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a b s t r a c t

The thermal degradation of hydrogenated nitrile-butadiene rubber (HNBR)/clay and HNBR/clay/carbon
nanotubes (CNTs) nanocomposites was investigated with thermogravimetric analysis (TGA) by using
Kissinger method, Flynn–Wall–Ozawa method and Friedman method. The activation energy sequence of
HNBR and its nanocomposites is HNBR/clay/CNTs > HNBR/clay > HNBR. HNBR/clay/CNTs nanocomposites
had higher char yield at 600 ◦C than HNBR/clay, which was attributed to the interaction of network
eywords:
NBR
lay
arbon nanotubes
hermal degradation
inetics

between clay and CNTs. The activation energies of HNBR and HNBR nanocomposites had a sharply increase
in the low conversion degree area and a slow increase in the high conversion degree area. The gases
involved during thermal degradation in nitrogen atmosphere were studied by Fourier transform infrared
spectroscopy coupled with TGA. The HNBR/clay/CNTs nanocomposites had lower thermal degradation
rate than HNBR/clay, which could be attributed to that the clay-CNTs filler network reduced the diffusion
speed of degradation products. The coexistence of clay and CNTs could form compact char layers with

an cl
better barrier property th

. Introduction

Hydrogenated nitrile-butadiene rubber (HNBR) with excellent
il and hot-air ageing resistance has been extensively used in
ndustry, such as automobile and petroleum extraction [1–5],
specially at elevated temperatures. Thermal degradation kinetic
arameters are important information for understanding polymer
hermal degradation process at elevated temperatures [6], thus
t is necessary to pay attention on the thermal degradation of
NBR nanocomposites. Nanoparticles have been demonstrated to

mprove the thermal stability of polymer [7–11]. Carbon nanotubes
CNTs) are a kind of ideal filler for polymer nanocomposites due to
heir superior thermal, mechanical and electrical properties [12,13].
NTs could form a protective layer acting as a heat shield when they
re well dispersed in polymer [14] and act as a radical scavenger
nd thus reduce the thermal decomposition of HNBR [15]. Organ-
clay is a kind of commonly used nanoscale filler for polymers due
o its excellent mechanical properties, barrier property, and ther-

al stability. Thermal stability of polymer/clay nanocomposites

as been studied [16–18]. Huang et al. [19] found that organoclay
ould greatly improve the thermal stability and aging resistance of
NBR in different mediums at elevated temperatures. The synergis-

ic effect between CNTs and organoclay, such as in flame retardancy

∗ Corresponding author. Tel.: +86 21 54742671; fax: +86 21 54741297.
E-mail address: yong zhang@sjtu.edu.cn (Y. Zhang).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ay and thus improved the thermal stability of HNBR.
© 2009 Elsevier B.V. All rights reserved.

in polymers was also investigated [20–23]. The synergistic mecha-
nism was generally explained that the coexistence of clay and CNTs
could enhance the clay-CNTs network structure [21,24], which can
hinder the movement of polymer chains and thus improve flame
retardancy.

It is known that flame retardancy of polymer nanocompos-
ites not only depends on their thermal stability but also on their
degradation rate, char-forming rate and char yield, which deserve
a deep investigation. The synergistic effect of CNTs and clay on
the thermal degradation of polymer materials, especially on rub-
ber nanocomposites, however, was seldom reported. In this article,
HNBR/clay/CNTs nanocomposites were prepared by shear mixing
and the effect of CNTs and clay on the thermal degradation of HNBR
was investigated in terms of thermogravimetric analysis (TGA). The
kinetic parameters of thermal degradation such as apparent acti-
vation energy (Ea), pre-exponential factor (A), reaction order (n)
could be calculated by using various methods such as Kissinger [25],
Flynn–Wall–Ozawa [26] and Friedman methods [27]. The thermal
degradation of polymer materials can be quantitatively described
to reveal the thermal stability from the viewpoint of kinetics.

The basic assumption of the thermal kinetics is that the thermal
degradation reaction can represent by Arrhenius equation, i.e., for
a simple reaction [28]:
Asolid → Bsolid + Cgas

The Arrhenius equation has the following formula:

k = Ae−Ea/RT (1)

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:yong_zhang@sjtu.edu.cn
dx.doi.org/10.1016/j.tca.2009.03.010
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ts reaction rate d˛/dt can be written as

d˛

dt
= kf (˛) (2)

is reaction time (s). ˛ is conversion degree = (W0 − Wt)/(W0 − W∞)
W0, Wt, W∞, are the initial, actual and final weights of the sample
n the TGA curves, respectively).f(˛) depends on the specific degra-
ation reaction mechanism. The combination of (1) and (2) gives
he following equation:

d˛

dt
= Af (˛)e−Ea/RT (3)

In the degradation, the temperature is dependent on the heating
ime, Therefore

d˛

dt
= d˛

dT

dT

dt
= ˇ

d˛

dT
(4)

is heating rate (K/min), the combination of (3) and (4) gives the
ollowing formula:

d˛

dT
= A

ˇ
f (˛)e−Ea/RT (5)

ntegration of both sides of above equation and rearrangement give

(˛)=
∫ ˛

0

d˛

f (˛)
= A

ˇ

∫ T

0

e−Ea/RT dT = ART2

ˇEa

(
1−2RT

Ea

)
e−Ea/RT (6)

(˛) is the integral function of ˛. For the different solid reaction
echanisms, g(˛) has different expressions [29]. These expressions

an be used to predict the solid reaction mechanism reflected by
he TGA curves, which can be used to the thermal kinetics of the
NBR/clay/CNTs.

.1. Kissinger method (differential method) [25]

The Kissinger method adopts the following equation:

n

(
ˇ

T2
max

)
= ln

AR

Ea
+ ln[n(1 − ˛max)n−1] − Ea

RTmax
(7)

Tmax is the temperature at the inflection point of TGA curve
nd ˛max is the conversion degree at the inflection point. Plot of
n(ˇ/T2

max) against 1/Tmax produces a fitted straight line. The appar-
nt activation energy Ea can be calculated by the slope of the straight
ine (−Ea/R).

.2. Flynn–Wall–Ozawa method (integration method) [26]

The Flynn–Wall–Ozawa method adopts the following equation:

og ˇ = −0.457Ea

RT
+

{
log

[
AEa

Rg(˛)

]
− 2.315

}
(8)

At a given ˛, plot of log ˇ against 1/T produces a fitted straight
ine with a slope (−0.457Ea/R). The Ea can be calculated from the
lope. The Ea of this method is independent with thermal degrada-
ion reaction mechanism in advance.

.3. Friedman method [27]

The Friedman method is both a single heating-rate method and a
ultiple heating-rate method. The multiple heating-rate Friedman
ethod is based on a comparison of weight-loss, determined at

ifferent heating rates. This method utilizes the following natural
ogarithmic differential equation:
n
(

d˛

dt

)
= ln

(
ˇ

d˛

dT

)
= ln A + n ln(1 − ˛) − Ea

RT
(9)

By plotting ln(d˛/dt) against 1/T for a constant �, Ea can be
btained from the slope of −Ea/R. The reaction order (n) can also
cta 491 (2009) 103–108

be calculated from the slope of ln(1 − ˛) versus 1/T at a constant
d˛/dt. Then, the ln A can be obtained from the derived Ea and n
values according to Eq. (9).

2. Experimental

2.1. Materials

HNBR with 39 wt% acrylonitrile (ACN) (Mooney viscosity, ML1+4,
at 100 ◦C = 70) was kindly provided by Lanxess Chemical (Shang-
hai) Co., Ltd. Carboxylated multi-wall carbon nanotubes (CNTs) with
3 wt% carboxyl content and 10–20 nm outer diameter were made
in Chengdu Organic Chemistry Co., Ltd. The clay with trade name
DK2 was kindly supplied by the Zhejiang Fenghong Clay Co., Ltd.
Dicumyl peroxide (DCP) with 97% purity was supplied by Shanghai
Gaoqiao Petroleum Co., Ltd.

2.2. Preparation

All the samples were prepared on a two-roll mill. 100 phr HNBR,
5 phr clay, and 3.6 phr DCP and CNTs were mixed on the mill for
15 min. The obtained compounds were finally compression cured
at 170 ◦C for 20 min under 10 MPa.

2.3. Characterization

Thermal degradation was performed with a Q5000 TGA ana-
lyzer (TA Inc., USA) by heating from 25 to 600 ◦C under a nitrogen
atmosphere at heating rates of 5, 10, 20 and 30 ◦C/min, respectively.

The gases involved during thermal degradation at a nitrogen
atmosphere were studied by Fourier transform infrared spec-
troscopy coupled with TGA (TGA-FTIR) from 30 ◦C to 800 ◦C at a
heating rate 20 ◦C /min in a TG 209 F1 (Netzsch, Germany) cou-
pled with a infrared spectrometer (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.

3. Results and discussion

HNBR and its nanocomposites present only one thermal degra-
dation step in the temperature range 100–600 ◦C (Fig. 1). The
incorporation of clay and CNTs causes a shift of the initial mass
loss towards higher temperature. As seen from the peak of the
first derivative, the temperature at which HNBR degradation
rate is the highest is 451.4 ◦C, for a heating rate of 5 ◦C/min,
while a small shift to higher temperatures is observed with the
incorporation of clay and CNTs. Both clay and CNTs rise the initial-
decomposing temperature at the weight loss of 5 wt%, the final char
residue of HNBR/clay (100/5) is 3.1 wt%, but the char residues of
HNBR/clay/CNTs (100/5/0.4) and HNBR/clay/CNTs (100/5/0.8) are
4.1 and 4.7 wt%, respectively, indicating that the CNTs improve the
thermal stability of HNBR/clay. Ma et al. [21] reported that the coex-
istence of clay and CNTs could improve the thermal stability of
acrylonitrile–butadiene–styrene nanocomposites as clay and CNTs
can form a more effective confine space, which may be responsible
for the improved thermal stability of HNBR nanocomposites. The
reaction mechanism of polymer decomposition is a very complex
radical chain mechanism, including initiation reactions, propaga-
tion reactions and termination reactions. Fig. 1 shows the main

degradation temperature region of materials is 350–550 ◦C, which
can be the temperature range used for data treatment. In order to
more thoroughly analyze the degradation mechanism of HNBR and
the effect of the clay and CNTs, it is important to evaluate the kinetic
parameters (Ea, n, A). The degradation for all samples was studied
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Table 1
Inflection point temperature of TGA curves for nanocomposites at different heating
rates.

Heating rate (◦C/min) Tinflection point (◦C) of HNBR/clay/CNTs

100/0/0 100/5/0 100/5/0.4 100/5/0.8

5 452 454 455 457
10 464 466 467 469
20 477 478 478 480
30 485 485 485 487

Table 2
The active energies (Ea) obtained using the Kissinger method for different samples.

Ea (kJ/mol) Rc2

100/0/0 235 0.9989
ig. 1. TGA (a) and DTG (b) curves of different samples at a heating rate of 5 ◦C/min.

hrough non-isothermal measurements at different heating rates
5, 10, 20, 30 ◦C/min).
.1. Kinetics analysis using Kissinger method [25]

Plots of ln(ˇ/T2
max) against 1/Tmax show fitted straight lines with

igh linearly correlation coefficient (Fig. 2), showing the feasibility

ig. 2. Kissinger method applied to experimental TGA data at different heating rates.
100/5/0 252 0.9999
100/5/0.4 260 0.9998
100/5/0.8 268 0.9999

of Kissinger method. Since the fitted lines of different samples over-
lapped each other, the lines were parallel shifted on the X-direction.
The inflection point temperatures of TGA curves of nanocom-
posites are included in Table 1. The Ea of thermal degradation
of HNBR is 235 kJ/mol and the Ea of HNBR/clay, HNBR/clay/CNTs
(100/5/0.4) and HNBR/clay/CNTs (100/5/0.8) increases to 252,
260 and 268 kJ/mol (Table 2), revealing that the clay and CNTs
improve the thermal stability of HNBR. Especially small amount
of CNTs increases the Ea by about 8 kJ/mol, indicating that the
HNBR/clay/CNTs with higher char yield has higher Ea of thermal
degradation, which can be ascribed to the better thermal stability
of the char layer formed with good barrier property [30,31].

3.2. Kinetics analysis using Flynn–Wall–Ozawa method [26]

At a given conversion degree (˛), plot of logˇ against 1/T pro-
duces a fitted straight line with a slope (−0.457Ea/R). The Ea can
be calculated from the slope. The Ea of this method is indepen-
dent of thermal degradation reaction mechanism in advance. The
plot 1/T of against logˇ makes fitted straight lines with high
linearly correlation coefficient (Rc2) at different ˛ (8–90%). The
method utilizing the Doyle approximation is applicable if the
straight lines fitted at different ˛ (8–30%) parallel each other
[26]. The fitted straight lines obtained at different ˛ (8–90%) for
HNBR nanocomposites are approximately parallel to each other
and all the correlation coefficients are around 0.99, indicating
the method is applicable to the HNBR nanocomposites. The Ea

of HNBR and HNBR nanocomposites increases sharply at low ˛
and becomes almost stable at ˛ over 20% (Fig. 3), indicating
a change in the rate limiting step of the degradation kinetics
[7,32], caused by a shift of the rate limiting step from initiation
to the degradation initiated by random scission. The average Ea

of HNBR nanocomposites calculated from the Flynn–Wall–Ozawa

method increases certainly with the incorporation of clay and CNTs
(Table 3). The filler dependence of Ea for HNBR nanocomposites
calculated by Flynn–Wall–Ozawa method is the same as that by
Kissinger method, i.e. Ea increases when adding CNTs, indicating

Table 3
Activation energies of various samples obtained by
Flynn–Wall–Ozawa method in ˛ range 14%–90%.

HNBR/clay/CNTs Ea (kJ/mol)

100/0/0 237
100/5/0 241
100/5/0.4 246
100/5/0.8 250
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Table 4
Kinetic parameters of thermal degradation calculated by Friedman method.

HNBR/clay/CNTs Ea (kJ/mol) n

100/0/0 243 1.1
Fig. 3. Activation energies versus ˛ obtained by Flynn–Wall–Ozawa method.

he two methods could be used in the HNBR/clay/CNTs system
nd the result is reliable, as Flynn–Wall–Ozawa and the Kissinger
ethods are model-free methods by using several different heat-

ng rates regardless the degradation model. The difference between
lynn–Wall–Ozawa method and Kissinger method is the treatment
f TGA data at different heating rates and at a given ˛, which
ay cause the different Ea increase extent between Kissinger and

lynn–Wall–Ozawa methods [33].

.3. Friedman method [26]

Friedman method can deal with the main degradation region
f TGA curve of composites and calculate the Ea, n and A, while
issinger and Flynn–Wall–Ozawa methods do not consider the solid
hase reaction mechanism and both methods have some difficulty

n calculating kinetic parameters such as n and A. The Friedman
ethod was used by plotting ln(d˛/dt) versus 1/T for a constant ˛

nd, thus, the Ea was calculated (Fig. 4). The average of Ea, n and ln A
re shown in Table 4. The dependence of Ea on ˛ value presents the
ame tendency with Flynn–Wall–Ozawa method. The Ea increases
harply with the low ˛, while also has a significant decrease at

= 14%. After that, the Ea increases slightly with the increasing
, being almost stable. The independence of Ea on ˛ indicates a
omplex reaction with the participation of at least of two mecha-
isms, which is rather typical phenomenon for many polymer [32].
he first mechanism corresponds to the part where small mass

Fig. 4. Activation energies versus ˛ obtained by Friedman method.
100/5/0 250 1.3
100/5/0.4 254 1.3
100/5/0.8 259 1.4

loss appears, while the second part, where the substantial mass
loss takes place, is due to the main degradation mechanism. The
differences of Ea on ˛ between Friedman and Flynn–Wall–Ozawa
methods indicate the Friedman method is more sensitive than
Flynn–Wall–Ozawa method in the low ˛ area. The difference of the
calculated Ea by two methods can be explained by a systematic error
due to improper integration [9]. The Friedman method employs
instantaneous rate values being, therefore, it become sensitive to
experimental data. The equation of Flynn–Wall–Ozawa method is
derived assuming a constant Ea, introducing systematic error in the
estimation of Ea in the case that Ea varies with ˛. An error can be
estimated by comparison with the Friedman method results [34].

The thermal degradation of HNBR can be considered to a reac-
tion between 1-order and 2-order, while the addition of clay or
CNTs increases the n slightly, indicating the thermal degradation
mechanism becomes complicatedly [33]. The degradation kinetics
of HNBR inclines to under diffusion control and thus the observed
kinetic parameters increase, as clay and CNTs act as a char promoter
slowing down the degradation and providing a protective barrier to
prevent the diffusion of degradation products [35].

It can also be seen that although there is a big discrepancy
on the value for various samples between Friedman method and
Kissinger method, both methods have obtained the same Ea order
just mentioned above. Budrugeac et al. [36] evaluated the valid-
ity of non-isothermal kinetics methods used to calculate the Ea,
The Flynn–Wall–Ozawa and Friedman methods give results that
agree with each other only if the Ea does not change with the
conversion degree [36]. In this work, the result calculated by
Flynn–Wall–Ozawa method shows the Ea is independent with the
conversion degree, it could be concluded that the results of the
above three methods are consistent with each other and reliable.

3.4. TGA-FTIR

Time-resolved FTIR spectra during degradation process of HNBR
nanocomposites in nitrogen atmosphere are shown in Fig. 5 and
the in situ FTIR spectra of degradation products at each weight loss
are shown in Fig. 6. The remarkable absorption peaks of hydro-
carbons appear when ˛ is 10%. The peaks at 2860 and 2930 cm−1

are assigned to the symmetrical and asymmetrical deformation
vibration of CH2. The peaks at 1460 and 1650 cm−1 correspond
to the C–H deformation vibration and double bond, respectively.
There are no peaks of CH3 in 2870 and 2960 cm−1 of deforma-
tion vibration and in 1375 cm−1 of bending vibration. Fuh and
Wang [37] found 1,3-butadiene and acetonitrile are the degradation
products of nitrile-butadiene rubber by using pyrolysis/gas chro-
matography/mass spectrometry. Double bond migration followed
by allylic cleavage results in the formation of propene and acetoni-
trile. So it can be concluded that the main degradation products
are olefins with end group of double bond or acetonitrile. Fig. 5
shows that the peak at 1460 cm−1 in HNBR/clay/CNTs is lower than
that in HNBR/clay and Fig. 6 shows the HNBR/clay/CNTs nanocom-

posites spent more time than HNBR/clay to reach the same ˛,
indicating that the clay-CNTs filler network reduced the diffusion
speed of degradation products [21]. There are no obvious peaks
before 2000 s in HNBR/clay/MWNTs composite, while such peaks
appear before 2000 s in HNBR/clay composite (Fig. 5), indicating
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ig. 5. Three-dimensional FTIR spectra corresponding to gases involved in the ther-
al degradation of HNBR composites (a) HNBR/clay (100/5), (b) HNBR/clay/CNTs

100/5/0.4).

NBR/clay/MWNTs delays the decomposition time and has a high
egradation temperature than HNBR/clay. At the same ˛ (95%),
he deformation vibration peak of CH2 of HNBR/clay/CNTs is much
ower than that of HNBR/clay, indicating that at high ˛, the thermal
egradation of HNBR/clay/CNTs became slow, while the degrada-
ion reaction was still continue. This is probably due to the char
ayer of HNBR/clay/CNTs is more compact and effective in hindering

olecule motion than that of HNBR/clay [21].
The results of the above three methods and TGA-IR reveal the

ole of clay and CNTs played in the HNBR matrix: when HNBR/clay or
NBR/clay/CNTs nanocomposites were heated to decompose, the

nvolved clay gradually forms char layers to separate the underlying
atrix, preventing the HNBR matrix from further degradation [19],
ence leading to the increase of Ea of HNBR. The addition of CNTs
ooperates with clay to form more complete charred layers [22] and
as a more strongly inhibitive effect on the degradation, causing
educing the diffusion speed of degradation products and further
ncreasing of thermal degradation Ea of HNBR.
Fig. 6. TGA-FTIR spectra at different � for HNBR (a) HNBR/clay, (b) HNBR/clay/CNTs
(100/5/0.4).

3.5. Conclusions

The initial degradation temperature (temperature at weight
loss of 5 wt%) sequence of hydrogenated nitrile-butadiene rub-
ber (HNBR) and its nanocomposites is HNBR/clay/CNTs > HNBR/
clay > HNBR. The analysis of thermal degradation kinetic parame-
ters of HNBR and HNBR nanocomposites calculated using Kissinger,
Flynn–Wall–Ozawa and Friedman methods showed that the acti-
vation energy (Ea) increased after the addition of clay and CNTs,
especially the small amount of CNTs could increase the Ea of
HNBR/clay nanocomposites, which can be ascribed to the better
thermal stability of the char layer formed with good barrier prop-
erty as the interaction between clay and CNTs. Clay and CNTs do
not change the reaction mechanism of thermal degradation. The
main thermal degradation products of HNBR are olefins with end
group of double bond or acetonitrile and the clay-CNTs filler net-
work reduced the diffusion speed of degradation products.

Appendix A

R Gas constant = 8.3136 J/(mol K)

T Absolute temperature (K)
˛ Conversion degree
t Reaction time (s)
ˇ Heating rate (K/min)
k Rate constant associated with the temperature
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