of a molded, filled elas-
tomer sample (Mooney softening!?), we have repeated!®
the sorption experiments (in a few cases) of the desorbed
samples to see if subsequent sorption showed the same
anomalous character or not. To our surprise, the same
anomalous behavior was observed. However, the pattern
of the initial portion of the sorption curves (before 50%
equilibrium) was quite identical although the final equi-
librium data differed to some extent; i.e., some of the
indigenous compounds of the rubber were extracted during
the first cycle of the sorption. However, we could not
observe any systematic dependence of n on temperature.
On the other hand, the values of k& appear to increase
systematically with a rise in temperature in all the cases.
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Figure 3. Temperature dependence of mole percent sorption
for EPDM + solvents. Symbols: (0) 25 °C, (a) 44 °C, (O) 60
°C.

Moreover, the k values increase systematically from Cs to
Ci6 penetrants with CR, while a decreasing tendency is
seen for SBR, EPDM, and NR membranes.

In view of what has been said above and due to no
significant swelling, surface corrugation, etc., the effective
diffusivity, D, of the polymer-solvent systems has been
calculated by using the Fickian model

D = x(h8/4M_)* (2

where 8 is the slope of the nearly linear portion of the plot
of M, vs t!/2 before attainment of 50% equilibrium and
it was estimated by fitting the experimental sorption data
before 50% sorption to a least-squares procedure. How-
ever, the slight sigmoidal sorption-rate curves were
analyzed by using the model of Joshi and Astarita,!® in
which the model parameters were varied incrementally
over a prescribed range and the fit to the experimental
data was subjected to a least-squares test to select the
best set of values. Thediffusion coefficients resulting from
application of eq 2, ignoring the initial slight curvature,
for EPDM + solvent systems and for elastomers + TMP
systems are given, respectively, in Figures 4 and 5. The
diffusion coefficients go through maxima with concen-
tration and the results from this analysis are only slightly
higher than those obtained from eq 2. Similar findings
can be also observed from the work of Waksman et al.20
for toluene diffusion in natural rubber.

The diffusion data of all the polymer—solvent systems
are given in Table IV. It is found that the decrease in
diffusion coefficient on going from TMP to hexadecane
is relatively smaller in the case of CR than the other
polymer membranes and this is attributed to the greater
flexibility of long-chain hexadecane (in comparison to other
penetrants) in the presence of a somewhat rigid macro-
molecular chain like CR. Such effects have also been
observed for hydrocarbon solvent transport into a number
of polymer membranes. For instance, diffusion of hy-
drocarbons (Cs—C3e) into a number of cross-linked rubbers
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Table I1I
Analysis of Sorption Results of Polymer-Solvent Systems
CR SBR EPDM NR
solvent temp, °C n 10%, g/g min® n 102k, g/g min® n 102k, g/g min® n 10%, g/g min®
TMP 25 0.55 0.96 0.54 2.88 0.63 2.09 0.62 3.03
44 0.58 1.26 0.55 3.62 0.64 2.70 0.66 3.15
60 0.56 2.33 0.58 3.68 0.63 3.49 0.61 4.18
dodecane 25 0.50 1.24 0.57 1.95 0.60 1.86 0.58 2.15
44 0.51 1.95 0.54 2.73 0.59 2.82 0.568 2.97
60 0.54 2.14 0.55 3.42 0.61 3.35 0.59 3.78
tetradecane 25 0.50 1.55 0.55 1.73 0.58 1.76 0.57 1.98
44 0.51 1.64 0.55 2.16 0.59 2.30 0.58 2.53
60 0.54 2.08 0.58 2.60 0.56 3.11 0.58 2.84
hexadecane 25 0.53 0.80 0.54 1.34 0.58 1.28 0.54 1.64
44 0.50 1.78 0.54 2.02 0.57 2.01 0.57 2.19
60 0.50 2.03 0.57 2.22 0.58 2.36 0.58 2.44
8 T T T T Table IV
EPDM + Solvents 25°C Diffusion Coefficients of Polymer-Solvent Systems
10D, cm?/s
solvents temp, °C CR SBR EPDM NR
6+ n TMP 25 0.33 2.01 3.43 4.10
44 0.95 3.31 4.98 5.52
60 1.83 4.95 6.87 7.34
- dodecane 25 0.24 1.29 1.96 2.06
~ 44 0.80 2.29 3.33 3.34
§ c 60 146 3.62 467 470
= 4T 8 7 tetradecane 25 019  0.92 1.43 1.46
- 44 0.67 1.56 2.35 2.32
e 60 132 271 3.45 3.95
hexadecane 25 0.19 0.50 0.77 0.84
44 0.41 1.14 1.73 1.77
2 n 60 0.78 1.82 2.72 2.32
“uae,
LDPE, HDPE, PP copolymer, and PP homopolymer at
Ci6 room temperature. In both of these studies, we find
observations similar to that seen by us in this study. The
0 ' L L L effect of microstructure on the diffusion of n-hexadecane
0 20 40 60 80 100 into poly(1,4-butadienes) has also been investigated.? In
Clwt %) addition to these, several other investigators24-34 studied

Figure 4. Diffusion coefficient versus concentration for EPDM
membrane. Symbols have the same meaning as in Figure 1.
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Figure 5. Diffusion coefficient versus concentration for elas-
tSoBmi_\.ers with TMP. Symbols: (0) EPDM, (aA) CR, (O) NR, (@)

has been studied at 51 °C by the pulsed field gradient
spin-echo method.?! In another study by Koszinowski,??
diffusion and sorption of n-alkanes from carbon atom
numbers 12to 32 were determined by a permeation method
(pouch method) for the polyolefin membranes, namely,

different aspects of the hydrocarbon transport into poly-
mer membranes wherein such a behavior was prevalent.
Because of the differences in chemical structures and
physical homogeneity of our membrane materials, it is
somewhat difficult to give a nearly unified interpretation
of the transport data in terms of a difference in polymer
molecular structure; however, the trend is consistent with
what one would expect from a variation in polymer
structures, at least in qualitative terms. In any case, our
present diffusion results conform to the principle that
diffusion coefficients depend inversely on the penetrant
molecular size and a linear relationship exists between log
D and the molar volume of the solvent.

The variation in diffusivity at 25 °C with the size of the
diffusing molecule and/or number of carbon atoms is
shown in Figure 6 for all the penetrants and the polymer
membranes. Similar plots have been obtained at other
temperatures (not displayed graphically). For each of
these membranes, D decreases as the penetrant size
increases. This effect is much less for neoprene than for
other elastomers, and also, the values of D are much less
for the CR membrane; the greater effect of molecular size
on D in polymers having low D values agrees with the
observations in other polymers.?® It can be clearly seen
from our data that the decrease in diffusion coefficient on
going from TMP to hexadecane is relatively smaller in the
case of the CR membrane than the others. This may well
be caused by the flexibility of the hexadecane molecule.
Unfortunately, no extensive data base is available in the
literature on the types of polymers used in this research,
and hence, we could not directly compare our results with
the literature findings. At any rate, all the elastomers
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Figure 6. Dependence of diffusion coefficient on number of
carbon atoms and on molar volume of solvents at 25 °C.

used in this study seem to behave in a manner similar to
most other rubbery polymeric materials well above their
glass transition temperatures.

The diffusion coefficients of all the hydrocarbon +
polymer membrane systems appear to increase according
to the sequence NR > EPDM > SBR > CR. As seen in
Table I, all these rubbers contain additives and fillers, the
presence of which might cause tortuosity in the diffusion
pathway; i.e., they behave as randomly scattered obstacles
that cause the diffusion pathway to become larger than
itwould have been otherwise. However, there still appears
to be no clearcut foolproof way to extract tortuosity
information from the morphological studies.?? Addition-
ally, our diffusion data given in Table IV suggest that as
the size of the penetrant molecule increases, its displace-
ment depends upon rotation of chain segments and the
availability of voids larger than the penetrant size.3® As
a result, the small change in the penetrant size can result
in a substantial change in diffusivity. Asthe temperature
increases, the amplitude of segmental oscillations of
polymer chains also increases. Greater segmental motion
results in an increase in the size of free volume3® and
subsequent increase in diffusivity as the temperature is
increased.

The mechanism by which small molecules permeate
through rubbery or glassy amorphous polymers has been
described by many authors.31-%¢ Because a solution-
diffusion process is involved, the permeability coefficient,
P, of amorphous polymers is the product of the effective
diffusion, D, and solubility, S, coefficients (i.e., P = DS).
The calculated results are listed in Table V. Here, the
values of S are taken as gram of liquid sorbed per gram
of the polymer. Over areasonable temperature range, the
apparent solubility coefficient can be expressed in terms
gf a van’t Hoff relationship and a preexponential factor,

0, 88

S = S, exp(-AH,/RT) 3)
Here, the heat of sorption, AH,, is a composite parameter
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Table V
Permeation Coefficients of Polymer-Solvent Systems

108P (=DS), cm?/s

solvent temp, °C CR SBR EPDM NR
TMP 25 0.314 6.764  22.326  26.318
44 0.954 11.648 31.150 35.008
60 1.909 17.642 42.573 45.963
dodecane 25 0.217 5,983 15.502 14.311
44 0.798 11.816 25.295 24.0056
60 1656 19.530 35296  36.185
tetradecane 25 0.146 4,101 11.067 9.817
44 0.566 7.518 17.844 16.008
60 1.265 13.867 26.155  28.275
hexadecane 25 0.106 1.979 5.901 5.357
44 0.302 4,920 12.811 11.687
60 0.638 8.667 19.913 17.641

involving both the Henry’s law and the Langmuir (hole-
filling) type sorption mechanisms. The Henry’slaw mode
requires both the formation of a site and the dissolution
of the species intothat site. The formation of a site involves
an endothermic contribution to this process. With the
Langmuir mode, the site already exists in the polymer
matrix, and consequently, sorption by hole filling yields
more exothermic heats of sorption. In a form of Fick’s
law that describes diffusion of liquids through the amor-
phous polymer matrix, the diffusion coefficient has been
observed tofollow an Arrhenius relationship, characteristic
of an activated process:

D = D, exp(-Ep/RT) “4)

Here, Ep is the activation energy required to create an
opening between polymer chains large enough to allow
the penetrant molecule to pass. Thus, Ep is a function of
the inter- and intrachain forces that must be overcome in
order to create the space for a unit diffusional jump of the
penetrant. Molecular modelsinclude these characteristics
largely to describe the Arrhenius behavior of diffusion
coefficients observed experimentally. It may be noted
that a correlation is found between Ep and the molecular
diameter of the penetrant, but no theoretical expression
for D has been obtained with molecular models.?” The Ep
value will be greater the larger the penetrant molecule,
the stronger the polymer cohesive energy, and the more
rigid the chains. By substitution of eqs 3 and 4 into the
P = DS relation, the permeability can also be expressed
in terms of an Arrhenius-type relationship:

P = P, exp(-Ep/RT) 5

where Ep = Ep + AH,. The activation energy of diffusion
is considered to be the energy required to complete the
unit diffusion process of 1 mol of the diffusing molecule.
Some representative Arrhenius diffusion plots are shown
in Figures 7 and 8, while similar plots for permeation data
are given in Figures 9 and 10. The estimated Arrhenius
quantities, viz., Ep, Ep, and the derived heats of sorption
are compiled in Table VI.

Heats of sorption and activation energies for the sorp-
tion processes provide additional information about the
transport process. As seen in Table VI, the heats of sorp-
tion are higher for CR and SBR membranes than for NR
and EPDM, suggesting thereby that the sorption mech-
anism in these systems is dominated by the Henry’s law
dissolution process. Since the values of AH, are calculated
from the difference Ep — Ep, an alternative explanation
for the high heats of sorption could be a lower apparent
activation gnergy of diffusion than that of permeation as
caused by the transport along the boundaries of the poly-
domain morphology. Given the rigid nature of the CR
and SBR polymer chains, somewhat lower equilibrium
sorption values as compared to EPDM and NR, and the
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Figure 7. Arrhenius plots of diffusivity for SBR and EPDM
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Figure 8. Arrhenius plots of diffusivity for NR and CR
membranes with solvents. Solvents have the same symbols as
shown in Figure 1.

lack of macroscopic directional order in these materials,
the foregoing hypothesis seems justifiable. It may further
be noted that for all the solvents with EPDM and 2,2,4-
trimethylpentane with NR, negative AH, values are found;
this suggests that the Langmuir mode of sorption might
be operative in these systems. A plausible explanation
for this anomaly would be the result of induced crystallinity
of the polymer matrix materials showing inverse effect of
sorption on temperature resulting in an increased Ep as
compared to Ep (see Figure 3). Unlike sorption, the effects
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Figure 10. Arrhenius plots of permeability for NR and EPDM
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in Figure 1.

of crystallinity on the effective diffusivity intimately
involve the details of the polymer morphology. Because
of the chain immobilization effect, crystallinity might cause
anincrease in Ep. The more detailed aspects of transport
in heterogeneous media have been given in excellent
reviews of the topic by Barrer3” and Petropoulos.3® The
apparent activation energies, Ep, for CR range from 32 to
46 kJ /mol, whereas these values are quite small for NR
and range from 13 to 24 kJ/mol. Thus, in the majority
of cases, Ep values follow the sequence CR > SBR > EPDM
> NR for all the hydrocarbon solvents. This trend is also
true for Ep data. The high values of activation energy
further suggest the relaxation of large polymer segments
at the advancing boundary and this would be expected for
the rigid nature of the backbone systems.
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Table VI
Activation Parameters and Thermodynamic Quantities for
Polymer-Solvent Systems

polymer membrane

param,
solvent kJ/mol CR SBR EPDM NR
TMP E, 42,32 17.62 18.32 9.96
Ep 40.45 21.25 16.36 13.64
Ep 42.55 22.64 15.17 13.10
AH, 2.10 1.39 -1.19 -0.54
dodecane E, 39.57 20.16 24.21 23.59
Ep 43.30 24.43 20.66 19.59
Ep 48.35 27.96 19.48 21.88
AH, 5.06 3.53 -1.18 2.29
tetradecane E, 44.56 23.22 19.32 17.51
Ep 45.95 25.47 20.85 23.26
Ep 51.36 28.58 20.31 24.73
AH, 5.41 3.11 —0.54 1.47
hexadecane E, 34.38 28.05 23.23 22.44
Ep 31.99 30.57 29.92 24.40
Ep 42.57 35.04 28.91 28.38

AH, 10.58 4.47 ~-1.01 3.98

Continuing our discussion further and realizing the fact
that sorption follows nearly Fickian behavior, we have
attempted to analyze the sorption data in terms of the
first-order kineticmodel. Todo this, it was tacitly assumed
that sorption and desorption of a solvent by a polymer
membrane is one of the possible structural changes that
can accompany the liquid transport. Naturally, these
structural changes require a rearrangement of the polymer
segments that can dominate the kinetic behavior, which
in turn are considered to be affected by the total free
volume and its distribution in the polymer system. Thus,
sorption depends on solvent mobility within the polymer
in addition to the availability of its free volume.®® In
rubbery polymers, well above their glass transitions, a
greater propensity of polymer chains to adjust quickly to
the presence of penetrants does not cause diffusion
anomalies. Ifsorption is controlled by the rate of polymer
expansion, then a more reasonable suggestion is that sorp-
tion rate will be proportional to the difference in osmotic
pressure inside and outside the polymeric materials.404!
Asa first approximation, we canrelate this to simple vapor
pressure, and if up to the equilibrium point the vapor
pressure of liquid in the polymer is proportional to its
concentration, the following first-order kinetic equation
may be used:

dc/dt = k/(C. - C,) (6)

where k&’ is first-order rate constant (min=!). Integration
of eq 6 gives

k't =2303log [C./(C,-C,)] (7N

Here, C;and C. represent, respectively, the concentrations
at time ¢ and at infinite time (i.e., equilibrium saturation)
and these have the same meaning as M; and M.,
respectively, discussed before. Some typical plots of log
(C» - C;) versus time are given in Figures 11 and 12, while
the estimated rate constants for all the polymer-solvent
systems are presented in Table VII. Theestimated energy
of activation data, E,, from a temperature dependence of
rate constant are included in Table VI. It may be noted
that in almost all cases the results of E, are somewhat
lower than the Ep data and the rate constants follow the
same trend as those of diffusion coefficients. The Ep data
are higher than Ep for CR, SBR, and NR membranes, but
a reverse tendency was observed in case of EPDM.

Concluding Remarks

The barrier properties of rubbery polymers may be
seriously impaired by the presence of organic liquids that

Macromolecules, Vol. 24, No. 9, 1991

SBR e Soivents

1.0 F 4

log(€Cqy-Cy)

0 100 200 300 400
t{min)

Figure 11. Plots of log (C. — C;) versus time for SBR and CR
membranes at 25 °C. Symbols have the same meaning as in
Figure 1.

03 .
EPDM »+ Solvents

.05 ~

207 b s

109 (e, €y )

t {min)

Figure 12. Plotsoflog (C.- C;) versus time for EPDM + solvents
and all polymers + dodecane. Symbols for polymers are the
same as in Figure 6. Symbols for solvents are as in Figure 1.

Table VII
Rate Constants (k) of Polymer-Solvent Systems
103%’, min~!

solvent temp, °C CR SBR EPDM NR
TMP 25 0.39 3.33 4.49 7.50
44 1.06 5.60 7.22 9.88

60 2.36 6.96 9.72 11.39

dodecane 25 0.34 2.07 2.69 2,99
44 1.19 3.08 5.12 4,82

60 1.74 4.89 7.44 8.19

tetradecane 25 0.28 1.42 2.06 2.24
44 1.01 2.17 3.59 3.85

60 1.77 3.84 4.63 4.65

hexadecane 25 0.23 0.86 1.30 1.40
44 0.55 1.70 2.50 2.66

60 0.97 2.83 3.44 3.57

penetrate the polymer. It would therefore be useful to
forecast conditions and penetrants that might cause
polymer degradation and to predict their consequences



Macromolecules, Vol. 24, No. 9, 1991

on transport behavior. The complex and anomalous equi-
librium and kinetic behavior of small organic molecules
in rubbery polymers has long been recognized, but there
are few correlations allowing predictions of transport
behavior from material properties. These correlations
seem to provide a basis for at least qualitatively useful
predictions of sorption equilibria and diffusion kinetics.

In the present investigation, we have used structurally
different elastomer membranes to gain some further
insight into the dependence of polymer structure on
variations in the length of the penetrant molecules. It
was found that sorption, diffusion, and permeation of the
selected hydrocarbons in these membrane systems are
influenced by the nature of the penetrant molecule and
the polymer. Those factors determine the chain segmental
mobility and interactions that control the sorption mag-
nitude and penetrant molecular mobility within the
polymer. Transport of relatively noninteracting penetrant
molecules in a polymer seemed to follow the classical
behavior predicted by Fick’s law relationships with a
constant (or nearly so) diffusion coefficient. An increase
in generalized interactions (van der Waals, etc.) leads to
increased sorption of the penetrant such that the diffusion
process often becomes concentration dependent. Then,
depending upon the relative rates of polymer relaxation
processes concurrent with the sorption—-diffusion process,
the overall transport phenomenon may exhibit Fickian
behavior with a simple concentration-dependent diffusion
coefficient or it may deviate significantly from that
behavior due to complicating relaxation effects. The sorp-
tion curves can be accurately fitted by the Joshi-Astarita
analysis of combined diffusion, and relaxation effects might
be involved in the swelling behavior. Relaxation might
arise from slow response of the network structure to the
swelling stresses. In view of the low amounts of liquid
sorption and no significant swelling of the membranes,
the diffusion results have been analyzed in terms of the
simple Fickian model. The transport results of this study
confirm the results of various authors on hydrocarbon-
polymer systems as studied by using other experimental
techniques. Future work will include a variety of func-
tional groups to study the specific interactions of polymer
and penetrant.
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