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ABSTRACT: The thermal degradation behavior of sty-
rene-butadiene-styrene triblock copolymer (SBS) and
SBS/multiwalled carbon nanotubes (MWCNTs) com-
posites prepared by solution processing and melt mixing,
respectively, was investigated using nonisothermal
thermogravimetric analysis (TGA). The kinetic parameters
of the activation energy (Ea) for degradation, preexponen-
tial factor A, and the reaction order (n) were evaluated
by the Flynn-Wall-Ozawa, Kissinger, and Coats-Redfern
methods, respectively. Ea increased and n decreased after
the incorporation of 3 wt % of MWCNTs into the SBS.
The Ea of SBS/MWCNTs composite prepared by melt
mixing was higher than that by solution processing,

which was attributed to the good dispersion of
MWCNTs in SBS and the interactions between MWCNTs
and SBS. The gases evolved during thermal degradation
at a nitrogen atmosphere were studied by Fourier trans-
form infrared spectroscopy (FTIR) coupled with the
TGA. Aliphatic and aromatic CAH peaks appeared
simultaneously in FTIR spectra, indicating the thermal
degradation of SBS proceeds by a random chain scission
process. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 112:
524–531, 2009
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INTRODUCTION

Carbon nanotubes (CNTs) have been under consid-
erable research since its study first published by
Iijima1 in 1991. They have excellent electrical, ther-
mal, and mechanical properties and are regarded as
ultimate nanofillers because of their unique struc-
ture. CNTs have been widely incorporated into poly-
mers for various applications,2,3 for instance, to
improve the flammability and thermal stability of
polymers.4,5 The concentration and dispersion of
CNTs could significantly affect the thermal proper-
ties of polymer/CNTs composites.6–8 Seo and Park6

studied the thermal degradation of multiwalled car-
bon nanotubes (MWCNTs) reinforced polypropylene
composites. They found that the activation energies
(Ea) of thermal degradation increased with increas-
ing MWCNT content. Besides, CNTs could form a
protective layer acting as a heat shield when they
were well dispersed in poly(methyl methacrylate).
Interfacial bonding between CNTs and polymers
could affect the thermal degradation of the compo-
sites.9,10 For instance, the thermal stability of poly-

amide 6 filled with amino-functionalized MWCNTs
was slightly higher than that with purified
MWCNTs.9 The thermal stability of poly(L-lactide)
(PLLA) composite filled with PLLA modified
MWCNTs was better than that with pristine
MWCNTs.10 However, the effect of the interfacial
bonding between polymers and CNTs on the ther-
mal degradation behavior of CNTs composites has
not been extensively studied yet, especially in elasto-
meric materials.
Styrene-butadiene-styrene triblock copolymer

(SBS) has been widely used in various fields because
of its outstanding mechanical properties. The appli-
cations of SBS include tread, adhesive, asphalt, and
plastic modifiers. However, the thermal stability of
SBS suffers owing to the sensitivity of the double
bonds of polybutadiene (PB) segment in SBS. The
chain scission and crosslinking during thermal oxi-
dation are the two main degradation processes of
SBS.11,12 In our previous study, SBS/MWCNTs com-
posites were prepared by two methods, solution
processing and melt mixing.13 It was found that
interactions between SBS and MWCNTs occurred
during melt mixing, which improved the dispersion
of MWCNTs in the SBS matrix as well as the me-
chanical properties of the SBS composites. In this
study, the thermal degradation behavior of SBS and
its composites under a nitrogen atmosphere was
investigated by nonisothermal thermogravimetric
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analysis (TGA). The kinetic parameters were calcu-
lated based on TGA curves by the Flynn-Wall-
Ozawa,14 Kissinger,15 and Coats-Redfern16 methods,
respectively. The effects of the interactions between
SBS and MWCNTs and good dispersion of
MWCNTs on Ea were discussed. TGA coupled with
Fourier transform infrared spectroscopy (FTIR) was
also used to investigate the gas evolved during the
degradation of SBS/MWCNTs composites.

EXPERIMENTAL

Materials

MWCNTs were produced by Tsinghua Nafine
Nano-Power Commercialization Engineering Centre,
China and using chemical vapor deposition method.
The average diameter of MWCNTs is about 20 nm,
and the purity is higher than 95%. SBS (791H, Mn ¼
5.9 � 104, with styrene content at 30%) was supplied
by Yueyang General Petrochemical Co., China. Tet-
rahydrofuran (THF) with reagent purity grade was
purchased from Sinopharm Group Chemical Rea-
gent Co. China.

Sample preparation

SBS/MWCNTs composites with 3 wt % of MWCNTs
were prepared by two routes: melt mixing at 120�C
on a two-roll mill (hereinafter referred as m-SBS/
MWCNTs) and via solution processing. For the lat-
ter, SBS was dissolved in THF with the ratio of 1 : 9
by weight to form a solution. MWCNTs were sepa-
rately dispersed in THF under ultrasonication. The
SBS solution was poured into the mixture of
MWCNTs/THF dispersion. This mixture was under
continuously stirred for 4 h. Subsequently, THF was
removed by evaporation from the mixture. After the
THF was evaporated, the SBS/MWCNTs composite
(hereinafter referred as s-SBS/MWCNTs) was
obtained as a film.

Characterization

The nonisothermal degradation of SBS and SBS/
MWCNTs composites was performed with a TGA 7
analyzer (Perkin–Elmer, Waltham, MA) by heating
from 50 to 750�C under a nitrogen atmosphere at a
rate of 5, 10, 20, or 40�C/min.

The time-resolved TGA-FTIR analysis was per-
formed from 50 to 750�C at a heating rate of 10�C/
min under a nitrogen atmosphere in a TG 209 F1
(Netzsch, Germany) coupled to a Infrared Spectrom-
eter (Tensor 27, Bruker, Germany) equipped with a
gas cell, which was heated to 200�C to avoid the
condensation of the degradation products inside the
transfer line and the gas cell.

RESULTS AND DISCUSSION

In previous study, it was found that the dispersion
of nanotubes in m-SBS/MWCNTs was better than
that of s-SBS/MWCNTs owing to the high shear
force via melt mixing.13 In addition, the interactions
between SBS and MWCNTs occurred during melt
mixing, which were supposed to consist of the p–p
interaction between MWCNTs and the phenyl
groups of SBS as well as the chemical bonding of
polybutadiene segments with MWCNTs. This study
would focus on the effects of good dispersion and
the interactions between MWCNTs and SBS on the
thermal properties of the SBS/MWCNTs composites.
TGA curves of pristine MWCNTs, SBS, and their

composites at a heating rate of 20�C/min are shown
in Figure 1. MWCNTs almost did not suffer degra-
dation up to about 700�C, whereas SBS was com-
pletely degraded already at about 500�C. The
temperatures corresponding to a weight loss of 5 wt
% (T5) and 50 wt % (T50) of SBS and SBS/MWCNTs
composites at different heating rates are shown in
Table I. The T5 andT50 values of SBS and s-SBS/
MWCNTs for each heating rate are almost similar.
However, each T5 value of m-SBS/MWCNTs is
lower than that of pure SBS. This is because chain
scission of SBS might occur already during melt
mixing so that some SBS with low molecular weight
could be formed. In general, T5 decreases with
decreasing the molecular weight of polymers.17,18

Therefore, the SBS with low molecular weight was
easily degraded already at the early stage of the
heating process, resulting in the lower T5 of the m-
SBS/MWCNTs. Nevertheless, T50 values of m-SBS/
MWCNTs at the heating rate of 5, 10, and 20�C/min
are higher than that of pure SBS and s-SBS/

Figure 1 TGA curves of pristine MWCNTs, pure SBS,
s-SBS/MWCNTs, and m-SBS/MWCNTs composites at a
heating rate of 20�C/min.
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MWCNTs. The residual weight of m-SBS/MWCNTs
at 600�C, when the heating rate is 20�C/min, is
about 7%, which is higher than that of SBS (1%) and
s-SBS/MWCNTs (3%).This is probably due to the
interactions between SBS and MWCNTs, so that
MWCNTs may favor to form thermal shield to
decrease external heat flux and then protect SBS
from degradation at higher temperature, leading to
the improvement of thermal stability of SBS
composites.7,19

Nonisothermal measurements at different heating
rates (5, 10, 20, and 40�C/min) are performed to
study the relationship between kinetic parameters
and conversion.20 The TGA and differential ther-
mogravimetric (DTG) curves for SBS and its compo-
sites are shown in Figures 2 and 3, respectively.
DTG curves indicate that a weight-loss stage

occurred during degradation. It is interesting that a
small peak appears around 590�C in the DTG curve
of m-SBS/MWCNTs at the heating rate of 5�C/min,
which cannot be observed either in SBS or s-SBS/
MWCNTs. This is because SBS and MWCNTs may
form a char, which could protect the underlying layer.
This char was relatively stable when temperature was
low and it was degraded at high temperature.
TGA data was analyzed using a single step

kinetics equation:

b
da
dT

¼ Af ðaÞ exp � Ea

RT

� �
(1)

where, b is the heating rate, a the conversion which
is the inverse of weight loss, T the temperature, A
the preexponential factor, and R the universal gas

TABLE I
T5 and T50 Values of SBS and SBS/MWCNTs Composites

Heating rate
(�C/min)

SBS s-SBS/MWCNTs m-SBS/MWCNTs

T5 (
�C) T50 (

�C) T5 (
�C) T50 (

�C) T5 (
�C) T50 (

�C)

5 376 456 375 456 319 460
10 385 466 383 462 322 471
20 402 479 391 475 342 483
40 412 489 413 494 344 493

Figure 2 TGA curves of pure SBS (a), s-SBS/MWCNTs (b), and m-SBS/MWCNTs composites (c) at heating rates of 5,
10, 20, and 40�C/min.
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constant (8.314 J mol�1K�1). f (a) is a function of a
depending on the mechanism of the degradation
reaction, which can be expressed by following equa-
tion:

f ðaÞ ¼ ð1� aÞn (2)

where n is the reaction order.
Ea is determined by using the Flynn-Wall-Ozawa

method. Equation (1) was integrated to eq. (3).

ln b� ln
AEa

RFðaÞ � 5:331� 1:052
Ea

RT
(3)

where,

FðaÞ ¼
Z a

0

da

ð1� aÞn (4)

is the integral conversion function. For given a, a
plot of ln b versus (1/T) should be a straight line
whose slope allows the evaluation of Ea. The plots
determined by the Flynn-Wall-Ozawa method for
SBS and SBS/MWCNTs composites are shown in
Figure 4. The fitted lines at different a are approxi-
mately parallel to each other and all the correlation
coefficients are around �0.99. The mean values of Ea

of the SBS, the s-SBS/MWCNTs, and the m-SBS/

MWCNTs composites calculated from these plots
are 227, 228, and 269 kJ/mol, respectively. There is a
little difference between Ea of the pure SBS and the
s-SBS/MWCNTs, indicating that the low loading of
MWCNTs into SBS hardly influences the Ea of SBS.
However, the Ea of m-SBS/MWCNTs is much higher
than that of SBS or s-SBS/MWCNTs.
Ea can also be determined by using the Kissinger

method described by eq. (5):

ln
b

T2
max

¼ ln
nARð1� amaxÞn�1

Ea
� Ea

RTmax
(5)

where, Tmax is the temperature corresponding to the
inflection point at the maximum degradation rate
determined from the DTG curves. It is assumed that
amax at Tmax is constant. Ea can be calculated from
the slope of lnb=T2

max as a function of 1=Tmax (Fig.
5). The Ea of SBS and its composites are 238, 254,
and 294 kJ/mol, respectively. The m-SBS/MWCNTs
composite with 3 wt % MWCNTs has the highest
value of Ea, which is in agreement with the trend as
obtained from the Flynn-Wall-Ozawa method.
The n of the nonisothermal degradation process

can be determined also by the Kissinger method21:

n ¼ 1:26
ffiffiffi
S

p
(6)

Figure 3 DTG curves of SBS (a), s-SBS/MWCNTs (b), and m-SBS/MWCNTs composites (c) at different heating rates of
5, 10, 20, and 40�C/min.
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where, S is the shape index of the DTG curves,
which can be obtained by eq. (7):

S ¼ a

b
(7)

where, a and b are calculated from the DTG curves
at the inflection point, as shown in Figure 6.

The values of n at different heating rates for SBS
and its composites are listed in Table II. The n
varies with the heating rates for SBS and is � 1 for
SBS/MWCNTs composites. Ea and ln A can be
obtained by the Coats-Redfern method using the
eq. (8).

Figure 5 Plots for the determination of the activation
energies Ea at different conversion for pure SBS, s-SBS/
MWCNTs, and m-SBS/MWCNTs composites according to
the Kissinger method.

Figure 6 Schematic diagram for the calculation of the pa-
rameters and in shape index as obtained from DTG
curves. a and b are the absolute values of the slopes of tan-
gents to the curve at the inflection points.

Figure 4 Plots for the determination of the activation energy Ea at different conversion for the pure SBS (a), s-SBS/
MWCNTs (b), and m-SBS/MWCNTs composites (c) according to the Flynn-Wall-Ozawa method.
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ln
FðaÞ
T2

¼ ln
AR

bEa
1� 2RT

Ea

� �� �
� Ea

RT
ffi ln

AR

bEa
� Ea

RT

(8)

The different expressions of F (a) corresponding to
n are given in Table III. The lnFðaÞ=T2 for various
values of a are plotted as a function of 1/T to give a
straight line whose slope and intercept are Ea and ln
A, respectively.

Ea and ln A vary with n, as seen in Table II. The
mean values of Ea of SBS, s-SBS/MWCNTs, and m-
SBS/MWCNTs are 120, 129, and 147 kJ/mol, respec-
tively. The Ea calculated from three methods are
summarized in Table IV. The values of Ea vary with
the kinetics model used. Ea for SBS, s-SBS/
MWCNTs, and m-SBS/MWCNTs obtained from the
Coats-Redfern method are lower than the corre-
sponding ones from the Flynn-Wall-Ozawa and the
Kissinger methods. But they all show the same
trends, i.e., Ea increases when adding MWCNTs. Ea

of m-SBS/MWCNTs is always the highest among
the three samples independent of the selected meth-
ods. Flynn-Wall-Ozawa and the Kissinger methods
are model-free methods by using several different
heating rates regardless the degradation model,
whereas Coats-Redfern method is model-fitting
method by using a given single heating rate. Kinetics
parameters depend on the selected methods.22 Based

on a set of TGA curves recorded at different heating
rates, it is reported that the model-free methods are
considered to provide consistent information on the
degradation mechanism involved and should lead to
reliable kinetic parameters.23 In addition, because of
the almost similar values obtained by Flynn-Wall-
Ozawa and Kissinger methods, it is believed that Ea

data calculated by these methods reflect the actual
kinetic parameters more than the data calculated by
the Coats-Redfern method.
When adding a filler into a polymer, the interac-

tions between the polymer and the filler may lead to
several chemical and physical processes, including
bound rubber and rubber shell formation, occlusion
and filler networking.24 One or some of these
processes can take place depending on the nature of
the filler and polymer, which ultimately could influ-
ence the degradation processing of the polymer ma-
trix.25–27 It is reported that the Ea of polypropylene
filled with acetylated sisal fiber is higher than that of
composites filled with untreated ones: a possible
explanation of this behavior might be the higher
polymer-filler interaction, which results in improved
stability of the composites.25 The interactions
between the filler and the polymer could help to de-
velop a hard and compact char layer, which
increases the resistance under flame stress.26,27 Some
researches also show that polymer/CNT composites
with stronger interactions between the polymer and
the CNTs have higher Ea compared with composites
having weaker interactions between polymer and
CNTs.9,10 For instance, the thermal stability of poly-
amide 6 filled with amino-functionalized MWCNTs
was slightly higher than that with purified
MWCNTs.9 The Ea of PLLA composite filled with
PLLA-g-MWCNT was obviously higher than that
with pristine MWCNTs.10 The authors believed that
the interactions between polymer and modified
MWCNTs played an important role for the further
improvement of the thermal stability of the compo-
sites. In our previous study, it is found that the
interactions between SBS and MWCNTs, during
melt mixing, and that the dispersion of MWCNTs in
m-SBS/MWCNTs was better than that of s-SBS/
MWCNTs. It is inferred that the interactions

TABLE II
Summary of the Reaction Order n, Activation Energy Ea,

and Logarithm of the Preexponential Factor ln A
Calculated From Kissinger and Coats-Redfern Methods

for SBS and its Composites

Heating
rate

(�C/min) n
Ea

(kJ/mol) ln A

SBS 5 2.0 119 10.4
10 1.8 121 11.0
20 1.4 122 11.5
40 1.3 118 11.0

s-SBS/MWCNTs 5 1.0 144 14.8
10 0.9 127 12.2
20 0.9 124 11.9
40 0.9 120 11.3

m-SBS/MWCNTs 5 1.4 159 17.4
10 1.1 135 13.0
20 1.0 138 14.1
40 1.0 156 17.4

TABLE III
Integral Expressions for the Different Reaction Orders n

n f (a) F (a)

1 1�a �ln(1� a)
1.5 (1� a)3/2 2[(1� a)�1/2�1]
2 (1� a)2 (1� a)�1�1

TABLE IV
Summary of the Activation Energies Ea Calculated by

Different Methods

Model

Flynn-Wall-
Ozawa

(mean value) Kissinger

Coats-
Redfern

(mean value)

Ea (kJ/mol)
SBS 227 238 120
s-SBS/MWCNTs 228 254 129
m-SBS/MWCNTs 269 294 147
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between SBS and MWCNTs and the good dispersion
of MWCNTs are responsible for the significantly
higher Ea of the m-SBS/MWCNTs composite com-
pared with s-SBS/MWCNTs.

Time-resolved FTIR spectra obtained during the
degradation process of SBS and its composites under
a nitrogen atmosphere are shown in Figure 7. Figure
8 shows the in situ FTIR spectra of degradation
products at each weight loss. The absorption peaks
of hydrocarbons appear when a is about 5%. The
peak at 1453 cm�1 corresponds to the CAH deforma-
tion vibration and 908 cm�1 to the out-of-plane
bending. The peaks at 2932–2870 cm�1 and 3072–
3033 cm�1 are characteristic of aliphatic and aro-
matic CAH stretching. They show quantitative
changes during the degradation process. Aliphatic
and aromatic CAH peaks show up simultaneously
when a is about 5%, indicating the thermal degrada-
tion of SBS proceeds by a random chain scission
process.28 When a reaches 90%, the aromatic CAH
peaks of SBS and s-SBS/MWCNTs almost disappear
but aliphatic ones still remain, which is ascribed to
the higher thermal stability of PB than that of PS at
high temperatures.29 However, the aromatic CAH
stretching peak of m-SBS/MWCNTs can still be
observed when a is 90%, indicating that the thermal
degradation rate of the m-SBS/MWCNTs composite
is lower than that of the pure SBS and s-SBS/
MWCNTs composite. This is probably because the

interactions between SBS and MWCNTs and good
dispersion of MWCNTs in the case of m-SBS/
MWCNTs could hinder molecular motion, and the
diffusion speed of degradation products became
slow, therefore, the aromatic CAH stretching peak
can still be observed in high conversion.30,31

CONCLUSIONS

The initial degradation temperature at 5 wt %
weight loss of the SBS/MWCNTs composite pre-
pared by melt mixing was lower than that of SBS
and SBS/MWCNTs composites prepared by solution
processing. The analysis of the thermal degradation
kinetic parameters of SBS and its composites calcu-
lated by the Flynn-Wall-Ozawa, Kissinger, and
Coats-Redfern methods, receptively, showed that the
activation energy increased after the addition of
MWCNTs. The SBS/MWCNTs composite prepared
by melt mixing had the higher activation energy
than SBS and SBS/MWCNTs composite prepared by
solution processing independent of three calculation
methods. The reaction order decreased after the
addition of MWCNTs in the SBS matrix. Experi-
ments performed in a nitrogen atmosphere by TGA
coupled with FTIR indicated that the thermal degra-
dation of SBS proceeds by a random chain scission
process.

Figure 7 Time-resolved FTIR spectra of the degradation products of SBS (a), s-SBS/MWCNTs (b), and m-SBS/MWCNTs
composites (c). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com].
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