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ABSTRACT: The solvent-resistance properties of the
montmorillonite-filled conjugated linseed oil-based nano-
composites are studied in tetrahydrofuran through equilib-
rium swelling method at different temperatures. The
values of "n" in solvent transport equation are found to be
below "0.5," showing the non-Fickian diffusion in the poly-
mer. The dependence of the diffusion coefficient on the
composition, percentage of clay, and temperature has been

studied for nanocomposite samples. The diffusion coeffi-
cient increases with an increase in the clay contents and
temperature. The crosslink density of the nanocomposites
ranges from 101.07 to 237.46 � 106 mol/cm3. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 114: 446–456, 2009

Key words: conjugated linseed oil; nanocomposite; mont-
morillonite; sorption; non-Fickian diffusion

INTRODUCTION

Polymer nanocomposites are the future of the global
industries.1 The polymer nanocomposites are pre-
pared by dispersing a nanofiller into the polymer.2,3

These platelets are then distributed into a polymer
matrix creating multiple parallel layers. These plate-
lets force flow of gases and liquids through the poly-
mer in a torturous path, forming a complex barrier.4

Different types of fillers are used for the preparation
of nanocomposites. Among these, the most common
is a nanoclay called montmorillonite—a layered
smectite clay.5–10 Additional nanofillers include car-
bon nanotubes, graphite platelets, carbon nanofibers,
etc.8,11–13 The barrier properties of the nanocompo-
sites are supposed to increase due to nanoclay
loading.4,14

The swelling technique is an easy and commonly
used method to determine various coefficients such
as diffusion, sorption, and permeability coeffi-
cient.15–19 In swelling experiments, the polymer of
known dimension is dispersed in a solvent, the sol-
vent mass uptake versus time is recorded, and the
data are used to calculate the various coefficients.
These coefficients give an idea about the use of poly-
mers in various applications, such as membranes,
ion exchangers, controlled release systems, packag-
ing, microchip manufacture, etc.

Sorption kinetics in polymers exhibit a variety of
deviations from normal Fickian behavior, attribut-

able to (a) slow viscous relaxations of the swelling
polymer or (b) differential swelling stresses gener-
ated by the constraints imposed on local swelling
during sorption. Several models have been proposed
for the study of swelling behavior of the poly-
mers.20–22 In situ study by FTIR-ATR is also per-
formed by many researchers for the prediction the
sorption behavior of the polymers.23–25

In this study, a new system of linseed oil-based
nanocomposites is studied using Fickian model. The
variation in sorption is studied with respect to tem-
perature. The rationale of this work is to study the
sorption and diffusion kinetics of the nanocompo-
sites based on linseed oil with an alteration in the oil
and clay contents. The mechanism of the sorption is
studied from the data by the linear fit of the equa-
tion of the transport phenomena. The effect of nano-
filler on the barrier properties of the composites is
also studied. The crosslink density and molecular
weight between two crosslinks are also calculated
from the sorption data using Flory-Rehner equation.

EXPERIMENTAL

Materials

Conjugated linseed oil (87% conjugation) is pur-
chased from Alnor Oil Company, NY. Acrylic acid
and tetrahydrofuran are purchased from Merck
Chemical Co., Germany. Divinylbenzene is pur-
chased from Fluka Chemie. Montmorillonite (K-10),
cetyl trimethyl ammonium bromide, hexadecyl am-
monium bromide are purchased from Aldrich
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Chemical Company (Milwaukee, MI) and are used
as received.

Sample preparation

Modification of montmorillonite

Montmorillonite clays are dispersed in DI water by
stirring. Cetyl trimethyl ammonium bromide (CTAB)
or hexadecyl ammonium bromide (HDAB) is added
to dispersion. The whole dispersion is heated at
80�C for 4 h. The exchanged clays are filtered and
washed with DI water, until it is free from bromide
(tested and titrated by silver nitrate). The modified
clay is dried at 80�C under vacuum. Cation-
exchange capacity calculated from the titre value for
CTAB is 29.92 and for HDAB 152.84 meq/100 g of
clay.

Nanocomposite preparation

The polymeric nanocomposites have been prepared
by heating the desired mixture of conjugated lin-
seed oil, acrylic acid, and divinylbenzene and
modified montmorillonite in a glass vial. The modi-
fied nanofillers of a predetermined quantity are
dispersed in conjugated linseed oil–acrylic acid–
divinylbenzene. The detailed compositions are
reported in Table I. The dispersion is maintained
by constant magnetic stirring at 500 rpm (overnight
for proper intercalation). The mixture is heated at
85�C for 2 h, followed by at 95�C for 1–4 h such
that the viscosity of the liquid (prepolymer) is suf-
ficiently high and fillers got totally exfoliated. At
this condition, the fillers will not be separated from
the prepolymer even on stopping stirring. The
whole mass is transferred to an appropriate mold
and put in a heated oven at 100�C for 2 h and
120�C for 12 h and 130�C for 12 h.

Swelling experiments

The samples are cut into circular form, using a die
of 12 mm diameter. The thickness of the samples is
measured by means of a screw gauge. The dry
samples are weighed on an electronic balance and
then kept in the solvent in screwed bottles. The
samples are taken out of the solvent at specific
intervals and the excess solvent is rubbed off. The
samples are then weighed and again immersed in
the solvent, till equilibrium is attained (i.e., 72 h).
The time for measuring weight of the sample is
kept minimal (about 30 s), so that the escape of sol-
vent from the sample is negligible. Equilibrium
swelling experiments at different temperature are
carried out at 25, 30, 35, and 40�C (�1�C) to study
the effect of temperature on swelling. For tempera-
tures higher than room temperature, the samples
are kept in a microprocessor controlled hot air
oven.
The mole percent uptake (Qt) at each time interval

is calculated by using eq. (1).26

Qt ¼
Mt

Mr
� 100

Mi
(1)

where Mt is the mass of solvent taken up at time t,
Mr is the relative molar mass of the solvent and Mi

is the mass of the dry sample.
Equilibrium swelling experiments are also per-

formed at 25 � 1�C to determine the solubility pa-
rameter of samples prepared by cationic and
thermal polymerization. The swelling is carried out
in various solvents ranging from 8.91 to 14.51 (cal/
cm3)1/2. From the plots of equilibrium swelling vol-
ume (Qt) versus solubility parameter (d), tetrahydro-
furan gives the maximum value of Q in all the
samples and, hence, is used for further kinetic stud-
ies. Figure 1 shows the representative plot of volume
equilibrium swelling versus solubility parameter for
CLin 50 sample.

TABLE I
Detailed Composition of the Polymer Samples Prepared from Linseed Oil

Sample ID

Conjugated
linseed
oil (%)

Divinylbenzene
(%)

Acrylic
acid (%)

Clay
montmorillonitea

(K-10) (%)

CLin30 30 10 60 5(CTAB)
CLin40 40 10 50 5(CTAB)
CLin50 50 10 40 5(CTAB)
CLin60 60 10 30 5(CTAB)
CLin70 70 10 20 5(CTAB)
CTABMONT2.5 50 10 40 2.5(CTAB)
CTABMONT7.5 50 10 40 7.5(CTAB)
CTABMONT10 50 10 40 10(CTAB)
HDABMONT2.5 50 10 40 2.5 (HDAB)
MONT0 50 10 40 0

a The clay is modified by using cetyl trimethyl ammonium bromide (CTAB), or hexa-
decyl ammonium bromide (HDAB).
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Optical characterization of swelled samples

The samples are monitored through an optical
microscope (Digital Blue-QX5, PC Controlled). The
swelled samples are observed through optical micro-
scope and photographs are taken at 100 lm scale at
different magnifications (60 and 200 X).

RESULTS AND DISCUSSION

Swelling of polymer samples

Effect of temperature

The mole percent uptake of the solvent is plotted
against square root of time. The samples are studied
for the change in sorption due to the change in tem-
perature (25, 30, 35, and 40�C) and are shown in Fig-
ures 2–9. It is observed that the solvent uptake
decreases with an increase in temperature. Figures 2
and 4 show a noticeable decrease in solvent uptake
up to 50% increase in the oil contents, followed by a
little decrease. On moving from Figures 2–8, nearly
50% decrease in the solvent uptake is observed. It is
known that the layered nanofillers have platelet-like
structure, which improves the barrier properties of
the polymer.4 The platelets, because of the rise in
temperature, are then evenly distributed into the
polymer matrix, creating multiple parallel layers.
The rise in temperature also affect the mobility of
the polymeric chains and due to the motion of poly-
meric chains, the microvoids or vacant spaces pres-
ent in the matrix are occupied by the readjustment
of the nanoclay. These layers force the solvent mole-
cules to flow through the polymer in a ‘‘torturous

path,’’ forming complex barriers to the solvent mole-
cules. The detailed process is shown in Scheme 1.
The filler platelets are impenetrable for the diffusing
solvent molecules. Therefore, when compared with
the parent polymer, a decrease in the diffusion of
solvent in the nanocomposites is observed.

Effect of linseed oil concentration

The plots for the mole percent uptake are shown in
Figure 2 for the nanocomposite polymer samples at
a temperature of 25 � 1�C. In Figure 2, the oil con-
tents vary from 30 to 70% in the samples and the
content of surfactant (CTAB) modified montmoril-
lonite is fixed at 5%. On increasing the oil contents
in the polymers, the solvent uptake decreases in the
matrix. Generally, with increasing oil contents in the
polymer, crosslinking density decreases, leading to
an increase in the solvent uptake.27 In this case, the
decrease in the solvent uptake with an increase in
the oil contents can only be explained with a possi-
ble increase in the crosslink density, due to the pres-
ence of the fixed amount of nanofiller in the
composition. The presence of nanoclay possibly
increases the rate of reaction of linseed oil during
the copolymerization, leading to an increase in the
crosslink density. The increase in the crosslink den-
sity is confirmed latter during its calculation from
the Flory-Rehner equation. Whereas, for the nano-
composites of tung oil-based polymers, a decrease in
crosslink density (from 4.8 � 104 to 2.3 � 103 mol/m3,
measured for DMA) is observed with an increase in
tung oil content in the nanocomposite composition.28

The possible reason for lower crosslink density from

Figure 2 Sorption curve showing mole percent uptake of
nanocomposite samples with 5% clay at 25�C.

Figure 1 Plot of volume equilibrium of swelling (Q) ver-
sus solubility parameter (d) for Lin50 and CLin50 samples
at 25�C. The d values in (cal/cm3)1/2 of the used solvents
are 8.91 (toluene), 9.21 (chloroform), 9.52 (THF), 10.8 (di-
methyl acetamide), 12.14 (dimethyl formamide), and 14.28
(methanol).
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DMA is due to the prominence of plasticizing effect of
increasing content of linseed oil.

The aforementioned findings have been confirmed
during the thermal polymerization of conjugated lin-
seed oil and a mixture of nanofiller with conjugated
linseed oil. During the same period of heating (ther-
mal polymerization), it has been observed that
increase in viscosity is much higher in the case of
nanoclay filled conjugated linseed oil compared to
only conjugated linseed oil. This indicates that the
rate of thermal polymerization increases a lot due to
the presence of nanofiller. The nanofillers are noth-
ing, but sodium and magnesium silicates [Mþ

y(Al2-y

Mgy)(Si4)O10(OH)2*nH2O]. These cations, generally,
help in the drying of linseed oil.29–31

In Figure 4, the solvent mole percent uptake is
plotted against square root of time for different sam-
ples with a fixed clay (5 %) at 30�C. The samples
with 30% and 70% oil contents show a maximum
and a minimum solvent uptake, respectively. The
same trend is also observed in Figures 6 and 8. The
sample with 50% linseed oil shows intermediate
swelling. All the samples show regular increase in
swelling with time.

Effect of nanoclay

Figure 3 shows the mole percent uptake for the sam-
ples having the same polymer composition but with

Figure 4 Sorption curve showing mole percent uptake of
nanocomposite samples with 5% clay at 30�C.

Figure 3 Sorption curve showing mole percent uptake of
nanocomposite samples with variation in clay percentage
from 0 to 10% at 25�C.

Figure 5 Sorption curve showing mole percent uptake of
nanocomposite samples with variation in clay percentage
from 0 to 10% at 30�C.

Figure 6 Sorption curve showing mole percent uptake of
nanocomposite samples with 5% clay at 35�C.
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varying clay contents. In these samples, the sample
without clay shows a maximum and the sample
with 7.5% clay shows a minimum swelling. The
sample with 10% nanoclay shows higher solvent
uptake than the samples with 7.5% and 5% nanoclay
contents. It is expected that a high loading of nano-
clay is more effective for the solvent resistance, but
the polymer with 10% filler shows high-solvent
uptake. This may be due to the high nanoclay con-
tents, resulting in the accumulation of clay at the
interface. This behavior is similar to ordinary filler.
The higher filler contents (10 %) reduce the barrier
properties of the nanocomposite. Therefore, the sam-
ple shows distortion, instead of swelling after twelve

hours. The clay (montmorillonite) is modified by
two surfactants, such as cetyl trimethyl ammonium
bromide (CTAB) and hexadecyl ammonium bromide
(HDAB). The samples with 2.5% of both modified
clays show similar sorption curves, but the sample
with CTABMONT shows more swelling than that
with HDABMONT. It is apparent from Figure 3 that
the clay-filled nanocomposites show less sorption
than the sample without nanofiller. This indicates
the enhancement in the barrier properties of the
nanoclay filled polymer over the unfilled one. The

Scheme 1 The schematic representation of tortuosity-
based model to describe the solvent diffusion in the nano-
clay filled polymer composite. (W is the width or thickness
and L is the length of the filler platelet. d is the thickness
of the polymer matrix, through which the solvent mole-
cules diffuse).

Figure 7 Sorption curve showing mole percent uptake of
nanocomposite samples with variation in clay percentage
from 0 to 10% at 35�C.

Figure 8 Sorption curve showing mole percent uptake of
nanocomposite samples with 5% clay at 40�C.

Figure 9 Sorption curve showing mole percent uptake of
nanocomposite samples with variation in clay percentage
from 0 to 10% at 40�C.
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increase in the barrier properties is due to the incor-
poration of nanoclay. The platelet-like structure with
a high-aspect ratio can be expected to improve the
resistance toward low molecular weight solvent
molecules.

Figure 5 shows the variation of mole % uptake
versus time at 30�C for varying ratio of nanoclay.
The sample without nanoclay shows the highest
swelling, and the sample with 7.5% nanoclay shows
the lowest swelling during the whole period of
experiment. In Figure 7, the maximum swelling is
shown by the sample without nanoclay, followed by
the sample with 2.5% nanoclay, and the minimum
swelling is observed for the sample with 5% nano-
clay. In Figure 9, the maximum swelling is shown
by the sample without nanoclay, and the minimum
swelling is shown by the sample with 10% nanoclay,
closely followed by samples with 7.5 and 5%
nanoclay.

Figure 10 shows the plot of mole % uptake (Qt)
versus percentage of clay at 25�C. It is observed in
the figure that the samples show similar trends of
mole percent uptake at all time intervals. For exam-
ple, after 2 h, the maximum solvent uptake is for
sample without nanoclay and then solvent uptake
decreases gradually up to 7.5% clay contents. For
10% clay contents, the sample shows increase in the
solvent uptake.

Diffusion kinetics

To find out the mechanism of swelling, the diffusion
data is fitted into an empirical equation [eq. (3)]32

derived from equation of transport phenomena [eq.
(2)]26

Qt

Q1
¼ ktn (2)

ln
Qt

Q1
¼ ln kþ n ln t (3)

where Qt and Q1 are the mole percent uptake of sol-
vent at time ‘‘t’’ and at infinity or equilibrium. ‘‘k’’ is a
constant, which depends upon both on the interaction
between solvent and polymer and on the structure of
polymer. In all cases, the regression coefficient (r)
varies between 0.92 and 0.99. The values of constant
‘‘k’’ and ‘‘n’’ obtained from the eq. (3) and Q1 are rep-
resented in Table II. The value of ‘‘n’’ gives an idea of
the mechanism of sorption.33 When the value of n is
0.5, the mechanism of swelling is termed as Fickian
transport. This occurs, when the rate of diffusion of
solvent is less than that of polymer segmental mobil-
ity. The transport is considered as a non-Fickian, if the
value of ‘‘n’’ is not ‘‘0.5.’’ In particular, if ‘‘n ¼ 1,’’ the
transport is called ‘‘Case II’’ transport.33 It is a special
case, where the solvent front moves with constant ve-
locity. If ‘‘n’’ lies between ‘‘0.5’’ and ‘‘1,’’ then it is
called anomalous transport.33 For non-Fickian trans-
port, the diffusion is more rapid than the polymer
relaxation rate. For anomalous transport, the diffusion
and relaxation rates are comparable.33 From Table II,
the values of ‘‘n’’ fall below ‘‘0.5,’’ indicating the trans-
port as pseudo-Fickian.
The swelling data are used to calculate diffusion

coefficient (D), which is a measure of the ability of

solvent molecules to move into the polymer. The

sorption coefficient (S), which gives an idea about

the equilibrium sorption, is also calculated from the

swelling data. The diffusion coefficient (D) is calcu-

lated as34

D ¼ p
hh

4Q1

8
>>:

9
>>;

2

(4)

where p ¼ 3.14; h is the thickness of the dry sample,
and y is the slope of the initial linear portion of the
curve Qt versus Ht; and Q1 is the mole percent
uptake of the solvent at infinite time. The sorption
coefficient (S) is calculated as34

S ¼ M1
Mp

(5)

where M1 is the mass of solvent uptake at equilib-
rium, and Mp is the mass of dry sample. The sorption
and diffusion coefficients are used to calculate perme-
ability coefficient (P) of samples, which is given by34

P ¼ D� S (6)

Values of these coefficients are reported in Table
III. The data in Table III indicates that the linseed oil

Figure 10 The plot of mole % uptake (Qt) versus percent-
age of clay at 25�C.
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contents influence the diffusion behavior of nano-
composites. It is observed that at a fixed nanoclay
content (5 %), the sample with 50% oil shows a max-
imum and the sample with 30% linseed oil shows a
minimum diffusion coefficient. For the variation in
clay concentrations from 0 to 10%, the diffusion coef-
ficient is observed to be maximum and minimum
for the sample with 0% clay (virgin polymer), 7.5%
clay, respectively. The diffusion coefficient is inver-
sely proportional to the mole percent uptake of the
solvent [eq. (4)]. The experimental results indicate
that the diffusion of the solvent through nanocom-
posite decreases with increasing clay contents up to
7.5%. When the clay contents are 10%, the sample
shows an increase in the diffusion. This is due to the

high filler contents, which increases the uneven dis-
tribution of the filler in the matrix. This results in
the accumulation of the filler at the interface, caus-
ing in a net decrease in the barrier properties.35 But,
the diffusion coefficient for sample (with 10% nano-
clay) is higher than that for neat polymer. The diffu-
sion coefficient shows an increase with an increase
in the temperature. In case of sample CLin30, the
diffusion coefficient is the lowest at 25�C, which
keeps on increasing with temperature and increases
almost two fold at 40�C. For the modification of
montmorillonite clay, two types of surfactants are
used, CTAB and HDAB. When samples with these
two modified nanofillers are compared, both show a
similar diffusion behavior. At all temperatures, the

TABLE II
The Values of Mole Percent Uptake at Infinite Time (Q‘), n, k and Standard

Deviation (SD) for Samples at Different Temperatures

Temperature (�C) Sample ID Q1 (mol %) N k SD

25 CLin30 4.35 0.25 �0.98 0.08
CLin40 3.24 0.27 �1.05 0.09
CLin50 2.77 0.27 �1.05 0.09
CLin60 2.48 0.30 �1.18 0.08
CLin70 2.00 0.27 �1.07 0.06
CTABMONT2.5 3.82 0.23 �0.91 0.07
CTABMONT7.5 2.64 0.26 �1.03 0.08
CTABMONT10 3.11 0.22 �0.87 0.06
HDABMONT2.5 3.52 0.23 �0.91 0.07
MONT0 4.00 0.22 �0.88 0.07

30 CLin30 3.76 0.19 �0.79 0.02
CLin40 3.40 0.20 �0.85 0.02
CLin50 3.09 0.22 �0.91 0.03
CLin60 2.75 0.31 �1.22 0.09
CLin70 2.05 0.35 �1.45 0.04
CTABMONT2.5 3.59 0.16 �0.64 0.05
CTABMONT7.5 2.39 0.25 �1.01 0.07
CTABMONT10 2.70 0.23 �0.92 0.05
HDABMONT2.5 3.33 0.21 �0.84 0.04
MONT0 3.78 0.24 �0.96 0.03

35 CLin30 2.59 0.19 �0.78 0.04
CLin40 1.98 0.26 �1.08 0.05
CLin50 1.56 0.35 �1.40 0.10
CLin60 1.35 0.42 �1.66 0.13
CLin70 1.15 0.55 �2.08 0.23
CTABMONT2.5 2.67 0.19 �0.76 0.04
CTABMONT7.5 1.77 0.34 �1.33 0.10
CTABMONT10 2.12 0.26 �1.06 0.04
HDABMONT2.5 2.95 0.16 �0.64 0.05
MONT0 3.08 0.18 �0.35 0.05

40 CLin30 2.74 0.16 �0.61 0.08
CLin40 1.79 0.24 �0.92 0.11
CLin50 1.59 0.25 �0.97 0.10
CLin60 1.43 0.27 �1.03 0.11
CLin70 1.27 0.36 �1.40 0.12
CTABMONT2.5 2.51 0.16 �0.64 0.04
CTABMONT7.5 1.50 0.28 �1.08 0.11
CTABMONT10 1.38 0.33 �1.25 0.12
HDABMONT2.5 2.81 0.15 �0.59 0.05
MONT0 3.62 0.27 �0.79 0.05
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sample without nanoclay (virgin polymer) shows
twofold decrease in the diffusion coefficient than
nanoclay filled sample (7.5 %).

In case of sorption by the samples, any particular
trend is observed, and it is quite difficult to explain
this behavior. At 25 and 30�C, the sorption coeffi-
cient increases with an increase in the linseed oil
contents. The samples with 30 and 60% oil contents
show a minimum and maximum sorption coeffi-
cient, respectively. When the clay contents are varied
from 0 to 10%, the samples without clay27 and with
7.5% clay content show a minimum and a maximum
sorption coefficient, respectively.

At 35 and 40�C, the samples show a decrease in
the sorption coefficients with an increase in the oil
contents. A small increase in the sorption coefficient
with an increase in the temperature is observed. The

sorption coefficient is maximum and minimum for
the sample with 30% and 60% oil composition,
respectively. This indicates the increase in sorption
with an increasing oil contents. At these tempera-
tures, the sorption in the nanocomposites shows an
increase with increasing clay contents. The sorption
coefficient is observed to be maximum and mini-
mum for the sample without clay and 7.5% clay,
respectively. Other samples show intermediate sorp-
tion coefficients. The sorption coefficient is a direct
indicator of the absorbed solvent in the polymer.
The increase in the sorption coefficient with temper-
ature indicates the increase in the solvent absorption
capacity of the nanocomposite material.
In all of the systems, it is observed that the sorp-

tion and diffusion coefficients decrease with an
increase in the temperature. It is reported

TABLE III
Diffusion Coefficient (D), Sorption Coefficient (S) and Permeability Coefficient (P) in

THF for the Samples at Different Temperatures

Temperature (�C) Sample ID D � 105 (cm2/s) S (g/g) P � 105 (cm2/s)

25 CLin30 2.81 1.62 4.55
CLin40 3.40 1.75 5.95
CLin50 3.67 1.80 6.61
CLin60 3.35 2.25 7.54
CLin70 3.46 1.93 6.68
CTABMONT2.5 3.14 1.84 5.78
CTABMONT7.5 3.57 2.39 8.53
CTABMONT10 3.49 2.02 7.05
HDABMONT2.5 3.26 1.02 3.33
MONT0 1.89 1.45 2.74

30 CLin30 2.81 1.83 5.14
CLin40 2.89 2.11 6.10
CLin50 3.06 1.16 3.55
CLin60 3.14 2.30 7.22
CLin70 2.42 1.13 2.73
CTABMONT2.5 3.47 1.58 5.48
CTABMONT7.5 3.54 1.76 6.23
CTABMONT10 3.42 1.92 6.57
HDABMONT2.5 3.17 1.71 5.42
MONT0 1.87 1.74 3.25

35 CLin30 3.59 1.81 6.50
CLin40 3.27 1.22 3.99
CLin50 3.28 0.96 3.15
CLin60 3.13 0.75 2.35
CLin70 3.13 0.93 2.91
CTABMONT2.5 3.56 1.72 6.12
CTABMONT7.5 3.37 1.09 3.67
CTABMONT10 3.25 1.18 3.84
HDABMONT2.5 3.80 2.08 7.90
MONT0 1.85 2.15 3.98

40 CLin30 4.51 1.97 8.88
CLin40 4.71 1.18 5.56
CLin50 4.57 1.45 6.63
CLin60 4.48 1.10 4.93
CLin70 3.64 0.90 3.27
CTABMONT2.5 3.96 1.71 6.77
CTABMONT7.5 4.37 1.03 4.50
CTABMONT10 3.98 1.01 4.02
HDABMONT2.5 4.13 2.11 8.71
MONT0 1.74 2.83 4.92
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elsewhere36 for natural rubber that these coefficients
show an increase with a raise in the temperature.
But in our case, these coefficients decrease with tem-
perature. This can be explained by the dual mode
model for diffusion in the polymers below glass
transitions.37 According to this model, glassy poly-
mers contain a distribution of microvoids frozen into
a structure as the polymer is cooled through its glass
transition temperature. The free segmental rotations
of the polymer chains in the glassy state are re-
stricted, which results in the fixed microvoids
throughout the polymer. The microvoids in the
glassy polymer network immobilize the solvent mol-
ecules by entrapment. These entrapments increase
the size of the polymer, resulting in the enlargement
of the microvoids. The enlargement of microvoids
further leads to initiate the macrofractures in the
polymer.

The permeability coefficients of the samples are
the product of diffusion and sorption coefficients.
The permeability coefficients in samples show an
increase with the increasing amount of linseed oil.
The permeability coefficient also increases with an
increase in temperature. At 25�C, the permeability
coefficient is observed to be minimum and maxi-
mum for the sample CLin30 and CLin60, respec-
tively. At this temperature, the permeability
coefficient shows an increase with an increase in the
clay contents. The sample without clay shows a
minimum and the sample with 7.5% clay shows a
maximum permeability coefficient. At 30�C, the per-
meability coefficient is observed to be maximum and
minimum for CLin60 and CLin70 sample, respec-
tively. When clay concentration is varied for a fixed
composition polymer, the permeability coefficient is
observed to be minimum and maximum for the
sample without clay and with 10% clay, respectively.
At 35�C, the samples show a decrease in permeabil-
ity coefficient with an increase in the oil contents.
The permeability coefficient is observed to be maxi-
mum and minimum for sample with 30% and 70%
oil, respectively. It is observed that the permeability
coefficient is maximum and minimum for sample
with 2.5% and 5% clay. At 40�C, the permeability
coefficient also decreases with an increase in the oil
contents. The permeability coefficient is maximum
and minimum for the sample with 30% and sample
70% oil, respectively. At this temperature, the per-
meability coefficient shows a decrease with an
increase in clay content and it is observed to be max-
imum and minimum for the sample with 2.5% and
10% clay content, respectively.

Crosslink density and molecular weight

The sorption data are also used to calculate the
crosslink density of the polymer networks using

Flory-Rehner’s equation38

m ¼ �
lnð1� VpÞ þ Vp þ vV2

p

V1ðV1=3
p � 0:5VpÞ

(7)

where Vp is the volume fraction of the polymer in
the mixture, v is the polymer-solvent interaction pa-
rameter, and V1 is the molar volume of the solvent.
Vp and v are obtained by the following equations38

Vp ¼
ðWeight of polymer=Density of polymerÞ
ðWeight of polymer=Density of polymer

þWeight of solvent=Density of solventÞ

(8)

v ¼ vH þ vS ¼
V1ðdp � dsÞ2

RT
þ 0:34 (9)

where vH and vS are the enthalpic and entropic com-
ponents of v, d1, and d2 are the solubility parameters
of polymer and solvent, respectively. The solubility
parameter of the polymer is obtained by fitting the
swelling coefficients of the polymer in various sol-
vents. The results are reported in Table IV. The mo-
lecular weight between two crosslinks (Mc) is also
calculated for all the samples by the following equa-
tion36

Mc ¼
1

2m
(10)

The values of the crosslink density and Mc are
reported in Table IV. The crosslink density and the
molecular weight between two crosslinks are in
good agreement with the sorption kinetics. The
crosslink density increases and molecular weight
between two crosslinks decreases with an increase in
the oil contents (at 5% clay concentration). The cross-
link density is observed to be minimum and maxi-
mum for the sample with 30% (CLin30) and 70%
linseed oil (CLin70), respectively. The molecular

TABLE IV
Volume Fraction of Polymer (Vp), Crosslink Density (m)
and Molecular Weight Between Two Crosslinks (Mc) for

the Different Polymeric Nanocomposites at 25�C

Sample ID Vp

m � 106

(mol/cm3)
Mc � 10�9

(cm3/ mol)

CLin30 0.33 101.07 4.95
CLin40 0.36 124.03 4.03
CLin50 0.26 170.56 2.93
CLin60 0.26 181.46 2.76
CLin70 0.23 183.39 2.73
CTABMONT2.5 0.31 161.80 3.09
CTABMONT7.5 0.27 237.46 2.11
CTABMONT10 0.28 169.56 2.95
HDABMONT2.5 0.91 151.77 3.29
MONT0 0.22 25.93 19.28
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weight between two crosslinks is maximum for sam-
ple without clay and minimum for sample with
7.5% clay. The variation in clay concentration affects
the crosslink density. It is observed that the crosslink
density increases more than sixfold on addition of
2.5% nanoclay. The crosslink density is observed to
be a minimum and a maximum for the sample with-
out nanoclay (MONT0) and with 7.5% nanoclay
(CTABMONT7.5), respectively, whereas, the molecu-
lar weight between two crosslinks is minimum for
sample with 7.5% clay (CTABMONT7.5) and maxi-
mum for sample without clay (MONT0). The sample
with 10% nanoclay (CTABMONT10) shows slightly
less crosslink density and molecular weight between
two crosslinks than the sample with 7.5% nanoclay
(CTABMONT7.5). The increase in the crosslink den-
sity and the increase in barrier properties explains
the cause of increase in the sorption resistance with
an increase in the oil content.

Optical micrographs of the samples

Figure 11 shows the micrographs of the polymer
nanocomposite samples at 60 and 200X magnifica-
tion (scale 100 lm) immediately after the completion
of the sorption experiments. In Figure 11(a), smooth
surface is observed for CLin50 sample and at a
higher magnification of 200X [Fig. 11(b)], shining
gel-like appearance can clearly be observed. This is
the clear evidence that the nanocomposite have
resisted the solvent and therefore swelling is less
than the sample without clay.

CONCLUSION

The solvent-resistance properties of the montmoril-
lonite-filled conjugated linseed oil-based nanocom-
posites are studied in tetrahydrofuran through
equilibrium swelling method at different tempera-
tures. The values of "n" in the transport equation are
found to be below "0.5," showing the non-Fickian
diffusion in the polymer. The dependence of the dif-

fusion coefficient on the composition, percentage of
clay, and temperature has been studied for the nano-
composite samples. The crosslink density of the
nanocomposites ranges from 101.07 to 237.46 � 106

mol/cm3.
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