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Abstract: The non-isothermal decomposition kinetics of conductive polyaniline
(PANI) and its derivatives, poly(o-methoxyaniline) (POMA) and poly(o-
cthoxyaniline) (POEA), was investigated by thermogravimetric analysis (TGA), under
inert and oxidative atmospheres, using Flynn-Wall-Ozawa’s approach to assess the
kinetic parameters of the decomposition process. The order of reaction was found to be
dependent on the degree of conversion indicating that both the early and the later stages
of polymer degradation were next the zero or pseudo zero order kinetics, whereas the
intermediate stages follow a first order kinetics. The activation energy was found to be
dependent on both the degree of conversion and PANI derivative. Activation energy
values vary from 125 to 250 kJ/mol, to decompositions carried out under nitrogen, and
75 to 120 kJ/mol to oxidative atmosphere. Parent PANI presented the best thermal
stability and suggesting that thermal stability is also influenced by derivatization and
type of atmosphere used.

Keywords: PANI, POEA, POMA, thermal decomposition, Flynn-Wall-Ozawa’s
approach.

1. Introduction

Polyaniline (PANI) and its derivatives poly(o-methoxyaniline) (POMA)
and poly(o-methoxyaniline) (POEA) have been intensively studied due
to their electrical and optical properties, low cost, good processability and
abroad range of applications ranging from sensors and biosensor to smart
windows and nanodevices!"?. More recently, the development of PANI
nanostructures has opened up a new range of potential applications, due
to their high surface area, controllable electrical conductivity, and ease of

preparationm. Several authors are extensively studied the use of PANI
nanofibers in the manufacture of electronic devices such as gas sensors,
super capacitors and biomedical applications [4-6],

Regarding PANI thermal behavior, it is known that the conducting
state presents a three-step decomposition process, where the first step

is attributed to water evaporation, the second to loss of the dopant
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and the third to breaking of carbon backbone in the polymer, while
the insulating state of PANI (emeraldine base) displays two peaks: one
at low temperature attributed to water loss and the second at higher

temperatures, attributed to polymer decomposition” !, Additionally,
PANI powders and films have been studied by Differential scanning
calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA)
to evaluate its thermal properties. However, there are few studies related
to the thermal behavior of PANI derivatives in emeraldine base form.

Thermal analysis of conducting polymers is of great interest to
determine their thermal behavior in various technological applications,
since it provides important information on the effect of morphological
and structural changes such as cross-linking and functionalization. This
method has been largely used in the study of curing and degradation
of polymers and decomposition of several other substances!!>17.
Improvements in the determination of the kinetic triplet — activation
energy, pre-exponential factor and order of rection — has been proposed
by several other authors, including more accurate solutions for the
the temperature integral. A critical evaluation of the isoconventional
methods has been reviewed in the literature!!”).

In this work, polyaniline (PANI) and its derivatives, poly(o-
metoxyaniline), POMA, and poly(etoxyaniline), POEA, were analyzed
by thermogravimetric analysis (TGA) and their kinetics of thermal
decomposition was studied by Flynn—Wall-Ozawa’s approach to access
the kinetics triplet (activation energy, pre-exponential factor and order
of reaction) in order to compare the thermal behavior of PANT with its
POEA and POMA derivatives.

2. Materials and Methods
2.1 Materials

Polyaniline (PANI), poly(o-methoxyaniline) (POMA) and poly(o-
ethoxyaniline) (POEA) were chemically synthesized according to the

method described in the literature!'®!!

conducting polymers were dissolved in an acidic solution (HCI 1,0 M)

], Briefly, the monomers of

separately and cooled to low temperature (0-2 °C). After cooling period,
the solution containing the oxidant ((NH4),S,0 g) was poured in the
acidic solution with the monomers. After 2 hours of reaction time, for
the formation of the polyaniline, and 4 hours, for the formation of the
derivatives, all polymers in the doped state (emeraldine salt, ES) were
filtered, rinsed with distilled water and dried. Dedoping was performed
by treatment with a 0.1 M ammonium hydroxide aqueous solution for
16 hours at a room temperature (~25 °C) to convert these polymers to
the emeraldine base form (EB). Then they were filtered and transferred
to a desiccator to dry under vacuum for 24 hours at a room temperature

(~25°C) prior to thermal analyses.
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2.2 Flinn-Wall-Ozawa’s approach

A model Q 600 TA Instruments TGA was used to investigate the kinetics
of thermal decomposition of the polymers, which was carried out in a
platinum crucible. About 10 mg of the conducting polymers were run
using dynamic scans from 25 to 900 °C, at constant heating rates of 10,
20, 30 and 40°C/min under nitrogen and synthetic air atmospheres, at a
flow rate of 50 mL/min.

In order to obtain the kinetic parameters of polymer degradation,
thermogravimetric curves were analyzed according to Flynn-Wall-
Ozawa’s approach using the methodology described in our previous

(12], Briefly, when a polymeric

works on rubber decomposition
material undergoes thermal decomposition according to the reaction

aAs)— bBg)+ cCg), if the decomposition starts at a temperature (To)
and is carried out at a linear increasing in temperature (T =Ty+ ﬁt)

, where P is the constant heating rate ( B:% ), the thermal

decomposition events can be described by the following expression!!*1¢!

where, a is the fraction of the polymer that undergoes decomposition
or the conversion degree, A is the pre-exponential factor, E is the
activation energy of the degradation process, R is the gas constant and
F(a) is a power series expansion. Therefore, for a constant degree of
conversion (a=constant), a plot of In(f) versus 1/T, obtained from TGA
curves, recorded at several constant heating rates (), should result in
a straight line whose slope is approximately —1.0516E/R. The reaction
order can be determined by an extension of Avrami’s theory to describe
non-isothermal as:

Hence, a plot of In[-In(1-o(T))lversus In(B), which is obtained at the

same temperature from a number of isotherms taken at different heating

rates, should yield straight lines whose slope is reaction order or the Flynn-

Wall-Ozawa’s exponent (n)!'820;
3. Results and Discussions

Thermogravimetric curves of PANIL, POMA and POEA at the heating

rate of 10°C/min under nitrogen (a) and oxidative atmosphere (c) are
shown in Figure 1 . It can be observed in Figure 1 a, as expected,
that the onset of the thermal decomposition of PANI under nitrogen
atmosphere occurs at 473°C and about 49.2% of residue is formed
at 700°C; for POMA and POEA, the thermal decomposition starts,
respectively, at 362 and 337°C, with 51.0 and 41.7% residue at 700°C.
Figure 1 b shows that PANI decomposition under oxidative atmosphere
starts at 411°C with practically no residue after 650 °C; POMA and
POEA had, respectively, onsets of decomposition at 283 and 289°C and,
similarly to PANI, no residue after 650°C. The decomposition path of
the samples under nitrogen and the oxidative atmosphere are different.
While, under nitrogen atmosphere, degradation shows an ordinary path
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Figure 1.

Thermogravimetric curves showing the stepwise degradation of conducting PANI
(Polyaniline) and its derivatives POEA (Poly(o-ethoxyaniline)) and POMA (Poly(o-

methoxyaniline)) under: (a) nitrogen and (b) oxidative atmosphere at a heating rate of 10°C/min.

Comparing the onset temperatures under nitrogen and oxygen, PANI
presents highest onset temperature, indicating therefore the highest
thermal stability among its derivatives. This might have taken place
probably due to the high density of hydrogen bond between chains, which
is a drawback in PANI dissolution, and because PANTI has no alkyl group
(eg methoxy and ethoxy) which facilitates the cross-linking reaction in
pristine PANI, while in its derivatives these alkyl groups prevent cross-

linking (due to steric hindrance) from taking place during heating[w].

Therefore, as the temperature increases, cross-links between PANI takes

place between chains to form a more thermally stable structures 221,

The kinetics of thermal decomposition of conducting polymers was
studied by thermogravimetry at different heating rates, and the kinetic
parameters were calculated using the method Flynn-Wall-Ozawa [22-26]
The weight loss as a function of the temperature for the heating rates of

10, 20, 30 and 40°C/min is shown in Figure 2 .
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Figure 2.
Thermogravimetric curves of PANI (Polyaniline) and its derivatives POEA (Poly(o-
ethoxyaniline)) and POMA (Poly(o-methoxyaniline)) under nitrogen atmosphere (a, ¢, ¢)
and oxidative (b, d, f) atmosphere at the decomposition rates of 10, 20 30 and 40 ° C/min.

Figure 2 shows that for both the atmospheres (inert and oxidative)
an increase in heating rate caused the decay curves to shift to higher
temperatures, and profiles of the curves of thermal decomposition of
conducting polymers have the same behavior, which is a consequence of
the events having less time to take place as well as poorer heat diffusion
into the samples, a well-known fact in TGA analysis of polymers.

From Equation 1, it was possible to calculate the activation energy over
the entire range of decomposition of conducting polymers under both
nitrogen and synthetic air atmospheres. Taking the In [-In (1-a (T))] vs
In (b), the slope, the activation energy Ea was calculated and the y-axis
intercept used to determines the pre-exponential factor A as described
carlier and shown in Figure 3.
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Figure 3.

Curve vs. Ea. o (T) of conducting PANI (Polyaniline) and its
derivatives POEA (Poly(o-ethoxyaniline)) and POMA (Poly(o-
methoxyaniline)) in the atmosphere (a) nitrogen and (b) oxygen.

Figure 3 a,b showsa plot of the activation energy as a function of weight
loss PANI, POMA and POEA in nitrogen and oxygen atmospheres.
In general, PANI displayed a somewhat higher energy of activation for
degradation in both atmospheres as compared to POMA and POEA.
These results are in agreement with the results of the onset of thermal
decomposition of PANT as already discussed. Moreover, comparing the
effect of the atmospheres on Ea values, one can observe that the activation
energy values under nitrogen are slightly higher than under oxidative
atmosphere. This happened because the presence of oxygen is known
to catalyze the thermal decomposition of polymers. Moreover, along
the degradation pathway, in the active pyrolysis region of the curve,
the activation energy under oxygen remained almost constant while for
nitrogen it started to increase after 40% conversion. This might have
happened because of the formation of cross-linked structures, at higher
extent to PANTI and lower to POMA and POEA, which resulted in a more
thermally stable structure. Wang et al.l2] synthesized and characterized
the thermal property of polyanilina with ZrO ,, forming the composite
NIBP/ZrO,, comparing the Ea, using Ozawa-Flynn-Wall. The authors
found that the Ea of PANI, in air atmosphere was below 100 kJ.mol,
while the PANI/ZrO, presented E, values above 100 kJ.mol ! . These
results are also in the same range of values found by Corradini et al.l¢!

who compared the thermal stability of various types of cotton using
Ozawa’s model, in determining the activation energy for white cotton
fibers.

Tables 1 and 2 show the pre-exponential values of thermal
decomposition for PANI, POEA and POMA, respectively, under inert
and oxidative atmosphere.
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Table 1.
Table of values pre-exponential factor of conducting polymers under nitrogen atmosphere.
In (A}
o (%) PANI (Polvaniline) POMA (Polv{o-methoxvaniline)) POEA (Polv{o-ethoxvaniline))
10 26.82=198 26,31 =2 52 27.00 = 1.60
15 2547200 2687195 26.63 £1.63
2 2496 230 2747 =217 26,87 = 1.66
25 24.87+2.36 2791222 27.05x1.93
30 15.30£2.37 27.40 =227 2724+1.82
35 2532280 2h15=3.30 2712+ 2.08
40 25.97 =274 2448 +3.15 30722210
43 26.50=3.10 2337 =477 30.70 = 2.09
50 37728584 2519 =8.19 30.51 = 3.20
Table 2.
Pre-exponential factor of the conducting polymers under synthetic air atmosphere.
In (A)
a (%) PANI (Polyaniline) POMA (Polv(o-methoxyaniline)) POEA (Poly{o-ethoxyaniline))
10 2325215 22.90=1.57 20122098
20 19.67=1.79 20.37=157 16.92 =0.3§
30 18,66 = 1,80 17.77=1.36 15.71=0.17
40 18.11=1.48 17722127 15.57 =0.10
50 222x1.52 18.03=125 1531 =0.26
&0 16.30=1.35 17.58 = 1.36 14.64 = 0.61
70 1557131 15.98 = 1,42 1412 =0.70
80 15.34=1.24 16.38 = 1.38 13.92 = 0.98
90 15.60=1.15 16.57 =127 13.68 = 0.82

It can be also observed in Table 1 that the values of the pre-exponential
factors for PANI, POMA and POEA as a function of the extent of
thermal decomposition from 10 to 90% did not show any significant
differences when comparing between the polymers. However, comparing
nitrogen or oxygen atmospheres, In(A) values were significantly lower to
oxygen than to nitrogen. For the values of pre-exponential factors under
oxidative atmosphere, there is a decrease in In(A) with increasing mass
loss, especially in the range between 10 and 50%. These differences can be
explained by the fact that under nitrogen atmosphere the active pyrolysis
region occurs oven a narrower range of temperature than under oxygen
as can be seen in DTG curves ( Figure 4 ).
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Figure 4.
First derivative thermogravimetric (DTG) curves as a function of the heating rates for
PANI (Polyaniline) and its derivatives POEA (Poly(o-ethoxyaniline)) and POMA
(Poly(o-methoxyaniline)) under nitrogen (a, ¢, ¢) and oxidative (b, d, f) atmosphere.

This behavior ( Figure 4 ) is due to the fact that under protective
(inert) atmosphere the degradation steps are fewer and more uniform,
without many side reactions. On the other hand, the presence of oxygen,
as already pointed out, catalyzes the oxidative degradation giving rise to
a multi-step degradation ( Figure 5 ), with several reactions occurring
simultaneously, and thus producing a series of intermediary compounds
that degrade over a broader range of temperature. As the temperature
increases, the random break the bonds along polymer backbone gives rise
to the formation of free radicals that attack other polymer chains, forming
radicals and, ultimately, intermediary compounds.
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Scheme of general degradation of polymers by oxidation'*’".

The order of decomposition reaction, n, of conducting polymers was

obtained from the slope of [ n—In(1-— a(7))vs In (B), as shown in

Figure 6.
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Temperature (°C)

(b)

Flinn-Wall-Ozawa exponent (n) versus temperature for PANI (Polyaniline)
and its derivatives POEA (Poly(o-ethoxyaniline)) and POMA (Poly(o-
methoxyaniline)) under (a) nitrogen and (b) oxygen atmosphere.

It is observed in Figure 6 that the order of reaction (n) varied
with the temperature for both atmospheres. A noteworthy observation
is the overall shape of the n versus temperature curve. It has a bell-

shaped form to all polymers under nitrogen as a consequence of a more



William Ferreira Alves, et al. Non-isothermal decomposition kinetics of conductive polyaniline and its derivatives

uniform and controlled decomposition similarly to other polymers such

as rubbers!??8. However, shape of the n versus temperature curve of

the decomposition of PANI, POEA and POMA under oxygen is very
different due to the multi-step degradation abovementioned.

The decomposition the kinetic models described by Coats and
Redfern®’, Broido®® and Horowitz and Metzger[3 U, the determination
ofkinetic parameters, are accomplished by considering the reaction order
to be equal to 1 throughout decomposition range. According to the
results obtained here, it was observed that reaction order varies between
0 and 1.1 instead of being constant. These values indicate that a complex
decomposition process is taking place. While it is more predictable and
uniform to reactions under nitrogen atmosphere, the presence of oxygen
in the oxidative decomposition makes the reaction mechanisms more
complex with oxygen intermediating and catalyzing side reactions as the
temperature increases.

4. Conclusions

The kinetics of decomposition of PANI, POEA and POMA was carried
out using the Flynn-Wall-Ozawa method access the decomposition
triplet (energy of activation, pre-exponential factor and reaction order)
under oxidative and inert atmospheres. It was observed that PANI
showed a higher activation energies than POMA and POEA. The lower
values Ea for POMA and POEA could be due to alkyl groups that
decrease cross-linking formation thus decreasing the thermal stability of
these polymers. There were no significant differences in pre-exponential
parameters of conducting polymers when comparing among these
polymers. However, the order of degradation reaction, which varied from
ca.0to 1.1 was very dependent on the atmosphere. This behavior was thus
attributed to the presence of oxygen that makes the oxidative degradation
more complex than under nitrogen. In general, there was a trend for
PANI to be the most thermally stable polymer among them.
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