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Abstract

The thermal behaviour of the radically polymerised poly(N-phenylmaleimide) was
studied, adopting the thermogravimetric method at heating rates of 1, 5, 10 and 50°C
min~' in a nitrogen atmosphere. The kinetic parameters, such as activation energy,
reaction order, Arrhenius pre-exponential factor etc., have been calculated using different
mathematical approximations available in the literature. It is observed that the energy of
activation values and pre-exponential factors estimated for the degradation of poly(N-
phenylmaleimide) from a single heating thermogram using different approximations
decrease with increase in heating rate, whereas nearly constant values are observed in the
Dharwadkar and Kharkhanavala approximation irrespective of the variation in sample size
and heating rate. It is also observed that the different approximations, when applied to
multiple heating data, give nearly constant values for the kinetic parameters. These values
are broadly similar to that calculated using the Dharwadkar and Kharkhanavala ap-
proximation from a single heating thermogram.

INTRODUCTION

The synthesis of N-phenylmaleimide (NPMI), its solution polymerisa-
tion in benzene using benzoyl peroxide as radical initiator and the
characterisation of poly(N-phenylmaleimide) (PNPMI) using thermo-
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gravimetry (TG) and thermal volatilisation analysis (TVA) have been
reported [1]. The technique of gas chromatography—mass spectrometry
(GC-MS) has been used to separate and identify the pyrolysis products of
PNPMI. The TG curve recorded for PNPMI at a heating rate of
10°Cmin~! in a nitrogen atmosphere reveals the starting temperature of
degradation to be 360°C, with the maximum weight loss at 425°C. The TG
thermograms for PNPMI have been recorded at heating rates of 1, 5, 10
and 50°Cmin~" in a nitrogen atmosphere. Using the data, such kinetic
parameters as activation energy (E), reaction order (n) and Arrhenius
pre-exponential factor (A) etc. have been calculated by adopting different
mathematical approximations available in the literature.

EXPERIMENTAL

The synthesis and purification of NPMI monomer and its corresponding
polymer (PNPMI) have been described elsewhere [1]. The TG curves for
the polymer PNPMI at different heating rates (1, 5, 10 and 50°C min™")
were recorded on a Perkin-Elmer thermogravimetric analyser TGA 7 in
a nitrogen atmosphere in the temperature region 100-600°C. Data
acquisition and analysis were performed using a Perkin-Elmer 3700 data
station.

RESULTS AND DISCUSSION

The thermograms and the first derivatives obtained at heating rates of
1, 5, 10 and 50°C min~' for PNPMI are given in Figs. 1 and 2 respectively.
It is obvious that PNPMI undergoes single stage degradation. The kinetic
parameters from TG data are arrived at by the various mathematical
approximations of the basic equation

da/dt = A(1 — a)" exp(—E/RT) 1)

where « is the fraction undergoing decomposition, E is the apparent
activation energy, A is the pre-exponential factor, » is the apparent order
of the reaction, R is the gas constant, T is the absolute temperature and
da/dt is the rate of decomposition. The various mathematical approxima-
tions are classified into different categories by different authors. Flynn and
Wall [2] classified them into five categories, namely; (a) “integral”
methods utilising weight loss versus temperature data directly; (b)
“differential” methods utilising the rate of weight loss; (c) “difference—
differential” methods involving differences in rate; (d) methods specially
applicable to initial rates; and (e) non-linear or cyclic heating rate
methods. Reich and Levi [3] classified the methods as follows: (a) method
of Freeman and Carroll; (b) methods involving maximisation of rate; (c)
methods with multiple heating rates; (d) method of variable heating rate
for a single thermogram; (e) methods for evaluating activation energy
which involve double logarithm terms; (f) methods involving approximate
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Fig. 1. TG curves for poly(N-phenylmaleimide) in a nitrogen atmosphere at heating rates
of 1 (curve a), 5 (curve b), 10 (curve c) and 50°C min ' (curve d).
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Fig. 2. Differential thermograms (DTG) for poly(N-phenylmaleimide) in a nitrogen atmo-
sphere at heating rates of 1 (curve a), 5 (curve b), 10 (curve ¢) and 50°C min~' (curve d).
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integrations of the rate equation; (g) graphical estimation of reaction
order, and (h) miscellaneous methods.

In the present work we have categorised the different methods
according to the availability of thermogravimetric data: (a) calculation of
kinetic parameters by methods which require only a single heating
thermogram, (b) methods which require a single heating thermogram and
its first derivative curve (DTG), and (c) methods which require multiple
heating thermograms and their first derivative curves. Since the readers
are familiar with mathematical expressions derived by various authors, the
references pertinent to different methods only are given.

Methods which require a single heating thermogram

The methods due to Murray and White [4], Doyle [5, 6], Horowitz and
Metzger [7], Coats and Redfern [8], Broido [9] and MacCallum and
Tanner [10] fall into this category. Assuming first order decomposition of
PNPMI, the E value (kJ mol™') and the log A factor calculated from the
above methods using a single heating thermogram are listed in Table 1.

In general, as the heating rate increases, the energy of activation and
the frequency factor decrease, independent of the mathematical ap-
proximations applied to calculate the above parameters for the thermal
degradation of PNPMI. At the slowest heating rate (1°Cmin™') the E
values obtained from the Horowitz and Metzger, Broido and MacCallum
and Tanner approximations are comparatively higher than those calcu-
lated from the Murray and White, Doyle, and Coats and Redfern
approximations. However, all the approximations except that of Mac-
Callum and Tanner give almost the same E value (258 + 10kJ mol™') at a

heating rate of 10°C min~".

Methods which require a single heating thermogram and its first
derivative curve

The methods of van Krevelen et al. [11], Freeman and Carroll [12],
Ingraham and Marier {13, 14], Reich et al. [15], Reich [16], Chatterjee
and Conrad [17] and Dharwadkar and Kharkhanavala [18] come under
this category. The kinetic parameters calculated for the thermal decom-
position of PNPMI using the foregoing methods are detailed in Table 2.

It is observed that the E values calculated using the Dharwadkar and
Kharkhanavala method are constant irrespective of the heating rate.
Further, the E value (259 £ 2 kJ mol™') obtained by this method is well
within the range of the average value derived from the methods belonging
to the first category (Table 1) using the 10°C min~' heating rate thermo-
gram (258 = 10 kJ mol™'). Dharwadkar and Kharkhanavala suitably mod-
ified the Horowitz and Metzger equation [7] so as to yield values of the
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Fig. 3. Application of the Dharwadkar and Kharkhanavala method to the degradation of
poly(N-phenylmaleimide).

activation energy which are independent of variation in sample size and
heating rate. For first order kinetics, the modified equation is

In[—In(1 — @)} = (E/RTH(100/T;— T)0 + C ()

where T; and T; are the temperatures of inception and completion of the
degradation respectively, and 6 =T —T,, where T is the temperature
under consideration and T, is the temperature at the inflection point in the
thermogravimetry curve. A plot of In[~In(1 — )] against 6 was made,
and is presented in Fig. 3.

Methods which require multiple heating thermograms

This category consists of the Kissinger [19, 20], Friedman [21], Reich
[22] and Ozawa [23] methods. Further, if the equations due to Murray and
White [4], Doyle [5,6], Coats and Redfern [8] and MacCallum and
Tanner [10] are suitably rearranged, these methods can also fit in this
category. The E and A values obtained by various methods except the
Kissinger method are given in Table 3.

The E value calculated by the Friedman method is slightly higher than
the value (218 £ 16kJ mol™') calculated from the other methods. The
reason behind this difference is that in all methods except the Friedman
method the reaction order is assumed to be 1, whereas according to
Friedman’s procedure the degradation of PNPMI follows 0.28 reaction
order with a frequency factor of 3.72Xx 10'. The activation energy
calculated for the degradation of PNPMI as per Kissinger’s procedure is
199.5 kI mol™'. This value is nearer to the average value obtained by other
methods.
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The findings lead to the conclusion that the application of the Dhar-
wadkar and Kharkhanavala method to a single heating thermogram
and its first derivative curve is sufficient to obtain a reliable assumed first
order kinetic E value for a material under investigation.
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