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Abstract The thermal degradation behavior of cross-
linked Natural Rubber/Chitosan (NR/CS) blends was
studied by thermogravimetric analysis (TGA). Dicumyl
peroxide (DCP) was selected as a cross-linking agent.
Peroxide-cured NR/CS blends exhibit very good overall
thermal properties. The activation energy of degradation
was analyzed using the Horowitz—Metzger equation. Vul-
canization of rubber phase in the blend increased the
activation energy. From the activation energy values, it is
found that among the series of the blend compositions,
NRgsCS;s blend vulcanized with 3 pphr DCP exhibits
better thermal stability. Better adhesion between the two
phases with the incorporation of DCP is achieved which
results in an enhancement in the thermal stability. The DSC
curve shows that, the T, of chitosan in the blend increased
to 242 °C by dynamic vulcanization. The morphology of
the vulcanized blends was studied by scanning electron
microscopy. More uniform distribution was exhibited by
the vulcanization of NR phase in the blend. X-ray dif-
fraction (XRD) study shows an enhancement in the crys-
tallinity by vulcanization.

Introduction

The aim of polymer blending is to develop products with
unique properties that can not be attained from individual
constituents. The performance of a polymer blend is
determined by various factors, including the nature of the
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individual components, type of vulcanizing agent, pro-
cessing parameters, and to a certain extent, the application
for which it is intended [1-3]. Natural rubber has long been
considered as an excellent general purpose polymer with
wide-ranging industrial applications. Also, its unique
combination of properties has made it an elastomer of
choice for many of the sophisticated engineering applica-
tions. However, one of the limitations of natural rubber is
its low value of high temperature stability. Quite often, the
additives such as plasticizers, fillers, curatives, flame-
retardants, etc., used for compounding, affect the thermal
stability of the base polymer, good information about
which may be obtained from thermal analysis methods
such as TGA, DTA, and DSC [4, 5]. One type of fast-
growing thermoplastic elastomer which is easier to process
is made by blending rubber and plastic in definite propor-
tions. Characteristically, this is a family of material con-
sisting of a rubber soft segment which gives rise to
elastomeric properties and a crystalline hard segment
which acts as cross-link and fillers [6]. We have already
reported the thermal, mechanical, and swelling behaviors
of Chitosan/Natural Rubber (CS/NR) Latex blend system
[7-9]. The chemical modifications of NR were carried out
to improve the interfacial adhesion between the two com-
ponents. If the elastomeric phase is sufficiently vulcanized,
then the physical and chemical properties of the blend are
generally improved [10, 11]. The presence of dicumyl
peroxide (DCP) as the cross-linking agent for NR is
expected to enhance the thermal stability of NR/CS blend.
The dynamic vulcanization process was first claimed by
Gessler [12] in 1962 and then further developed by Fischer
[13], Coran and colleagues [14, 15]. Cross-linking rubber
with peroxides has been well-known for more than
50 years. The general advantages of peroxides as cross-
linking agents are: (1) their ability to cross-link unsaturated
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as well as saturated elastomers; (2) good high temperature
resistance; (3) good elastic behavior, particularly at ele-
vated temperature; (4) no moisture uptake; and (5) no
staining or discoloration of the finished products [16]. The
assessment of thermal stability is one of the most important
applications of TG in the study of polymers. Thermo-
gravimetric curves provide information about the decom-
position mechanisms for various materials [17]. Both
thermogravimetry (TG) and derivative thermogravimetry
(DTG) will provide information about the nature and extent
of degradation of the material. The differential thermal
analysis (DSC) will measure the glass transition tempera-
ture (1) and melting temperature of the polymeric mate-
rial. Miscible blends will show single, sharp transition peak
(Ty) intermediate between those of the blend components.
Separate transitions are obtained for immiscible blends.
This article reports the result of a study carried out on the
thermal stability and decomposition characteristics of
vulcanized NR/CS blends using thermal analysis methods
such as TGA, DTA, and DSC.

Experimental
Materials

Purified chitin was purchased from HiMedia Laboratories
Pvt. Ltd. Mumbai, India and its viscosity average molec-
ular weight was 400,000 g/mol. The natural rubber latex
was used directly as extracted from the tree (Hevea bra-
siliensis), cultivated around the belt of Western Ghats,
Karnataka, India. The latex was stabilized by adding
ammonium hydroxide solution. The dry rubber content was
determined by drying the emulsion in an oven at 110 °C for
12 h and is found to be 40%. DCP was also purchased from
HiMedia Laboratories Pvt. Ltd. Mumbai, India. The
molecular structure of DCP is given in Fig. 1.

Preparation and processing
Chitin was dispersed in 50% (w/w) NaOH solution and

heated at 100 °C for 2 h. Then the mixture was cooled to
room temperature, filtered and washed with water several

O

N
o}

Fig. 1 Structure of dicumyl peroxide
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times until the filtrate was neutral. The chitosan sample
obtained was dried in oven at 60 °C for 48 h. The chitosan
solution was prepared by dissolving chitosan in distilled
water containing 2% (v/v) acetic acid. The blends were
prepared by mixing chitosan and natural rubber latex to get
a homogeneous solution. Chitosan cross-linked rubber
blend was prepared by adding DCP to the blend solution.
Then the mixture was casted on a Petri dish at 45 °C.
Specimens for testing were compression molded using an
electrically heated hydraulic press machine at 140 °C at a
pressure of 10 ton for 10 min. The film thickness was
2-2.5 mm.

Methods
Thermogravimetric analysis

A Perkin Elmer, Diamond TG/DTG analyzer was used for
the TGA of the blended samples. Small amounts
(1-10 mg) of samples were taken for the analysis and the
samples were heated from 40 to 720 °C at a rate of 10 °C/
min in nitrogen atmosphere. The TG and DTG curves are
plotted for each sample.

Differential scanning calorimetry (DSC)

The thermal behavior of the blends was studied using a
Mettler Toledo DSC 822 thermal analyzer. The samples
were inserted into the apparatus and the DSC scan was made
from —100 °C to 300 °C at a heating rate of 10 °C/min in
nitrogen atmosphere. The weight of each sample was about
5 mg. The glass transition temperature of each sample was
taken at the initial change in the slope of the heat capacity of
the DSC thermogram.

Morphology

Scanning electron microscopy (SEM) was performed to
investigate the morphology of the blend films with a JEOL
JSM 5800LV instrument. The surface was sputter coated
with gold before examining under the microscope.

X-ray diffraction studies

X-ray diffraction (XRD) patterns of the samples were
recorded with a Bruker D8 Advance X-ray diffractometer.
The angular range was from 10° to 40° (20). The operating
voltage and current of the tube were kept at 40 kV and
20 mA, respectively, throughout the entire course of
investigation.
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Result and discussion
Thermogravimetric analysis

The TGA and DTA thermograms of vulcanized and
unvulcanized NR/CS blends are shown in Figs. 2 and 3.
NR is thermally more stable compared to chitosan. The
addition of NR into chitosan improves the thermal stability.
On dynamic vulcanization with DCP, the thermal stability
of blends increases due to formation of crosslinks in the
NR phase. In the temperature range 200-270 °C, in rubber
both scission and cross linking occur, though no loss of
unsaturation of the bulk rubber occurs [18]. NR undergoes
thermal degradation in the temperature range of
287-400 °C to give 39% isoprene, 13.2% dipentene, and
small amounts of p-menthene [18]. In the temperature
range 450-800 °C, dipentene is the major degradation
product and isoprene is the major degradation product in
the temperature ranges 675-800 °C. Pawlak and Mucha
[17] have confirmed the cross linking of chitosan macro-
molecules following the destruction of amino groups.
According to Coran [19] and Dluzneski [20], the forma-
tion of cross links by DCP in unsaturated polymers such as
rubber can be explained by the free radical addition
reaction between the DCP and that of the unsaturated
carbon present in NR. The DTA peak, near to 150 °C
disappeared for blends having above 15% chitosan by
vulcanization. This suggests that even though the NR/CS
blends are immiscible, the thermal stability can be
improved by the addition of DCP. For NRyyCSio,
NR85C815, NR80CSZO, and NR65CS35 blends, the incor-
poration of DCP resulted in the improvement of thermal
stability of the blends. The data derived from the figures
are depicted in Table 1. Vulcanized natural rubber shows
an increase in weight loss with temperature compared to
unvulcanized rubber. It is seen from the table that the
increase in weight fraction of chitosan into natural rubber
decreases the weight loss by vulcanization, increasing the
thermal stability of the blends. The thermal stability of
NRgsCS;5 blend shows a maximum improvement by the
vulcanization of natural rubber phase compared to the
other blend series. The thermograms of blends especially
NRg()CS](), NR85C815, NRgoCSzo, and NR65CS35 revealed
that the addition of DCP has profound positive impact on
the thermal stability. Above the weight fraction of 35%
chitosan, the stability decreased. The enhancement in
thermal stability is mainly due to the improvement in the
interfacial adhesion between the components in the blend.
But upon vulcanization, NR crosslinks with DCP forms a
separate phase and extent of interaction between NR and
CS decreases. This may be the reason why a decrease in
thermal stability is observed for NR5,CSsq. At 300 °C the
weight loss reduced to 27%, 43%, and 30% for the blends

NRyoCS;9, NRgsCSys, and NRgoCS,, respectively, by
dynamic vulcanization.

Activation energies for degradation have been calcu-
lated for the initial degradation stage using the Horowitz—
Metzger equation [21].

The Horowitz—Metzger equation is,

E,0

— C
RZ T

In[—In(l — a)] = (Forn=1)
where o represents weight fraction degraded in time f,
0 = (T-T,), T, is the DTG peak temperature, R is the gas
constant, and E, is the apparent activation energy of
decomposition. A straight line graph will be obtained if we
plot the left hand side (LHS) of this equation versus 6. The
slope and intercept of this graph are used for calculating the
kinetic parameters by the least square method.

The pre-exponential factor A can be calculated using the
equation,

E A

RT?  gexp

where ¢ is the linear heating rate.The entropy of activation
can then be calculated using the equation,

A= %exp(AS/R)

where k is the Boltzmann constant and /4 is the Planck’s
constant.

Effect of vulcanization on the activation energy for the
blends is shown in Table 1. It is important to note that an
increase in activation energy indicates that more energy is
required for the degradation, which in turn implies an
improvement in thermal stability of the blends. The cal-
culated values of pre-exponential factor A is given in the
Table 1. Maximum activation energy and most negative
entropy value are observed for the vulcanized NRgsCS;5
blend. This can be attributed to the increased thermal sta-
bility of the blend arising from the improved interfacial
adhesion leading to the formation of very strong interface
upon vulcanization. Hence it becomes necessary that more
energy should be given for decomposition of the blend.

Differential scanning calorimetry

The DSC method is one of the convenient techniques to
measure the T,. A base-line step in a DSC curve appears
due to different heat capacity below and above the T, of a
polymer [22]. Generally, the glass transition temperature is
read at the initial change in the slope of the heat capacity of
the DSC curve, i.e., the temperature at the onset of a base
line step in the DSC curve. DSC results of the peroxide
vulcanized blends compared with unvulcanized blends are
shown in Fig. 4. All vulcanized blends have almost the
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Fig. 2 The TGA thermograms of vulcanized and unvulcanized NR/CS blends
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Table 1 Weight loss, activation energy, pre-exponential factor, and entropy change of various vulcanized and unvulcanized NR/CS blends

Sample % of DCP  Percentage weight loss at (°C) Activation A Entropy of activation
energy (kJ/mol) energy (J/degree/mol)
50 100 200 300 350 400 500 600
CSoNRjgo0 O 0.07 074 29 6.47 152 741 932 942 4431 47 x 10° =201
3 033 141 52 101 197 751 97 97.4 385 73 x 10 —138
CSsNRgs O 017 098 393 859 184 772 973 977 43.08 32 x 10° =202
3 021 107 5 99 205 717 - - 387 74 x 10 —140
CSio0NRgy 0 028 1.4 478 12.85 344 77 91.6 99.4 5251 1.5 x 10" —185
3 035 12 498 94 196 716 97 97.6 66.83 1.01 x 10° —216
CSisNRgs 0 0.1 144 815 157 258 727 89.6 91.1 5589 22 x 107 —123
3 022 096 4.7 92 196 71.1 949 953 70.58 44 x 10° —337
CSy;NRgy O 033 1.76 847 15.83 2563 723 899 91.1 42.02 22 % 10° —158
3 034 145 56 11.1 21.1 674 909 91 49.24 2.7 x 10°  —240
CS3sNRgs O 0.47 3.03 1237 21.87 3195 73.68 88 89.2 4424 47 x 10° —151
3 07 3 109 203 315 707 87.8 88.7 4592 87 x 10° —173
CSsoNRsp 0 0.65 339 1431 309 4888 68.14 78 91.5 30.83 83 x 10° —186
3 232 87 18 346 494 887 - - 23 29 x 10> —112
CSioo NRy 0 21 95 226 49 571 614 658 682 285 4.06 x 10° —183

same pattern of the heating thermogram and shows an
exothermic peak around 190 °C in the DSC curve. The
blends show two glass transition temperatures, which
reveals that the blends are incompatible and phase sepa-
rated. The T, of NR is found to be —65 °C, and in vulca-
nized blends also it appears at the same temperature. For
pure blend, an endothermic peak appears around 150 °C
and T, is found to be 224 °C corresponding to chitosan.

But in case of vulcanized blends, this peak vanishes and an
exothermic peak is observed around 190 °C. This may be
due to the degradation or melting of DCP in the blend. The
T, of chitosan in the blend increased to 242 °C for the
vulcanized samples. This is an evidence for the enhanced
thermal stability during vulcanization. The C—C bonds that
are formed between the molecular chains during cross
linking increases the thermal stability of the blend. The
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Fig. 4 DSC curves of the peroxide vulcanized and unvulcanized
blends

change of inclination of the base line for chitosan was small,
because chitosan is a partially crystalline polymer and also
due to the small specific volume of rigid chain [22].

SEM analysis

Figure 5 shows the scanning electron microscopy (SEM)
microphotographs of CS/NR blend samples in the absence
and in the presence of DCP. The unvulcanized blend
(Fig. 5a) shows a large number of voids and discontinuity
on the surface of the samples. This is an indication of
uncompatibility or heterogeneous phase structure of the
blend. Figure 5b shows the NR/CS blends that are
dynamically vulcanized with peroxide, and reveal the finer
morphology. The presence of cross links in the rubber
phase limits the flow and mobility of rubber particles. More
uniform phase distribution was exhibited by the vulcani-
zation of rubber phase in the blend. This means that cross
links enhances the interfacial interaction between NR and
CS. According to Sariatpanhi et al. [23], DCP, a well-
known cross-linking agent can also be used to compatibi-
lize blends containing cross-linkable constituents, through
dynamic vulcanization. Compatibilization by covalent
cross linking reaction has been reported [24-26]. There are
some established methods widely used for compatibilizing
immiscible polymer systems. These includes dynamic
vulcanization, addition of third polymer partially miscible
with all blend systems, addition of reactive fillers as
compatibilizers, addition of low molecular weight com-
pounds, and solid state shear pre-vulcanization. Dynamic
vulcanization is a cost effective technique to achieve better
properties which involves vulcanizing the elastomer during
blending with a non-vulcanizing thermoplastic polymer.

@ Springer
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Fig. 5 SEM microphotographs of a unvulcanized NRgsCS;5 blend
and b vulcanized NRgsCS5 blend

Improvements in properties include reduced permanent set,
improved ultimate mechanical properties fatigue resis-
tance, and high temperature utility, greater fluid resistance,
melt strength and phase stability, and more reliable ther-
moplastic fabricability. The introduction of cross links into
one of the phases increases the viscosity of this phase
leading to a change in the morphology of the blend [27].
There is an effective interaction between NR and CS
leading to better adhesion and thermal stability. The SEM
analysis is in agreement with the thermal analysis results
and supports the observed changes in the NR/CS blend
properties by dynamic vulcanization. The FTIR analysis
(Fig. 6) shows a decrease in the intensity of peaks at 1540
and 1576 cm™" corresponding to double bond by the vul-
canization of NR phase in the blend.

XRD analysis
Figure 7 depicts the XRD pattern of NR and blends of NR/

CS vulcanized with 3 pphr DCP. The XRD patterns of all the
samples exhibited rubber’s characteristic peaks at around
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Fig. 7 X-ray diffraction pattern of NR and blends of NR/CS
vulcanized with 3 pphr DCP

19°. The intensity of the peak increases with the addition of
DCP in the blend. It shows a maximum intensity for the
blend NRgsCS ;5 vulcanized with 3 pphr DCP. Above this
volume fraction, the intensity decreased, may be due to a
decrease in the cross-linking efficiency of the blend.

Conclusions

The thermal stability and degradation behavior of cross-
linked NR/CS blends were studied using TGA. NR/CS
blend vulcanized with DCP exhibits enhanced thermal
stability. Maximum activation energy is observed for the
vulcanized NRgsCS5 blend. Thermal decomposition tem-
perature increases with the addition of DCP in the blend.
The enhancement in thermal stability of blends is explained
in terms of the physical compatibility of the two phases
during blending even though the two phases are immisci-
ble. The C—C bonds that are formed between the molecular
chains during cross linking increases the thermal stability
of the blend. The improvement in thermal stability is also
confirmed from the DSC thermograms of cross-linked NR/
CS blends by the positive deviation of 7, value. The
scanning electron macrographs show an increase in the
uniformity by vulcanization. The XRD study shows an
improvement in crystallinity by vulcanizing the blend.
Finally it can be concluded that vulcanization of rubbery
phase in the blend makes the system thermally stable.
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