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Abstract This work deals with the kinetics of thermally stimulated processes

which take place in the solid state phases. The activation energy of the solid is

calculated using several methods of different families of isoconversional methods

(differential, integral and incremental). A model of the kinetics is obtained by a

method independent from the procedure used to compute the activation energy and

it is analysed in three theoretical simulations as well as the thermal degradation

of FeNH4(HPO4)2. The reconstructed ˛ � T curves of the simulations and the

experimental case indicates that the model works properly.

1 Modeling Kinetics

The study of kinetics in solid state reactions explains the mechanism of the

chemical processes as well as the meaning of the related parameters. It provides

qualitative and quantitative information on phase transformations, crystallization,

thermal decomposition, etc. Several analysis techniques such as Thermogravimetric

Analysis (TGA), have been developed to measure physical and chemical changes.

A simple stimulated thermal reaction follows a scheme in the form Re ! P C S

where Re is the reactant, P the solid product and S is the solvent or water vapour. The

reaction progress is given by the extent of conversion ˛.t/ D .m0 �m.t//=.m0 �mf /
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where m.t/ is the mass of Re at time t and m0 and mf are the initial and final masses,

respectively. These reactions are commonly described by the equation

d˛

dt
D A exp.�

E

RT
/ f .˛/ (1)

where T is the temperature, R the universal gas constant, A the pre-exponential

factor, E the activation energy and f .˛/ the model function [5].

The knowledge of A, E and f .˛/, the called kinetic triplet, allows solving Eq. (1)

and so a description of the process can be obtained. In the model-fitting methods, the

obtention of the kinetic triplet is based on the determination of the model function

by fitting several reaction models to the experimental data and then the coefficients

A and E are computed. But different forms of f .˛/ with disparate values of A and E

can be fitted to the data and then these methods are not recommended [6].

In isoconversional methods the activation energy is computed without knowing

the model function or the pre-exponential factor [7]. Consequently, a model of the

process based on Eq. (1) cannot be obtained. Some authors [4, 8] have proposed

different methods in order to calculate the product Af .˛/, considered as a sole factor,

depending on how the activations energy has been computed. The main purpose of

this study is to analyse the behaviour of a method to compute Af .˛/, independent

of the procedure used to compute the activation energy, when it is applied to three

theoretical simulations as well as the thermal degradation of FeNH4(HPO4)2.

Mechanisms of chemical transformations are indeed complicated, they usually

involve more than a single reaction. Then, Eq. (1) must be understood as an

approximation to describe the process, the kinetic parameters are considered as

apparent parameters and their physical meaning should be carefully analysed.

One of the simplest isoconversional methods is that proposed by Friedman (FR)

[2], which is a differential isoconversional method. For a constant heating rate

program of temperature T D T0 C ˇt and taking logarithms, Eq. (1) turns into

ln

�

d˛.T/

dT
ˇ

�

D ln.Af .˛.T/// �
E

RT
(2)

where now ˛.T/ represents the dependence of the extent of conversion respect to the

temperature. Several runs with different heating rates ˇi, i D 1; : : : ; n with n � 3

are carried out and n experimental ˛ �T curves are obtained. Thus, for a fixed value

of ˛ and from each experimental curve, values for Ti and d˛.Ti/=dT are obtained.

Then, from Eq. (2), the points .1=Ti; ln.d˛.Ti/=dT/ˇi// belong to a straight line

whose slope is �E˛=R. The activation energy E˛ can be obtained by fitting to the

experimental data.

Wu et al. [8] extended this method by computing not only E but also ln.Af .˛.T///

and then, the product Af .˛/ is known and the differential Eq. (1) can be solved.

Generally, one drawback of this method is its sensitivity to noise that can come

from numerical differentiation or experimental measures. A method (MFR) to

jahuidobro@uniovi.es



Modeling Chemical Kinetics in Solid State Reactions 231

diminish this effect was proposed in [3] where Eq. (2) is considered for more values

of ˛. Then, by fitting to the experimental data, the activation energy is computed.

Less sensitive to noise are integral isoconversional methods that consider an

integral form of Eq. (1) but exp.�E=.RT// does not have a suitable antiderivative

and some approximations have been proposed. They are based on assuming E is

constant over the whole process and this is not very common. One of these is the

generalized Kissinger method [1] (KAS), widely used. Vyazovkin [5] introduced

an non-linear method (Vyaz) by integration of Eq. (1) over Œ˛�
� �˛�; ˛�� and

Samuelsson [4] computed Af .˛/, assuming it is constant over the interval.

A different idea, where this assumption is not necessary, is to compute the factor

Af .˛/ directly from Eq. (1). Assuming the activation energy is known, for a fixed

value of ˛, the product Af .˛/ can be obtained by fitting to the experimental data.

Then, the differential Eq. (1) can be solved and a model is obtained. In this work,

the four aforementioned methods were used to determine the activation energy and

four set of values E˛ � ˛ were obtained. For each method, the corresponding values

of Af .˛/ were computed and model of the kinetics was achieved.

2 Results and Conclusions

This procedure to obtain a kinetic model has been implemented in Matlab and

it was applied to three theoretical simulations. In all cases four constant heating

rates were applied to generate the simulated data. In the first case, a one-step

model with a first-order model function f .˛/ D 1 � ˛ and Arrhenius parameters

A D 109 min�1 and E D 102 kJ mol�1 were considered. The four methods used

to compute the activation energy provide similar values. Using them, the product

Af .˛/ was computed and then ˛ � T curves were plotted by solving the general

kinetic differential equation.

In the second simulation, a parallel two-step, equally weighted, case was

analysed being f1.˛/ D 1 � ˛, A1 D 1012 min�1 and E1 D 167 kJ mol�1 and

f2.˛/ D 1 � ˛, A2 D 1026 min�1 and E2 D 352 kJ mol�1. The third simulation

analysed an Avrami-Erofeev model function f .˛/ D 4.1 � ˛/Œ�ln.1 � ˛/3=4� with

A D 102 min�1 and E D 20:9 kJ mol�1. Figure 1 shows the simulated and the

reconstructed ˛ � T curves for the three simulations. In all cases a good agreement

was achieved.

Finally, thermogravimetric analysis of the thermal degradation of FeNH4(HPO4)2

was conducted in a N2 dynamic atmosphere, using a Mettler-Toledo

TGA/SDTA851e, at four different heating rates. As can be seen in Fig. 2a, the

process occurs in two consecutive stages, the on-line mass spectrometric analysis

indicates that the material firstly loses water about 600 K and secondly, at about

900 K, water and ammonia. The E � ˛ plot, displayed in Fig. 2b, shows this

behaviour. The experimental data are satisfactorily reconstructed (Fig. 2c)

In conclusion, the product Af .˛/ has been computed by a method independent of

how the activation energy has been obtained. Then, the general kinetic differential
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Fig. 1 Comparison of the simulated and reconstructed ˛ � T curves for ˇ D 8 K min�1.

Simulations 1, 2 and 3 in (a), (b) and (c), respectively

Fig. 2 TG and DTG curves of FeNH4(HPO4)2 obtained at 10 K min�1 heating rate (a); activation

energy versus extent of conversion (b); experimental (line) and reconstructed (points) ˛ �T curves

for ˇ D 2:5 K min�1 (c)

equation can be solved overcoming the ambiguity of the model-fitting methods.

In this way, a discrete model that can be used to describe kinetics in solid state

processes. This model has worked efficiently in the description of the theoretical

simulations studied and in the thermal decomposition of FeNH4(HPO4)2.
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