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ABSTRACT: Properties of rubber articles are very much
influenced by their vulcanization characteristics. Vulcani-
zation kinetics of isobutylene isoprene rubber (IIR) or
butyl rubber, filled with three organically modified mont-
morillonites, having different degrees of hydrophilic na-
ture, was investigated by oscillating disc rheometer
(ODR). Microstructures of the nanocomposites were char-
acterized by X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), gas permeation, and uniaxial tension. It
was shown that structure of clay ranged from moderately
or highly intercalated to agglomerated structure for differ-
ent organoclays. Microstructure of nanocomposites was
used to explain opposite trends observed in vulcanization
kinetics of them. It was shown that not only the chemical

nature of the clay modifier, but also physical effects such
as diffusion of vulcanizing agents in butyl rubber, limited
by filler network, can alter vulcanization kinetics of this
rubber. For less hydrophilic organoclays, dispersion is bet-
ter, and formation of filler network structure limits diffu-
sion and accessibility of curing agents to vulcanization
sites. Two empirical models of Isayev and Ghoreishy were
also employed and compared in explaining the results
quantitatively. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
125: E204–E213, 2012
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INTRODUCTION

Butyl rubber is widely used in many industrial
applications, especially in the tire industry as curing
bladders, due to its unique properties such as low
gas permeability, high heat and aging resistance,
high chemical and weathering resistance, and good
mechanical strength.1–3 To improve many of its
physical and mechanical properties, this elastomer is
mostly compounded with carbon black, but fillers
such as layered silicate nanoclays have shown prom-
ising effects, especially in reducing the gas perme-
ability coefficient.4,5 Nanocomposites based on
organically modified nanoclays have been exten-
sively studied in the past decades to achieve prop-
erty enhancements significantly greater than that
attainable using conventional fillers or polymer
blends.6–8 It is also well known that the state of vul-
canization can substantially affect mechanical prop-
erties of rubber compounds. Vulcanization of rubber
compounds may involve complex reactions leading

to extreme changes in physicomechanical properties.
Kinetics of vulcanization is important to achieve de-
sirable and uniform properties in an optimum vul-
canization time for rubber articles especially thick
ones.9 Presence of fillers with active sites can alter
the kinetics of rubber vulcanization by not only
chemical effects but also physical ones. Studies per-
formed on rubber–clay nanocomposites have proved
accelerating role of nanoclays modified by quater-
nary ammonium salts in epoxidizied natural rub-
ber,10 natural rubber,11,12 nitrile rubber,13 fluoroelas-
tomer,14 and ethylene acrylate rubber.15 Specifically,
several commercial organoclays modified by quater-
nary ammonium salts showed accelerating effects on
sulphur vulcanization of polybutadiene rubber.16

This has been attributed to formation of Zn-sulfur-
amine complex leading to reduction in the activation
energy of vulcanization.17 There is one study
showing effect of organoclays on phenolic resin-
vulcanized butyl rubber.7

To describe vulcanization behavior of rubber com-
pounds, there are mainly two approaches, namely
mechanistic kinetic models and the phenomenologi-
cal or empirical models. The mechanistic kinetic
models try to describe the chemical reactions, which
occur during the vulcanization process. However,
the complexity of vulcanization process makes it
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difficult to use this approach to a greater extent.
Contrary to the mechanistic models, the phenomeno-
logical or empirical models ignore the chemical
details and consider regression models that fit the
experimental data to a particular functional form.18–20

In general, empirical models that have been devel-
oped use data generated from isothermal modes or
isothermal and dynamic modes. Empirical models
such as Isayev’s,19 eq. (1), and Ghoreishy’s,20 eq. (2),
have been introduced in the literature as:

Isayev’s Model:

a ¼ k:tn

1þ k:tn
(1)

where ‘‘a’’ is the vulcanization conversion, ‘‘k’’ is the
rate constant and ‘‘n’’ is the order of reaction,
respectively

Ghoreisy’s Model:

a ¼ a0 � b

1þ t�ti
k

8
:

9
;

n þ b (2)

where ‘‘a0’’ and ‘‘b’’ are values of the vulcanization
conversion at the initial and final stages of the reac-
tion, respectively. ‘‘ti’’ is the induction time known
as the time at which a ¼ 0.05. ‘‘a0,’’ conversion at
the initial stage of reaction, has a constant value
equal to 0.05. Therefore, at (t � ti ¼ 0), one obtains a
¼ a0 ¼ 0.05. Although the value of ‘‘b’’ must be

equal to 1 at the final stage of reaction, it was per-
mitted to be calculated by the minimization of the
error in a curve fitting process in order to reduce the
difference between computed and measured values
of vulcanization conversion.20

The degree of vulcanization (conversion) in rheo-
metric studies is defined as:

a ¼ Mt �M0

Mh �M0
(3)

where, ‘‘M0,’’ ‘‘Mt,’’ ‘‘Mh’’ are the torque values at
time zero, at a given time during vulcanization, and
at the end of vulcanization, respectively.
The rate constant, ‘‘k,’’ obeys an Arrhenius temper-

ature dependency as:

k ¼ A expð�E=RTÞ (4)

where ‘‘A’’ is the prefactor, ‘‘E’’ is the activation
energy, ‘‘R’’ is the gas constant, and ‘‘T’’ is the abso-
lute temperature.
In this work, effect of organically modified mont-

morillonite (OMMT) on cure characteristics of butyl
rubber was studied by using three different types of
organic modifier, using oscillating die rheometer
(ODR). OMMTs with different compatibility with
butyl rubber showed different effects on vulcaniza-
tion characteristics. The role of OMMTs on vulcani-
zation kinetics was explored by applying two
different empirical models. The accuracy of these
models to describe the vulcanization behavior of
butyl nanocomposites was explained.

EXPERIMENTAL

Materials and preparation

Isobutylene isoprene rubber (IIR) or Butyl-301 was
obtained from Lanxess, Leverkusen, Germany. Organ-
ically modified montmorillonits (Cloisite 20A, 25A,
and 30B) were supplied by Southern Clay Products,
Texas. The choice of organoclay was based on the
degree of hydrophobic nature, which has the order

TABLE II
Recipes for the Reference Compound and Nanocomposites

Compound
(phr) (IIR)

Cloisite
20A

Cloisite
25A

Cloisite
30B

Cloisite
Naþ

Stearic
acid MBTSa TMTDb

Zinc
oxide Sulphur TMQc

0-phr 100 0 0 0 0 2 0.5 1 5 1.5 1
x-20A 100 Varied 0 0 0 2 0.5 1 5 1.5 1
x-25A 100 0 Varied 0 0 2 0.5 1 5 1.5 1
x-30B 100 0 0 Varied 0 2 0.5 1 5 1.5 1
12-Naþ 100 0 0 0 12 2 0.5 1 5 1.5 1

a MBTS, mercapto-benzothiazyl disulfide.
b TMTD, tetramethylthiuram disulfide.
c TMQ, 2,2,4-trimethyl-1,2-dihdroquinoline (oligomer).

TABLE I
Specifications of the Organoclays

Organo–clay
Names

Modifier
structure

Ignition
loss (%)

Modifier concentration
(meq/100 gr clay)

Cloisite Naþ None 7% 0
Cloisite 20A 2M2HTa 38% 95
Cloisite 25A 2MHTL8b 34% 95
Cloisite 30 B MT2EtOHc 30% 90

a 2M2HT: dimethyl, dihydrogenated tallow, quaternary
ammonium

b 2MHTL8: dimethyl, hydrogenated tallow, 2-ethylhexyl
quaternary ammonium

cMT2EtOH: methyl, tallow, bis-2-hydroxyethyl, quater-
nary ammonium
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Cloisite 20A > Cloisite 25A > Cloisite 30B.21 Specifica-
tions of these organoclays are given in Table I. Recipe
of rubber compounds is shown in Table II. The ‘‘x’’
represents part per 100 rubber (phr) of the organoclay
in every compound, which can be 2, 4, 6, 12, and 24 in
this study.

Mixing of butyl rubber with other ingredients,
except curing agents, was carried out using a
PM-2000 two roll-mill at set temperature of 140�C.
Higher temperature may contribute in better clay
dispersion.22 After 24 h, curing agents were added
on the two roll-mill with set temperature of 90�C.
Curing process was performed using a hydraulic
press under pressure of 100 bar for the optimum
cure time obtained by an ODR.

Methods

X-Ray diffraction (XRD) measurements were carried
out in an expert model of Philips diffractometer
with a Cu Ka radiation (40 kV, 40 mA). These pat-
terns were obtained by scanning angles between 1
and 10� at scanning rate of 2.4�/min.

To evaluate the quality of dispersion and distribu-
tion of organoclays in the rubber matrix, scanning
electron microscopy (SEM) images were taken from
cryogenically fractured surfaces of samples by
Philips Type XL30 with accelerator voltage of 30 kV.

Gas permeation test was performed using an in-
house gas permeation cell at a constant pressure
according to ASTM–D1434.

Uniaxial tension modulus of compounds was
measured at stretching rate of 500 mm/s up to the
moderate strain of 50%.

Dynamic–mechanical thermal analysis (DMTA)
was performed on rectangular specimens in a bend-
ing mode at frequency of 1 Hz and strain amplitude
of 0.3% for a temperature sweep, and frequency of 1
Hz and room temperature for a strain sweep, using
a Perkin Elmer 8000 instrument. In this test, storage
modulus and mechanical loss factor (tan d) were
measured in the temperature range of �120 to
þ100�C at a heating rate of 5�C/min and strain
range of 0.1–10%.

Vulcanization characteristics were obtained by an
ODR Gotech type GT-7070-S2, at different tempera-
tures of 150, 160, 170, and 180�C. The characteristic
times of vulcanization used in this study are scorch
time, ts1, and optimum cure time, tc90. The former is
the time at which torque increases one unit from its
minimum, and the latter is the time at which 90% of
the state of vulcanization, defined by the difference
between maximum and minimum torques, is
achieved. To evaluate the reproducibility of the ODR
instrument, the reference compound with no filler
was tested for seven times and the average and

standard deviation from the average are included in
Table IV.

RESULTS AND DISCUSSIONS

Evaluation of degree of intercalation by XRD

To characterize intercalation of rubber chains into
the organoclay’s gallery, XRD technique was used.
Figure 1 (a,b, and c) shows the XRD patterns of Cloi-
site 20A, 25A, and 30B and their nanocomposites
with 2, 4, 6, 12, and 24 Phr organoclay loading,
respectively. In each graph, the larger peak (001) for
the neat organoclay has been replaced by two major
peaks, namely (001) and (002), after the clay is dis-
persed in the rubber matrix, and the compound is
vulcanized. The ones between 2� and 3� for all
graphs indicate that rubber chains have intercalated
into the basal spacing of clay layers and resulted in
opening these layers, thus smaller diffraction angles
than the original peak for neat organoclay have

Figure 1 XRD patterns of organo-clays and their nano-
composites for (a) Cloisite 20A, (b) Cloisite 25A, and (c)
Cloisite 30B.
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appeared. This confirms formation of nanocompo-
sites with intercalated microstructure for all samples.
The peaks between 4� and 5� for 20A compounds, 5�

and 6� for 25A compounds, and 6� and 7� for 30B
compounds show shifts to higher angles with
respect to their original organoclay peaks. Shift to
higher angles indicates partial closing of some of the
modified clay layers due to heat, pressure, and pos-
sibly chemical interactions with curing agents during

vulcanization process.7,12,23 The relative area of the
first peak to that of the second peak for each curve
denotes the ratio of number of clay layers interca-
lated by rubber to the clay layers deintercalated dur-
ing vulcanization. Although the shift of (001) peak
to lower angles for 30B compounds is slightly more
than that for 20A compounds, the number of interca-
lated clay layers, defined by the aforementioned
ratio, is much more for 20A compounds than that
for 30B compounds. This explains reduction of com-
patibility, dispersion, and thermodynamic stability
of organoclays in butyl rubber going from Cloisite
20A to Cloisite 25A and Cloisite 30B, respectively.
Another noticeable point is the shift of all peaks to
slightly higher angles as the amount of clay
increases for all three types of organoclays. This can
be attributed to agglomeration of clay layers for
higher contents of clay.

Scanning electron microscopy of fractured surfaces

To support results obtained from XRD patterns,
SEM micrographs were obtained from cryogenically
fractured surfaces of nanocomposites containing 12
phr organoclays, as shown in Figure 2. As seen in
these figures obtained with the same magnification,
distribution of filler in 20A nanocomposite is the
best among all, and agglomeration of organoclays
increases for nanocomposites 25A and 30B, respec-
tively. This can be explained by better compatibility
of organoclay Cloisite 20A with butyl rubber result-
ing from less hydrophilic nature of this organoclay
compared to other two. SEM micrographs obtained
for other nanocomposites with different amount of
organoclays show similar differences in clay distri-
bution as shown in Figure 2, so they were omitted
to prevent repetition.

Gas permeation and clay microstructure in
nanocomposites

Permeation of rubber nanocomposites for gases can
be correlated to the microstructure of clay layers and
their aspect ratio. To differentiate the microstructure
of three used organoclays in butyl rubber matrix,
permeability of nanocomposites containing 4 phr
organoclays, and the reference rubber to carbon
dioxide was measured and shown in Figure 3. As it
can be seen in this figure, addition of organoclays
has reduced permeation of the butyl rubber for this
gas, and permeability coefficients have the order:
reference >30B > 25A > 20A. This order hints on
the highest degree of dispersion of Cloisite 20A, fol-
lowed by Cloisite 25A and Cloisite 30B, respectively.
This observation can be attributed to less hydropho-
bic nature and more compatibility of Cloisite 20A
with butyl rubber.

Figure 2 SEM micrographs of nano-composites: (a) 12-
20A, (b) 12-25A and (c) 12-30B.
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It has been shown that for polymer/layer silicate
nanocomposites, the modified Nielsen’s model pro-
posed by Bharadwaj24 can relate gas permeation to
layers aspect ratio through equation:

Pc

Pm
¼ 1� uf

1þ w
2tuf ð23ÞðSþ 1

2Þ
(5)

where Pc and Pm are the permeability coefficients of
the composite film and the unfilled polymer, respec-
tively. uf is the volume fraction of filler, w/2t is the
average width to thickness aspect ratio of the filler,
and S is the orientation factor for aligned systems.
Orientation factor of S ¼ 0.6 has been considered for
horizontally aligned silicate layers due to milling
and compression molding of rubber nanocompo-
sites.25 Assuming applicability of this model and
applying data from Figure 3, one can estimate the
aspect ratio, given in eq. (5), for nanocomposites
containing Cloisite 20A, Cloisite 25A, and Cloisite
30B to be 79.1, 58.2, and 2.6, respectively. This con-
firms intercalated microstructure for majority of sili-
cate layers of the first two organoclays but a mostly
agglomerated microstructure for the last one.

Mechanical modulus of nanocomposites

Mechanical modulus of nanocomposites is related to
dispersion of organoclays due to hydrodynamic
effect of fillers. Moduli of nanocomposites are com-
pared to each other and to the reference compound
in Figure 4(a,b) for 4 and 12 phr organoclay load-

ings, respectively. It is clear in this figure that Cloi-
site 20A has enhanced the modulus of butyl rubber
compound more than Cloisite 25A and much more
than Cloisite 30B for both loadings. The elastic mod-
ulus at 5% strain is calculated and included in Table
III. Higher modulus of 20A nanocomposites can be
attributed to better dispersion of this filler compared
to other two. The modulus of 30B nanocomposites is
close to that of the unfilled reference compound due
to agglomeration of filler for this case.

Vulcanization times of nanocomposites

After characterizing the effect of surface modifiers
on microstructure of different organoclays, one may
be interested in studying this effect on vulcanization
times and kinetics of nanocomposites.

Figure 3 Permeability of the reference compound and
nano-composites 4-20A, 4-25A, and 4-30B to carbon
dioxide.

Figure 4 Uniaxial tension test for the reference com-
pound and nano-composites containing (a) 4 phr and (b)
12 phr organo-clays.

TABLE III
Young’s Modulus at 5% Strain and Storage Modulus at 0.1% Strain for the Reference Compound and Nanocomposites

Modulus 0Phr 4–30B 4–25A 4–20A 12–30B 12–25A 12–20A

E @ 5% (MPa) 0.73 0.91 1.02 1.31 0.92 1.12 2.28
E0 @ 0.1% (MPa) 1.29 1.33 1.48 1.60 1.42 2.00 3.50
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Vulcanization times, expressed in terms of the
scorch time, ‘‘ts1’’ and the optimum cure time, ‘‘tc90’’
for butyl rubber and its nanocomposites at 160�C are
reported in Table IV. The values in the brackets are
the standard deviations from the average for the ref-
erence compound with no filler obtained from seven
specimens of this sample. Both characteristic times
increase as the organoclay Cloisite 20A is added to
the compound, but it is interesting to note that
above 6 phr of this organoclay, there is a sudden
increase in vulcanization times. For the case of nano-
composites containing Cloisite 25A, there is little
change in characteristic times up to 6 phr of this
organoclay loading, and above that both characteris-
tic times increase. However, the overall increase in
vulcanization times for Cloisite 25A is less than
those for Cloisite 20A. By looking at the results of
nanocomposites containing Cloisite 30B, one can
notice that vulcanization times decrease as the
amount of this organoclay increases above 2 phr.
This is a different trend in vulcanization behavior of
the latter nanocomposites compared to the ones pre-
pared by other two organoclays. It has to be men-
tioned that the unmodified clay Cloisite Naþ has
almost no effect on the vulcanization times of the
rubber compounds at this temperature.

It has been reported that inclusion of organoclays,
which are modified by quaternary ammonium salts
accelerates vulcanization reaction of many rubbery
systems regardless of the type of modifier.10–17 These
salts participate in the vulcanization reaction by
forming a complex with zinc salt and sulphur. An
important factor for crosslink formation is the avail-
ability of vulcanizing agents to the unsaturated sites
which are very few in numbers for butyl rubber.
The results seen in Table IV induce the questions as
to why the vulcanization rate has slowed down by
application of two organoclays, whereas another
organoclay still shows accelerating effect. How does
this behavior depend on the amount of organoclay?
What could the other effective mechanism be other
than chemical acceleration of organic modifiers? As
a result, more accurate kinetic study of vulcanization
reaction of such nanocomposites and its relation to
microstructure of these fillers in the rubber matrix is
necessary.

Kinetics of vulcanization reactions

To study vulcanization kinetics of butyl rubber and
its nanocomposites, some established empirical mod-
els explained in the Introduction section were used
for fitting into isothermal ODR results.18–20 Figure 5
shows vulcanization conversion (a) versus time for
butyl rubber and its nanocomposites with different
clay types and loadings. Increasing clay content
caused the reaction rate to reduce in nanocomposites

TABLE IV
Vulcanization Times of the Reference Compound and Nanocomposites

Times (min) 0–20A 2–20A 4–20A 6–20A 12–20A 24–20A 12-Naþ
tS1 4.92 (0.83) 5.33 5.18 5.18 5.38 6.13 4.97
tC90 28.80 (1.25) 34.18 34.15 34.53 37.17 43.93 28.92

0–25A 2–25A 4–25A 6–25A 12–25A 24–25A 12-Naþ
tS1 4.92 (0.83) 4.77 4.77 4.92 4.98 5.38 4.97
tC90 28.80 (1.25) 29.17 29.15 29.95 35.45 35.28 28.92

0–30B 2–30B 4–30B 6–30B 12–30B 24–30B 12-Naþ
tS1 4.92 (0.83) 4.53 3.88 3.70 3.72 3.45 4.97
tC90 28.80 (1.25) 30.10 27.7 26.38 25.72 19.77 28.92

Figure 5 Vulcanization conversion (a) of Ghoreishy’s
equation versus time for the reference compound and
nano-composites of (a) Cloisite 20A, (b) Cloisite 25A, and
(c) Cloisite 30B at 160�C.
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containing Cloisite 20A. Similar results can be seen
for nanocomposites containing Cloisite 25A, but
reduction in the vulcanization rate occurs at higher
clay contents. However, vulcanization rate for the
nanocomposites containing Cloisite 30, especially at
higher loadings, has accelerated.

Two empirical models of Isayev and Ghoreishy were
initially used for two compounds to compare their
applicability. Figures 6(a,b) show quality of fitting for
the reference rubber and one of the nanocomposites,
for instance 4-20A, at 160�C. It can be seen clearly from
both plots that fitting of the Ghoreishy’s model is better
than the Isayev’s model in two aspects. First, it
simulates the turning point of the vulcanization curve
more accurately. Second, it fits better into the initial
and final parts of the data. This is just due to more flex-
ible form of the empirical equation with no physical
significance. Comparing these two models in eqs. (1)
and (2), one can notice that constants ‘‘k’’ and ‘‘n’’ may
have no correlation to their counterparts in two equa-
tions. The fitting curves were plotted for all nanocom-
posites, and similar trends were observed. Therefore,
presentation of other graphs was omitted in this article.
Since the Ghoreishy’s model showed suitable fit into

the experimental data, constants of this model were
calculated for nanocomposites of all three organoclays
by the nonlinear regression method and listed in Table
V. It was noticed that the critical loading around which
sudden changes occur in vulcanization rate of nano-
composites is about 6 phr of organoclay loading. Con-
sidering this point, two organoclay contents of 4 and 12
phr, one below and one above this critical loading,
were chosen for kinetic studies. To study the kinetics of
vulcanization, rheometric experiments were repeated
at several temperatures, as shown in Table V.
Clear effects of temperature can be observed for ‘‘k’’

and ‘‘t0.’’ Because of the position of ‘‘k’’ in the Ghorei-
shy’s equation, ‘‘k’’ decreases with temperature, there-
fore smaller ‘‘k’’ means faster kinetics and higher con-
version at a certain time. Also, ‘‘t0’’ decreases with
temperature, which means smaller induction time of
reaction as temperature increases. There is no specific
trend in the values of ‘‘n’’ and ‘‘b.’’

Figure 6 Applicability of Isayev’s and Ghoreishy’s mod-
els for vulcanization kinetics of (a) the reference com-
pound (b) nanocomposite 4-20A at 160�C.

TABLE V
Parameters of the Ghoreishy’s Model for the Reference Compound and Nanocomposites

Parameters tc (
�C) 0 Phr 4–20A 12–20A 4–25A 12–25A 4–30B 12–30B 12-Naþ

k (min) 150 9.2592 7.9644 15.3113 7.4710 13.8320 8.9310 7.4040 10.4329
160 4.8784 6.4641 10.1801 6.7478 10.8622 7.3905 7.2179 6.0208
170 3.4497 4.1232 5.7455 3.8710 4.2300 3.7530 3.1324 3.5000
180 2.2096 2.2951 2.6827 2.0816 2.1337 2.1367 2.1119 2.4226

n 150 1.4175 1.4794 1.1457 1.3427 1.0847 1.2113 1.2275 1.3121
160 1.5231 1.3161 1.1157 1.1623 0.9834 0.9834 1.0471 1.2620
170 1.5416 1.3235 1.2290 1.2194 1.2115 1.2261 1.1994 1.5710
180 1.8116 1.4919 1.4282 1.5211 1.4825 1.5397 0.9998 1.3868

b 150 0.9960 0.9760 1.1126 0.9977 1.1185 1.0820 0.9879 1.2810
160 0.9589 1.0105 1.1257 1.0875 1.1985 1.1333 1.1668 1.0400
170 1.0034 1.0594 1.1348 1.0874 1.0973 1.0983 1.0127 1.0054
180 0.9903 1.0266 1.0325 1.2945 1.0358 1.0362 1.3112 1.0408

ti (min) 150 7.703 7.083 7.912 6.459 7.136 5.477 4.778 8.710
160 4.730 4.582 4.857 4.260 4.714 3.420 3.220 4.500
170 3.423 3.333 3.230 2.864 2.936 2.625 2.333 3.530
180 2.570 2.219 2.005 2.133 1.933 1.714 2.151 2.420

E (kJ/mol) 74.12 66.34 92.07 69.53 104.01 78.88 62.34 78.54
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For nanocomposites of 20A and 25A, values of ‘‘k’’
increase as the content of organoclay increases from
4 to 12phr, meaning that the rate of vulcanization
slows down. However, for nanocomposites of 30B,
there is a reduction in the values of ‘‘k’’ leading to
faster vulcanization. Similar trends can be noticed
for ‘‘t0’’ but with lesser extent.

It is interesting to note that differences in the val-
ues of ‘‘k’’ for nanocomposites diminish at higher
temperatures so that these values are very close to
each other at 180�C. This can be interpreted as what-
ever the effect of the organoclay on vulcanization
kinetics is, it is temperature dependent, and it is less
effective at higher temperatures. This will be dis-
cussed more in the next section.

As it was discussed earlier, the temperature de-
pendence of ‘‘k’’ has been explained by an Arrhe-
nius-type equation, as shown in eq. (4). The value of
activation energy, ‘‘E,’’ has traditionally been used to
explain as the potential barrier of chemical reaction
so that higher ‘‘E’’ means lower rate of reaction. In
this case, ln k was plotted against 1/T, as shown in
Figure 7 for some of the compounds. By looking at
the values of ‘‘E’’ for the studied nanocomposites,
one can notice some increase in this value as the
content of organoclays Cloisite 20A and Cloistie 25A
increases from 4 to 12 phr. However, an opposite
trend can be observed for nanocomposites of 30B.
Considering accelerating effects of all quaternary
ammonium salt modifiers, as discussed by other
authors,10–17 one may wonder about the opposing
effects of organoclays used in this study on the vul-
canization kinetics of butyl rubber and slowing
effects of Cloisite 20A and Cloisite 25A as their con-
tent increases in the nanocomposites. This can be
interpreted by the fact that ‘‘k’’ is the product of two
probabilities. The probability of curing agents to
reach to the unsaturated double bounds and make
contact with them, and the probability of chemical
reaction to occur when they are in contact. There-
fore, activation energy ‘‘E’’ represents both diffusion

and chemical reaction processes. Apparently, the
former probability, which may be related to the dif-
fusion of curing agents into the rubber matrix, is
a function of organoclay loading and indeed
important factor to define vulcanization kinetics of
nanocomposites of butyl rubber in which the con-
centration of double bounds is low.

Filler network formation in nanocomposites

It was already concluded from XRD, SEM, gas per-
meation, and mechanical modulus, that compatibil-
ity of organoclays with butyl rubber has the order:
Cloisite 20A > Cloisite 25A > Cloisite 30B. To
understand any structural effects, the organoclays
might have on vulcanization kinetics of butyl rubber,
formation of the filler network was studied using
DMTA in a strain sweep mode.

Figure 7 Calculation of activation energy from Arrhenius
equation for some of the nano-composites.

Figure 8 Storage modulus of nano-composites of (a) Cloi-
site 20A, (b) Cloisite 25A, and (c) Cloisite 30B in a
dynamic strain sweep.
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Figure 8(a) shows such results for nanocomposites
containing different loadings of the organoclay Cloi-
site 20A. Because there is no softening as a result of
large strains or Payne effect,26 one can conclude that
there is no filler network formed in the nanocompo-
site 4–20A, and it follows the same trend as the ref-
erence compound. At about 6 phr of this organoclay,
the nonlinear effect appears, which explains forma-
tion of the filler network. At 12 phr of this filler, the
nonlinear effect is large enough to start at small
strains of 0.1%. For the case of organoclay Cloisite
25A, as shown in Figure 8(b), a weak nonlinearity
appears for the nanocomposite containing 12 phr fil-
ler at larger strains. Results of strain sweep for nano-
composites containing Cloisite 30B are shown in Fig-
ure 8(c). As seen in this case, there is no sign of
nonlinearity or filler network formation for any of
nanocomposites, even for the one containing 12 phr
filler.

Decelerating effects of Cloisite 20A and Cloisite
25A with sudden changes in the vulcanization
kinetics of their nanocomposites at loadings above
6 phr, where filler network formation begins, hints
at some physical effects of these filler networks on
the vulcanization kinetics of butyl rubber. Also,
accelerating effects of Cloisite 30B with no sudden
changes in vulcanization kinetics of its nanocompo-
sites along with no evidences of any filler network
formation in this case strengthen this idea. There-
fore, one may conclude that formation of a filler
network structure and entrapment and immobiliza-
tion of rubber in such networks may reduce the
number of reaction sites available to the vulcaniz-
ing agents. In other words, diffusion rate of vulcan-
izing agents into the rubber matrix can be an im-
portant parameter in vulcanization kinetics of butyl
rubber.27 Butyl rubber in which concentration of
double bounds as reaction sites is very low, accessi-
bility of these sites by vulcanizing agents has a
dominant effect compared to accelerating effect of
quaternary ammonium salt modifiers observed by
other researchers. As a result, vulcanization rate
can decrease in the nanocomposites in which the
filler network forms. For the case of nanocompo-
sites 30B, no filler network is formed, and no rub-
ber is entrapped, thus the accelerating effect of
modifiers will be dominant, and the rate of vulcani-
zation increases. As temperature increases, rubber
chains obtain enough mobility to allow the vulcan-
izing agents to diffuse into rubber and access the
double bound reaction sites. As a result, all values
of ‘‘k’’ in Table V reduce with temperature and
approach common values of about 2 at 180�C.

In addition, contribution of the filler network in
increasing the storage modulus of the nanocompo-
sites in which the filler network is formed is clear in
the graphs of Figure 8. The values of storage modu-

lus at small strain of 0.1% are also included in
Table III.

CONCLUSIONS

A series of vulcanized butyl-based nanocomposites
containing three different organically modified mont-
morillonites prepared by melt blending were studied.
XRD results showed intercalated microstructure for
nanocomposites, but dispersion of less hydrophilic
organoclays, Cloisite 20A and Cloisite 25A, is better
than that for Cloisite 30B in which agglomeration of
clay occurs in the rubber matrix. The SEM micro-
graphs, gas permeation test, and uniaxial tension
modulus of nanocomposites confirmed the men-
tioned microstructures. Both scorch time and opti-
mum vulcanization time increase for nanocomposites
of Cloisite 20A and Cloisite 25. This was explained by
the dominant effect of filler network formation and
entrapment of rubber, which limits the diffusion of
vulcanizing agents and reduces the availability of the
reaction sites of butyl rubber to these agents. In con-
trast, both characteristic times decrease in nanocom-
posites containing Cloisite 30B, where no filler net-
work forms, and accelerating effect of the modifier in
this organoclay appears. Two different empirical
models, Isayev’s and Ghoreishy’s, were applied to
study the vulcanization kinetics of compounds. The
Ghoreishy’s model was more successful in represent-
ing the experimental results.
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