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ABSTRACT

The importance of knowing either an approximate value of the activation energy or
the reaction mechanism prior to the analysis of DSC curves using the relation

n g{a) — In p(x n——

is emphasised on the basis of the results obtained for the decomposition of sodium bicar-
bonate. The iteration of activation energy in the neighbourhood of an approximate value
determined independent of the reaction mechanism eliminates the necessity to carry out
a separate isothermal experiment to determine the reaction mechanism. A computer
program suitable for the purpose is presented. Comparison of theoretical curves based on
the above equation, with experimental a vs. T curves, shows good agreement for a values
greater than 0.1. The conclusions, although derived from DSC curves, are general in
nature since the treatment is based on a vs. T curves.

INTRODUCTION

The last two decades of progress in thermal analysis witnessed an
increasing use of these techniques for the study of the kinetics of solid state
reactions. Progress in this direction was, however, hampered by the am-
biguity of results obtained due to the oversimplification of mathematical
derivations and imprecise definition of experimental conditions. The appli-
cation of one of the most general methods for DSC curves is considered in
this paper. The results obtained are general in nature and hence are worthy
of consideration in the treatment of other thermoanalytical curves.

The basic expression for the integral methods of analysis of thermo-
analytical curves, proposed by Doyle [1], is given by

ZE
g(a)=ﬁ—RP(x) (1)

where g(a) is a function of the fraction decomposed, a, and p(x) is a func-
tion of x =E/RT. Z, E, R, § and T is the pre-exponential factor of the
Arrhenius equation, activation energy, gas constant, heating rate and tem-
perature, respectively. Zsako [2] and Skvara and Satava [3] used the above
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equation in logarithmic form expressed as

ZE

In g(e) —In p(x) =In - (2)
The right-hand side of eqn. (2) is constant for a given reaction at a constant
heating rate, and hence it has been pointed out that plots of In g(a) vs. T'and
In p(x) vs. T should be identical in shape, provided the mechanism of the
reaction and the activation energy assumed for calculating g(a) and p(x),
respectively, are correct. All three terms in egn. (2) are unknown for a given
system. The kinetic parameters Z and E are “lumped” together to form an
ill-defined constant difference between two uncertain quantities. Such a
formulation is likely to be ambiguous. Several authors [4—6] have recently
pointed out that variations of egn. (2) do not yield a unique set of values for
the kinetic parameters, and have suggested that the results from TG measure-
ments should be supplemented by at least one isothermal experiment to
enable determination of the reaction mechanism. However, these earlier
treatments were based on simplified expressions for p(x) whereby the func-
tion is treated as linearly dependent on 1/T. Analysis of DSC curves for the
decomposition of sodium bicarbonate, without resorting to the assumption
of linear dependence of p(x) upon 1/T, is presented in this paper. Instead of
determining the reaction mechanism from a supplementary isothermal
experiment, unambiguous values of kinetic parameters have been obtained
from TG curves alone by calculating an approximate value of the activation
energy, prior to the application of eqn. (2).

Coats and Redfern [7] and Piloyan and Novikova [8] suggested a simple
method for the determination of the activation energy, independent of reac-
tion mechanism, from TG curves. This method was utilised for obtaining the
activation energy from DSC curves. The approximate value thus obtained
was further refined by iteration with eqn. (2) to obtain better estimates of
the activation energy, pre-exponential factor and the reaction mechanism, as
illustrated in this paper.

EXPERIMENTAL

DSC curves were recorded with a Perkin-Elmer model DSC-1B differential
scanning calorimeter. The apparatus was calibrated with standard samples of
indium, tin and lead supplied with the unit. Sodium bicarbonate (B.D.H.,
AnalaR) was sieved, and DSC curves were obtained with 9.5+ 0.1 mg of
—150, +240 mesh samples at heating rates of 2.1, 4.2, 8.3 and 16.7°C min~'.

RESULTS AND DISCUSSION

Since analysis of the data by egn. (2) involves an iterative procedure, a
computer program was written in CERN FORTRAN for use with a BESM-6
computer to facilitate the application of the expression to DSC curves. The



TABLE 1

Models of solid state reactions used lor analysing DSC curves for the decomposition of sodium hicarbonate
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fraction decomposed, a, was calculated from

a
= A 3)
where A is the total area enclosed by the DSC peak and its baseline and a is
the area swept at time ¢ (or temperature, T). The trapezoidal rule was used
to calculate A and ¢ from the input values of dH/dt and t. The a vs. T'data
thus obtained were converted to In g(a) vs. T for various models listed in
Table 1. Values of In g{a) were calculated only for a above 0.08, sin.= the

values below this were not reliable.

Three values at intervals of 1000 cal mole™! were used on either side of
the approximate value of the activation energy to facilitate iteration with
respect to E. A modified version of the routine EXPINT, for the evaluation
of the exponential integral [9,10] (available in the computer library) was
used to calculate In p(x) vs. T data. The standard deviation, g, of the dif-
ference, D, equal to In g(a) —In p(x) for temperatures in the reaction inter-
val was calculated for each pajr of p(x) and g(a) representing a kinetic
model. Since D is a constant for the correct choice of activation Energy and
reaction mechanism, the activation energy, E’, corresponding to the mini-
mum standard deviation was selected and a series of four values at intervals
of 100 cal mole™' was generated on either side of E'. The iteration was then
repeated. When the minimum o corresponded to an extreme value in the
array of E considered, the array was further expanded by including values at
the desired interval and the calculations were repeated. The value of F and

the reaction mechanism corresponding to the minimum standard deviation as
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Fig. 1. Theoretical vs. experimental curves for the decomposition of sodium bicarbonate.
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Fig. 3. Theoretical vs. experimental curves for the decomposition of sodium bicarbonarte.

well as the pre-exponential factor, from the corresponding average value ol
D, were printed out.

Theoretical In g(a) values were calculated from E and Z. Since the reac-
tion mechanism is known, these values can be used to predict & vs. T curves.
Some predicted curves are compared with an experimental curve in Fig. 1. It
was observed in this case that depending on the choice of reaction mecha-
nism, eqn. (2) yielded minimum standard deviation for D at three values of £
ranging from 9000 to 43 000 cal mcle~!. The pre-exponential factor was also
different. Although the comparison enables elimination of the Jander equa-
tion, both the Avrami and Mampel equations yielded identical theoretical
curves agreeing with the experimental curve in the range 0.2 < a < 1.0.

This uncertainty was overcome by modifying the program such that the
iteration is done only in the neighbourhood of the approximate value of E

obtained from

a ZR E _
In T In BE  RT 0.08<a<0.5 (4)

Fig. 2. Flow chart of the program for the analysis of DSC curves. M, Number ol data: T.
time (sec); TEMP, temperature (K); Y, rate ol change of heat content with time (dH/d?);
H, interval at which data are read (sec); WM, molecular weight of the reactant: TITLE1,
contains the titles of the experiment; TITLE?2, contains the abbreviations of the names ol
reaction mechanisms used for the analysis; RH, heating rate; FD, fraction decomposed:
E, activation energy (cal mole™!); STD, standard deviation of log ZE/BR; GALFA. con-
tains theoretical values ol g(a); NM, KK, indices of the first and last points of the data

subjected to leasl squares fit.
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The flow chart for the computer program is given in Fig. 2. This program can
also be used for analysing TG curves after deleting the portion between con-
nectors 1 and 3. All the experiments indicated the Mampel Unimolecular
Decay Law as the mechanism for the decomposition of sodium bicarbonate.
Some of the theoretical curves generated using the Mampel Law are com-
pared with the experimental curve for a vs. T in Fig. 3, wherein the values
for the Kkinetic parameters are also indicated. These values compare well
with the activation energy of 24 kcal mole™! and reaction mechanism accord-
ing to the Mampel Law proposed [11] on the basis of isothermal weight loss
measurements on sodium bicarbonate.
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