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ABSTRACT: The elastomeric nanocomposites based on
organomontmorillonite (OMMT) and styrene-(ethylene-
butylene)-styrene (SEBS) thermoplastic elastomer were
prepared by melt processing using maleic anhydride
grafted SEBS (SEBS-g-MA) as compatibilizer. Thermo-oxi-
dative decomposition behavior of the neat components
and the nanocomposites were investigated using ther-
mogravimertic analysis (TGA) in air atmosphere. The
isoconversional method is employed to study the
kinetics of thermo-oxidative degradation. The heating
modes and the composition of nanocomposites were
found to affect the kinetic parameters (Ea, lnA and n).
The Ea and lnA values of SEBS, OMMT, and their com-
posites are much higher under dynamic heating than
under isothermal heating. The reaction order (n) of

OMMT was lower than those of SEBS and their compo-
sites. The obtained TG profiles and calculated kinetic
parameters indicated that the incorporation of OMMT
into SEBS significantly improved the thermal stability
both under dynamic heating and under isothermal heat-
ing. The simultaneously obtained DSC data showed that
the enthalpy of thermal decomposition decreased with
OMMT loading. No significant change in the nonisother-
mal and isothermal stability of the nanocomposites
with addition of SEBS-g-MA. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 120: 3337–3349, 2011
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INTRODUCTION

Scientific research on preparation and characteriza-
tion of polymer/clay nanocomposites has grown
continuously in the 21st century with the general
aim of developing new materials with improved
properties. Montmorillonite (MMT) is a layered,
mica-type clay mineral widely used in nanocompo-
site preparation.1 Its layer structure consists of two
silica tetrahedral sheets and an edge-shared octa-
hedral sheet of either aluminum or magnesium
hydroxide. Staking layers � 1-nm thick with a
weak dipolar force leads to interlayers or galleries
between layers. The galleries are normally occupied
by cations such as Naþ, Ca2þ, Mg2þ, with which it
is easy to form organomontmorillonite (OMMT) by
an alkylammonium ion-exchange reaction. OMMT

can be either intercalated by macromolecules or
exfoliate when they are dispersed in polymer. The
clay-containing nanocomposites have attracted great
interest to both academic and industrial researcher
due to their ability to display synergistically
advanced characteristics with small amount of clay
loading (e.g., 3 wt %). The typical improved proper-
ties include barrier properties, flame retardancy,
thermal stability chemical and dimensional stability
and mechanical properties when compared to their
micro- and macrocomposites counterparts and their
neat polymer matrices.2–4 Since then, the outstand-
ing material properties have led to profound
research on the creation of polymer/clay nanocom-
posites in which the polymer matrix included poly-
olefins,5–10 polyolefin rubbers,11–13 polyamides,14–16

polyesters,17–19 etc. Moreover, some attention has
been paid so far to the development of thermoplas-
tic elastomers (TPEs).2,3,20–23

Styrene-(ethylene butylene)-styrene (SEBS) triblock
copolymer is a commercially important TPE used in
various applications, such as adhesives, sealants,
coatings, footwear, automotive parts, impact modi-
fier in engineering plastics, wire insulations, etc.,

Correspondence to: S. Saikrasun (sunan.s@msu.ac.th).
Contract grant sponsor: Center of Excellence for

Innovation in Chemistry (PERCH-CIC), Commission on
Higher Education, Ministry of Education.

Journal ofAppliedPolymerScience,Vol. 120, 3337–3349 (2011)
VC 2011 Wiley Periodicals, Inc.



because of its good balance of mechanical properties
along with favorable processability and recycla-
bility.24 However, to address the demands of engi-
neering applications in more severe environmental
conditions, enhancement of the performance proper-
ties of the copolymer is required. To improve its
properties, the incorporation of the aforementioned
intercalated clay into SEBS has been reported in
some studies.2,20–23 Most studies have been explored
the high potential of clay as a minor nanofiller com-
ponent by improving the physical properties of the
nanocomposites.

Normally, the polymer must encounter elevated
temperature at almost every stage in manufacturing,
compounding, and processing stages in service and
during repairing step. Therefore the understanding
of thermal degradation behavior of individual poly-
mer and their composites is very important in
predicting their suitability in the specific filed of
applications. Thermogravimetric analysis (TGA) is a
simple technique widely used to characterize the
thermal decomposition of polymeric materials. The
TGA data can also be used in studying the kinetics
of thermal decomposition, which provide an insight
into the thermal stability of polymers. Although a
number of studies dealt with the preparation and
characterization of polymer nanocomposites, few
attempts have been made to analyze the thermal
decomposition kinetics of polymer nanocompo-
sites.25,26 Marazzato et al.25 studied the nonisother-
mal degradation of nanocomposites based on func-
tionalized polyethylenes. They found that in the
presence of clay, the thermal stability in nitrogen
atmosphere decreases, while the thermal stability in
air increases. They also found that the effect of clay
on the degradation behavior of the polymer matrix
is more pronounced for the nanocomposites
possessing fully exfoliated structure than that of the
nanocomposites containing intercalated clay stacks.
Moreover, the thermal degradation kinetics of poly-
propylene/clay microcomposites and nanocompo-
sites were investigated by Qin et al.26 They con-
cluded that the reaction order for the degradation
of PP/clay composites altered from first-order to
zero-order which is associated with the acidic sites
(Hþ) created on the clay layers. They also found
that the activation energy increases as the clay
particles in the PP matrix become smaller and exfo-
liated. However, to the authors’ best knowledge,
the kinetic analysis of thermal decomposition for
clay/SEBS elastomeric nanocomposites has not been
systematically studied. In this work, we attempt
to clarify the thermal decomposition behavior
and quantitatively elucidate the thermal stability of
the elastomeric nanocomposites by using kinetic
analysis close to real processing and application
atmosphere.

EXPERIMENTAL

Materials

Styrene-ethylene butylene-styrene (SEBS) triblock
copolymer, Kraton G1650, with a styrene/rubber wt
% ratio of 29/71 was purchased from Toyota Tsusho
(Thailand). The specific gravity of SEBS is 0.91.
Organoclay which is commercially available under
the trade name ‘‘ClaytoneV

R

HY’’ produced by South-
ern Clay Products, USA, was purchased from local
distributor and used as received. According to
product literature, the organic modifier is bis(hydro-
genated tallow alkyl) dimethyl ammonium. This
particular grade was chosen for this study as it is
recommended for low polarity systems and does
not require activator. The compatibilizer, maleic
anhydride-grafted-SEBS (SEBS-g-MA) produced by
Sigma-AldrichVR , USA, was purchased from S.M.
Chemicals Supplies, Thailand. From the Sigma-
AldrichVR product literature, the compatibilizer
contains � 2 wt % maleic anhydride and has a melt
flow rate of 22 g/10 min.

Preparation of the composites

The SEBS/OMMT composites at various composi-
tions of OMMT and SEBS-g-MA were prepared by
melt blending in an internal mixer [Haake Rheomex,
Thermo Electron (Karlsruhe) GmbH, Karlsruhe,
Germany] at a temperature of 165�C and a rotor
speed of 100 rpm for 10 min. The composites were
then compression-molded into a sheet about 1-mm
thick. The molding condition was 180�C under a
pressure of 20 tons for 10 min. The sample codes of
the elastomeric composites are designated as SEBS-X
where X depicts the content of OMMT in phr. For
the compatibilized composites, the sample codes are
designated as SEBS-X/YMA where X and Y depict
the contents of OMMT and SEBS-g-MA in phr and
wt %, respectively.

FT-IR characterization

For FT-IR analysis, the samples were thermally
compressed as a thin film using the same condition
as that of the sheet preparation. The infrared spectra
of the thin film samples were recorded on a FT-IR
Spectrophotometer (Perkin–Elmer, Spectrum GX,
UK) at resolution of 4 cm�1 for 32 scans from 4000
to 400 cm�1.

Morphological characterization

The fracture surface of the composites with and
without compatibilizer were observed under the
scanning electron microscope (SEM) (LEO 01455VP,
Cambridge, England) operated with the voltage of
20 kV. Prior to examination, the composite samples
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were immersed in liquid nitrogen for 30 min and
then fractured. The specimens were sputter-coated
with gold for enhanced surface conductivity.

X-ray diffraction measurement

X-ray diffraction (XRD) equipment (Bruker AXS D8,
Karlsruhe, Germany) with a generator voltage of
40 kV and a generator current of 40 mAwas employed
to evaluate the dispersion of OMMT in the compo-
sites. The X-ray source was Cu Ka radiation at a wave-
length of 0.154 nm. The difractograms were scanned
in the 2y range from 1.5� to 10� at a rate of 0.02� s�1.

Thermal decomposition analysis by simultaneous
TG and DSC measurements

Thermogravimetric analysis (TGA) was carried out
using TA instruments, SDT Q600 (Luken’s drive, New
Castle, DE). The neat and composite samples of 8–10
mg were loaded in alumina crucible and then noniso-
thermally heated from ambient temperature to 1000�C
at five different heating rates as 5, 10, 15, and 20�C
min�1. The TGA was performed in air with the flow
rate of 100 mL min�1. The TG and DSC data were
simultaneously recorded online in TA instrument’s Q
series explorer software. The analyses of simultaneous
TG and DSC data were done using TA Instrument’s
Universal Analysis 2000 software (version 3.3B).

The isothermal tests were measured at 300, 320,
340, and 360�C for 100 min. Before isothermal heat-
ing, the sample was heated at a rate of 20�C min�1

from ambient temperature to the selected tempera-
ture of isothermal degradation. As soon as the sys-
tem reached the selected temperature, the variations
of sample weights with times were registered. The
isothermal tests were performed in air with the flow
rate of 100 mL min�1. The analyses of isothermal TG
data were carried out using the same software as
those of the dynamic TG data.

Kinetic analysis of nonisothermal decomposition

To obtain the reliable kinetic information on thermal
and thermo-oxidative degradation, the isoconver-
sional (model-free) method that allows for evaluating
kinetic parameters without choosing the reaction
model was applied. Flynn-Wall-Ozawa (F-W-O)
method27,28 is a relatively simple method of determin-
ing activation energy directly from weight loss versus
temperature data, obtained at several heating rates.
This method is shown by the following equation:

ln b ¼ AEa

RgðaÞ
� �

� 5:3305� 1:0516
Ea

RT
(1)

where b is a heating rate in �C min�1, Ea is an appa-
rent activation energy (kJ mol�1), A is a pre-expo-

nential factor, R is an universal gas constant (J K�1

mol�1), T is an absolute temperature (K) and g(a) is
an integral reaction type of kinetic function.
The Kissinger method29 is widely used to calculate

the kinetic parameters at a fixed conversion. This
method involves the temperature (Tmax) at the maxi-
mum weight-loss rate (da/dt)max. The apparent acti-
vation energy can be determined by using this
method without precise knowledge of the reaction
mechanism. This method is based on the following
equation:

Eab
RT2

max

¼ Anð1� amaxÞn�1e�Ea=RTmax (2)

Kissinger assumes that the product nð1� amaxÞn�1

is independent of b and the following expression
can be derived:

ln
b

T2
max

� �
¼ ln nð1� amaxÞn�1 AR

Ea

� �� �
� Ea

RTmax
(3)

The slope of ln b=T2
max

� �
versus 1/Tmax equals to

�Ea/R, whereas its intercept (I) equals to
ln nð1� amaxÞn�1 AR=Eað Þ
h i

. The n-value can be esti-
mated from the following equation:

n ¼ ð1� amaxÞ Ea e
I

� � e�
Ea

RTmax

R da=dtð Þmax

(4)

Then, the A value can be calculated by the substi-
tuting n into the intercept equation:

I ¼ ln nð1� amaxÞn�1 AR

Ea

� �� �
(5)

Kinetic analysis of isothermal decomposition

Generally, the rate of solid state degradation reaction
(da/dt) can be described by30–32

da
dt

¼ kðTÞ f ðaÞ (6)

In eq. (2), k(T) represents the reaction rate constant
and f(a) is a conversion function. By substitution of
the Arrhenius equation, kðTÞ ¼ A e�Ea=RT, eq. (2)
becomes

da
dt

¼ f ðaÞA e�Ea=RT (7)

By integration of eq. (7), the integral type of
kinetic function, g(a), is obtained:

gðaÞ ¼ A e�Ea=RT t (8)
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where t is a degradation time. Depending on the
assumed reaction mechanism, many expressions for
g(a) were derived.32–34 Kinetic parameters can be
obtained from isothermal kinetic data by applying
these rate laws with traditional model-fitting meth-
ods or with isoconversional (model-free) methods.
By taking the natural logarithm of eq. (4), the isocon-
versional equation is derived:

ln t ¼ ln gðaÞ � lnAþ Ea

RT
(9)

Equation (9) is called standard isoconversional
method.35 The natural logarithm of time t correspond-
ing to a certain weight loss a is linearly dependent on
the reciprocal of temperature T. Provided that the
order of decomposition reaction n keeps constant
within the temperature and weight loss interval under
consideration, Ea and lnA can be respectively, calcu-
lated in terms of the slope and intercept of the linear
relationship of lnt versus 1/T for various a values.

RESULTS AND DISCUSSION

FT-IR characterization of compatibility effect

The FTIR spectra of SEBS, SEBS-g-MA, and SEBS/
OMMT composites containing various compatibilizer
contents are depicted in Figure 1. With the presence
of OMMT, Figure 1(A), the absorption bands at
1043 and 3631 cm�1 correspond to the asymmetric
SiAOASi and AOH stretching of silicates within the
composite system.3 To clearly elucidate the compati-
bilizer dosage effect, the expanded region of FTIR
spectra is shown in Figure 1(B). For SEBS, the
absorption bands for the aromatic overtones are
found at 1735, 1803, 1871 cm�1. As the OMMT was
incorporated, the above typical absorption region of
the aromatic overtone at 1735 cm�1 shifted to 1721
cm�1 suggesting that OMMT preferably interacted
with polystyrene (PS) block in SEBS, due to the
slight Lewis base character imparted by the phenyl
ring in the PS block.36 As the 2.5 and 5 wt % SEBS-
g-MA was incorporated, no significant change of the
typical absorption band is observed. No much effect
was found on the enhanced interaction between the
maleic anhydride group on SEBS and hydroxide
group on the OMMT. Perhaps the overlapping
aromatic overtone signals on PS blocks with the
carbonyl group on maleic anhydride resulted in an
insignificant maleated compatibilizer contribution.3,37

SEM studies

SEM images of the composites are very informative
with respect to their fracture surface morphology
and the distribution of clay in the polymer matrix.

Such observation on fracture surfaces SEBS-5, SEBS-
5/2.5MA, and SEBS-5/5MA are presented in Figures
2(a–c), respectively. In the absence of compatibilizer,
a split of the polymer surface is clearly observed,
whereas more smooth surface with less splitting
area are observed on the fracture surface of the com-
patibilized composites as seen from Figures 2(b,c).
The morphological results for the compatibilized
composites indicate that the presence of OMMT and
compatibilizer improves the connectivity of the
matrix phase. However, due to the limited resolu-
tion of SEM, the layered aggregates of OMMT
resulting from the intercalation which was normally
dispersed at a regular interval across the thickness
of the polymer sheet and the crack pass through
along the edges of the aggregates are not observed.

Dispersion of OMMT in the composites

XRD is a useful technique for characterization of
clay and polymer/clay composites. This technique
allows the precise measurement of silicate layer
spacing and the dispersion of OMMT in the polymer

Figure 1 FTIR spectra (A) and expanded region from
1700 to 1900 cm�1 (B) of (a) SEBS, (b) SEBS-g-MA, (c)
SEBS-5, (d) SEBS-5/2.5MA, and (e) SEBS-5/5MA.
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matrix. Figure 3 shows the XRD patterns of SEBS,
OMMT, SEBS-5, SEBS-5/2.5MA, and SEBS-5/5MA.
The XRD spectra of OMMT possesses three charac-
teristic reflection peaks at 2y value ¼ 2.5, 4.3, and
7.2 corresponding to d-spacing of 3.4, 2.1 and 1.27
nm, respectively. The shift of the sharp d001-plane
spacing peak of OMMT from 2y value ¼ 2.5 to the
lower diffraction angle in the compatibilized compo-
sites containing 5 wt % (SEBS-5/5MA) is clearly
observed, indicating that SEBS has been able to

intercalate into gallery spaces of the organoclay in
the presence of the optimum compatibilizer content.
However, no significant change occurs in the
absence or relatively low content of SEBS-g-MA.

Thermal decomposition behavior of SEBS/OMMT
composites under dynamic heating

The effect of OMMT contents on nonisothermal
decomposition behavior and the corresponding
simultaneous DSC curves of the SEBS/OMMT com-
posites in air are presented in Figures 4(A,B),
respectively. The thermal degradation of SEBS and
OMMT occur in at least two steps. The neat SEBS
exhibits the first major weight-loss in the range of
250–380�C, whereas the first major weight-loss of
the OMMT appears in the range of 200–350�C. For
the thermal degradation of SEBS, the chain degra-
dation, scission, and oxidation which occur primar-
ily at the boundary of styrene-olefin phase, giving
rise to the formation of acetone end groups on the
styrene units and carboxylic acids on the olefin
chain ends.38 For OMMT, the first major step of
weight-loss corresponds to the decomposition of or-
ganic components. The content of the organic sub-
stance is about 30 wt %. Interestingly, the signifi-
cant improvement of thermal stability of SEBS is
clearly observed with OMMT loadings as seen from
the remarkable shift of TG curves to high tempera-
ture. The significant improvement in thermal stabil-
ity of the OMMT-containing composites may be
due to the accumulation and reassembly of silicate
layer on the surface of burning material, offering a
great barrier effect to hinder the formation of small
molecules, resulting from thermal decomposition
and simultaneous resisting their movement during
desorption from the surface.39

Figure 2 SEM micrographs of fracture surface for (a)
SEBS-5, (b) SEBS-5/2.5MA and (c) SEBS-5/2.5MA.

Figure 3 XRD patterns of (a) SEBS, (b) OMMT, (c) SEBS-
5, (d) SEBS-5/2.5MA, and (e) SEBS-5/5MA.
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To clearly elucidate the OMMT-dosage depend-
ence of thermal stability in more quantitative way,
the thermal characteristics of the major weight-loss
step of all samples in air, are compared and sum-
marized in Table I. Tonset represents the onset degra-

dation temperature. Tmax represents the temperature
at the maximum weight-loss rate, (da/dt)max.
Although the low values of Tonset and Tmax of
OMMT is observed and the relatively small amount
of OMMT is incorporated into the SEBS, it is seen
that Tonset of the nanocomposites are much higher
than those of both the polymer matrix and OMMT.
This result reveals the high potential of OMMT as
an enhancing thermal stability material in the
composite system. It is seen that (da/dt)max of the
nanocomposites are much higher than those of SEBS
and OMMT and seems to progressively increase
with OMMT loading. Moreover, the amount of char
residues progressively increases with increasing the
content of OMMT.
The simultaneous DSC traces of thermal degrada-

tion for the SEBS, OMMT and the nanocomposites
containing various OMMT contents in air are shown
in Figure 4(B). The corresponding peak temperature
(Td) and enthalpy (DHd) associated with the thermal
degradation process is also presented in Table I. The
exothermic degradation process is observed for all
the samples due to the fact that the concurrent and
further degradation mechanisms in air tend to
involve the formation reaction. SEBS shows a very
broad degradation exotherm that stretches from 230
to 560�C with a peak maximum (Td) at 372�C,
whereas the OMMT exhibits a broad degradation
exotherm with a peak maximum at 362�C. By
comparing with the neat SEBS and OMMT at the
same heating rate and atmosphere as the controlling
factors, the exothermic peaks of the SEBS/OMMT
nanocomposites shift to higher temperature similar
to the Tonset and Tmax gained from the TG profiles.
Note that the enthalpy of thermal decomposition
decreases with OMMT loading.

Effect of compatibility on thermal
decomposition behavior

Figure 5(A,B) show the dynamic TG curves and the
corresponding simultaneous DSC curves, respec-
tively, of the SEBS-5/2.5MA and SEBS-5/5MA com-
pared to those of the uncompatibilized SEBS-5. The

Figure 4 Dynamic TG (A) and corresponding simultane-
ous DSC (B) curves of SEBS/MMT nanocomposites con-
taining various blend compositions: (a) SEBS, (b) SEBS-2,
(c) SEBS-5, (d) SEBS-10, and (e) OMMT.

TABLE I
Thermo-Oxidative Decomposition Characteristics for the First Major Weight Loss

Stage of SEBS/OMMT Nanocomposites

Sample
Tonset

(�C)
Tmax

(�C)
(da/dt)max

(wt % min�1)
Char yield

at 600�C (wt %)
Td

(�C)
DHd

(kJ g�1)

SEBS 333 367 12.6 0.30 372 7.87
SEBS-2 407 448 27.8 0.60 451 5.33
SEBS-5 421 456 35.1 3.98 460 4.74
SEBS-10 410 459 34.9 6.01 465 4.44
OMMT 232 252 2.50 62.2 362 4.24
SEBS-5/2.5MA 412 461 34.3 3.27 464 4.88
SEBS-5/5MA 419 461 30.2 2.76 463 4.59
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TG profiles for all samples show a single weight-loss
step at 250–470�C. As seen from the TG curves, no
significant change in thermal stability among SEBS-5
and both of the compatibilized nanocomposites are
observed. This result is similar to those of the
compatibilized liquid crystalline polymer/polypro-
pylene microcomposite and compatibilized SEBS/
clay (Cloisite) nanocomposite studied by one of us40

and Chang et al.,21 respectively. That is, the presence
of SEBS-g-MA slightly affects the TG profiles of the
composite systems. In general, the improvement of
mechanical properties of the polymer composites
can mostly be achieved by enhancing the compati-
bilization between the interfaces of the mixture
components. In the present study, in terms of ther-
mal stability, the role of compatibized phenomena
seems to little affect the TG profile of the compo-

sites. Marazzato et al.25 studied the kinetics of noni-
sothermal degradation of nanocomposites based on
functionalized polyethylenes. They reported that the
effect of clay on improving the thermal stability
under heating in air is more pronounced for the
nanocomposites having better dispersion of clay
layers, leading to a better barrier effect for the oxy-
gen flow. For the typical behavior of clay/polymer
system during combustion, heat transfer from exte-
rnal source promotes thermal decomposition of clay
and polymer. It should be noted that, for the inves-
tigated composite samples, the amount of residue
almost corresponds to the inorganic content of
OMMT in the sample. This results in the accumula-
tion and reassembling of clay platelets on the
surface of burning material. The inorganic residue
acts as the insulator and mass transport barrier that
enhance the thermal stability by slowing the oxygen
flow and the volatile product generated during
decomposition.39 In this study, the thermal stability
of the compatibilized composite, compared with
that of the uncompatibilized are comparable as seen
from the overlapping of TG curves in Figure 5(A).
This may be due to that the presence of the compa-
tibilizer does not significantly improve the disper-
sion of clay. However, the improvement of thermal
stability is not only contributed from the inherent
properties of clay and its dispersion but also the
inherent nature of polymer matrix used in the
composite system.

Nonisothermal kinetic analysis

Isoconversional method is one of nonisothermal
multiplescan techniques for studying kinetics. This
method is also called model-free method because no
kinetic model was set before the calculation. It
appears that the analytic techniques based on several
curves obtained at different heating rates present a
lower risk of creating errors than do techniques
based on a single thermogram. To understand the
decomposition kinetics of the neat components and
the composites in easier way, the analytical techni-
ques were unified by using isoconversional methods
(Flynn-Wall-Ozawa and Kissinger).27–29 These tech-
niques allow for evaluating reliable kinetic para-
meters without having to know the reaction model.
In this study, the kinetic analysis of SEBS, SEBS-5,
and OMMT was investigated. However, the kinetics
of thermal decomposition for the compatibilized
composite was not studied here since there is no
significant difference in TG profiles of the compatibi-
lized- and uncompatibilized composites. The non-
isothermal TG curves of SEBS, SEBS-5, and OMMT
at four different heating rates of 5, 10, 15, and 20�C
min�1 in air are shown in Figure 6. The TG curves
reveal the different profiles depending on heating

Figure 5 Dynamic TG curves (A) and corresponding si-
multaneous DSC curves (B) of compatibilized SEBS/
OMMT nanocomposites: (a) SEBS-5, (b) SEBS-5/2.5MA, (c)
SEBS-5/5MA.
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rate and the composition. It is seen that the TG
curves progressively shift to the higher temperature
as the heating rate increases. Generally, at low heat-
ing rate, the sample temperature is more uniform
and diffusion of gaseous products could occur
within the sample, thus lowering the decomposition
temperature. In the same meaning, the shift of the
TG curves to the higher temperature with increasing
heating rate could be attributed to the short time
required for a sample to reach a given temperature
at high heating rate.41

In general, thermal degradation of polymers usu-
ally involves multiple steps that are most likely to
have different mechanism and activation energies.
The relative contribution of these steps to the overall
degradation rate changes with both temperature and
extent of reaction. This means that the effective acti-
vation energies determined from thermal analysis
data alone are not capable of revealing this type of
reaction complexity. Therefore, to avoid the need to
know decomposition mechanism required for some
model fitting, we use a model-free approach to
kinetic analysis in this study. This approach rests
upon the isoconversional method whose application
to thermal degradation of polymers often yields an
activation energy, which varies with the extent of
conversion. Knowledge of the dependence activation
energy on conversion extent assists in both detecting
multi-step process and drawing certain mechanistic
conclusion. Moreover, it is sufficient to predict the
reaction kinetics over a wide temperature region and
the isoconversional method yield similar (but not
identical) dependence of the activation energy on
the extent of conversion. In this study, the activation
energy calculated by F-W-O and Kissinger methods
is called apparent activation energy because it is the
sum value of activation energies of the chemical
reactions and physical processes in thermal degrada-
tion. The plots of isoconversional activation energy
as a function of conversion extent (a) using F-W-O
method for SEBS, SEBS-5 and OMMT are shown in
Figure 7. The activation energy of SEBS gradually
increases from 68.5 to 159 kJ mol�1 as a increases
from 0.1 to 0.9. This should be ascribed to the nature
of chain degradation, scission, and oxidation which

Figure 6 Dynamic TG curves of SEBS (a), SEBS-5 (b), and
OMMT (c) at heating rates of 5, 10, 15, and 20�Cmin�1 in air.

Figure 7 Dependence of activation energy (Ea) on conver-
sion extent (a) for thermal degradation of SEBS, SEBS-5,
and OMMT in air.
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occur primarily at the boundary of styrene-olefin
phase as suggested by Allen et al.38 The slight
increase in activation energy with increasing a
revealed in this study is similar to those of commer-
cial polyolefins such as PP and PE.42 The activation
energy of SEBS-5 and OMMT drops at low a range
(a ¼ 0.1-0.2) and then increases from � 174 to � 240
kJ mol�1 for SEBS-5 and � 130 to � 195 kJ mol�1 for
OMMT in the entire range of a. The variation in acti-
vation energy with the extent of reaction for all sam-
ples indicates that multi-step reaction mechanism
occurs during thermo-oxidative degradation. It is
seen that the activation energy of OMMT is much
higher than that of SEBS throughout the range of a.
For instance, the activation energy of OMMT is � 90
kJ mol�1 higher than that of SEBS at a ¼ 0.5. Inter-
estingly, although the OMMT shows much higher
value of activation energy when compared with
SEBS, the incorporation of OMMT into SEBS (e.g.,
SEBS-5) exhibits the highest thermal stability. From
the evidence of our previous studies, the thermal
stability of SEBS could be obviously improved by
addition of high thermally-stable liquid crystalline
polymer43,44 whereas the thermal stability of polyole-
finic TPE could not.45 This leads to the assumption
that the significant improvement or reduction in
thermal stability of the composite is not only contrib-
uted from the inherent nature of nanofiller alone but
also the inherent nature of polymer matrix.

To relatively compare the whole kinetic informa-
tion (Ea, lnA, and n) among all samples, Kissinger
method determining the kinetic parameters at a fix
conversion was employed. Figure 8 presents the
Kissinger plots for SEBS, SEBS-5, and OMMT in air.
The kinetic parameters (Ea, lnA, and n) correspond-
ing to the first stage of degradation for all samples

in air are presented in Table II. It is seen that the
kinetic parameters change with the composition of
the composite. The thermo-oxidative stability of
SEBS-5 is significantly improved when compared
with that of the neat SEBS. As mentioned earlier, the
heat transfer from an external source promotes the
formation of charred surface layer of SEBS which
combines and intercalates with the resembling
silicate layers to provide a sort of ceramic char-lay-
ered silicate composite. This carbonaceous silicate
structure exhibits as an insulator and mass transport
barrier that slows the escape of gaseous products
generated during thermal decomposition.39

Although SEBS-5 become more complex in terms of
increasing constituents in the composite compared
with the neat SEBS, the decomposition order (n) of
SEBS-5 calculated using Kissinger method is lower
than that of the matrix polymer. This suggests that
the decomposition mechanism becomes less complex
with addition of OMMT. The decrease in reaction
order of thermal degradation with clay loading
associates with the acidic sites (Hþ) created on clay
layer under heating. It is known that alkylam-
monium salts in clay galleries can take place with
the Hoffmann mechanism leading to volatilization
of ammonia and the corresponding olefin.26,46,47

Therefore, it is believed that the acidic sites in the
clay galleries are the key factor for the lowering
reaction order of the nanocomposites.47

Isothermal decomposition behavior

Isothermal thermogravimetry is complementary and
necessary to obtain a concept description of the
kinetics of the decomposition process similarly to
the nonisothermal one. Figure 9 shows the isother-
mal TG curves of SEBS, SEBS-5, SEBS-5/5MA, and
OMMT at 340�C in air. The corresponding isother-
mal TG data is presented in Table III. The single-
step weight loss and dramatical decomposition of
SEBS are observed during the first 30 min of isother-
mal heating. The similar shape of TG thermograms
of SEBS-5 and SEBS-5/5MA with slight difference in
actual weight, especially after heating for 40 min,
is observed. No significant change in thermal

Figure 8 The Kissinger plots for the first stage degrada-
tion of SEBS, SEBS-5, and OMMT in air.

TABLE II
Nonisothermal Kinetic Parameters for the First

Degradation Step in Air of SEBS, SEBS-5, and OMMT
Calculated Using Kissinger Method

Sample Ea (r
a) (kJ mol�1) n lnA (min�1)

SEBS 93.0 (0.9883) 1.1 16.2
SEBS-5 188 (0.9816) 0.47 30.1
OMMT 156 (0.9350) 0.29 23.8

a r means the correlation coefficient for the linear fit
analysis.
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decomposition behavior of SEBS-5 and SEBS-5/5MA
is observed which agree well with the results
obtained from the nonisothermal measurement as
mentioned earlier. This suggests the compatibilizer-
independence of thermal stability for this composite
system. Interestingly, although the maximum weight
loss rate of SEBS and OMMT are relatively high, the
composite thereof show a very low maximum
weight loss rate. This means that the addition of
OMMT into the elastomer matrix significantly inhibit
the thermo-oxidative reaction.

Isothermal decomposition kinetics

Effect of isothermal temperatures on thermal decom-
position of SEBS, SEBS-5, and OMMT is shown in
Figure 10. The shape of the isothermal TG curves
strongly depends on the isothermal temperature and
composite composition. As seen in Figure 10(a),
SEBS exhibits a slow and steady decomposition at
300�C and becomes relatively more rapid with
increasing temperature. For SEBS-5 [Fig. 10(b)], a

slow and steady decomposition occur at 300, 320,
and 340�C. Note that SEBS-5 becomes rapidly
degraded with heating at the temperature of 360�C.
This indicates that the thermal stability of the
composite contributed from the incorporation of
OMMT is not pronounced at very high temperature.
This means that the addition of OMMT into the elas-
tomer matrix render the retardation of the thermo-
oxidative reaction under the isothermal heating in

Figure 9 Isothermal TG curves of (a) SEBS, (b) SEBS-5,
(c) SEBS-5/5MA, and (d) OMMT under isothermal heating
at 340�C in air.

TABLE III
Thermo-Oxidative Characteristics for the First

Degradation Step in Air of SEBS, SEBS-5, SEBS-5/5MA,
and OMMT Obtained from Isothermal TG

Measurements

Sample
tmax

(min)
(da/dt)max

(wt % min�1)
Char yield
(wt %)

SEBS 16.7 9.05 29.6
SEBS-5 16.5 0.94 77.9
SEBS-5/5MA 16.6 0.97 74.4
OMMT 14.6 4.48 71.4

Figure 10 Isothermal TG curves of SEBS (a), SEBS-5 (b),
and OMMT (c) under isothermal heating at 300, 320, 340,
and 360�C in air.
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air only up to 340�C. More rapid decomposition
with increasing temperature is also observed for
OMMT as seen from Figure 10(c).

According to the standard isoconversional
method, the plot of lnt versus 1/T was investigated
to evaluate the Ea value at a particular weight loss.
Three straight lines corresponding to particular

weight losses of 5, 10, and 15 wt % for SEBS and
SEBS-5 and OMMT are illustrated in Figure 11. The
respective Ea and lnA values evaluated from the
slopes and intercepts of the straight lines for all
samples are listed in Table IV. The kinetic para-
meters (Ea and ln A) of all samples progressively
increase with increasing weight loss, indicating that
the degradation mechanism varies with the weight
loss. The incorporation of OMMT renders an
improvement in thermal stability considerably as
seen from an increase in Ea value of SEBS-5 when
compared with that of the neat SEBS matrix. Note
that, the isothermal Ea value of OMMT is relatively
lower than that of SEBS, but this nanofiller show a
high potential as an enhancing thermal stability
component for the elastomeric composite system.
The trend of the isothermal results is in agreement
with that obtained from the nonisothermal TG data.
To evaluate the order (n) of isothermal degrada-

tion, the isoconversional procedure introduced by
Friedman48 was employed. This method is based on
taking the natural logarithm of eq. (7) giving

ln
da
dt

� �
¼ lnA þ ln f ðaÞ � Ea

RT
(10)

Term f(a) represents the mathematical expression
of the kinetic model. Generally, f(a) is complicated
and valid only for limited range of experimental
condition. If it is assumed that the degradation
reaction is the ‘‘simple nth order reaction,’’
f ðaÞ ¼ ð1� aÞn, eq. (10) can be expressed as

ln
da
dt

� �
¼ lnA þ n lnð1� aÞ � Ea

RT
(11)

By plotting ln(da/dt) against ln(1 � a) at a con-
stant temperature, the isothermal order can be calcu-
lated from the slope of the straight line. For instance,
the plots of ln(da/dt) versus ln(1 � a) for SEBS,
SEBS-5 and OMMT at 340�C in air are presented in
Figure 12. It is found that the respective n values of
SEBS, SEBS-5, and OMMT are found to be 1.1, 4.7,
and 0.25. It is seen that the reaction order of SEBS is
same as that obtained from nonisothermal data (n ¼
1.1) whereas the isothermal order of OMMT slightly
decreases when compared with the corresponding
nonisothermal data. Interestingly, the order of iso-
thermal decomposition for SEBS-5 is much higher
than those of SEBS and OMMT, indicating more
complex mechanism of OMMT-containing nano-
composite under isothermal heating. Moreover, the
thermal degradation of SEBS-5 is more complex
under isothermal heating than under dynamic heat-
ing as seen from the higher reaction order of isother-
mal degradation.

Figure 11 Application of standard isoconversional
method to the thermo-oxidative degradation of SEBS (a),
SEBS-5 (b), and OMMT (c).
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CONCLUSIONS

The thermo-oxidative decomposition of the elasto-
meric SEBS/OMMT composites was investigated
using nonisothermal and isothermal thermogravi-
metry in air. The nonisothermal TG curve of the
OMMT-containing composite shifts to the higher
temperature, compared with those of SEBS and
OMMT. Similarly, the isothermal TG profile of the
nanocomposite shows a slow and steady decomposi-
tion whereas more rapid decomposition is observed
for SEBS and OMMT. Under dynamic heating and
isothermal heating, no significant difference in the
thermal stability of the nanocomposites with and
without the presence of compatibilizer (SEBS-g-MA)
is observed. The kinetic parameters (Ea, lnA, and n)
calculated using the isoconversional method indi-
cates that the incorporation of OMMT into the
elastomer matrix significantly improves the thermal
stability both under dynamic heating and under iso-
thermal heating. This result has been interpreted
by the barrier effect of the OMMT residue on the

oxygen flow into the sample. As considered from Ea

values, the thermal stability of SEBS, OMMT and
their composites is much higher under dynamic
heating than isothermal heating. No significant
change in the reaction order for SEBS and OMMT
under both heating modes, whereas the reaction
order of SEBS/OMMT composite is higher under
isothermal heating than under dynamic heating,
indicating that more complex decomposition process
occurs during isothermal degradation.

The authors thank Dr. Pornsawan Amornsakchai, Depart-
ment of Chemistry, Faculty of Science, Naresuan University,
for SEM characterization.
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