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Abstract: A critical examination was made on the reliability of kinetic parameters of nonisothermal thermoanalytical rate 
measurement by the widely applied Coats-Redfern(CR) equation. For this purpose, simulated TGA curves were made for reactions 
with different kinetic models, including chemical, diffusion (Janders) and mixed mechanism at different heating rates. The results 
show that, for reactions controlled kinetically by one mechanism, all solid state reaction models show linear trends by use of CR 
method and this method can not distinct the correct reaction model. For reactions with mixed mechanism, the CR method shows 
nonlinear trends and the reaction models and kinetic parameters can not be extracted from CR curves. The overall conclusion from 
this comparative appraisal of the characteristics of the CR approach to kinetic analysis of TGA data is that the CR approach is 
generally unsuitable for determination of kinetic parameters. 
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1 Introduction 
 

Kinetic analysis of thermal decomposition processes 
has been the subject interest for many investigators all 
along the modern history of thermal decomposition. The 
interest is fully justified. On one side, kinetic data are 
essential for designing any kind of device, in which the 
thermal decomposition takes place; on the other side, 
kinetics is intrinsically related with the decomposition 
mechanisms. The knowledge of the mechanism allows 
the postulation of kinetic equations or vice versa, and 
kinetics is the starting point to postulate mechanisms for 
the thermal decomposition[1]. 

Although kinetic studies can be performed in 
different devices, thermogravimetry(TG) is, by large, the 
mostly used technique. This technique consists of 
preheating the sample to a given temperature (T0) and 
then starting the experiment with a fixed nominal heating 
rate (β). So, theoretically it is possible to write 
 
T=T0+β·t                                   (1) 
 

So in a TG experiment, a modern equipment 
typically registers hundreds or thousands of experimental 
points that can be used for kinetic analysis of the reaction. 

It is clear that the selection of correct model is a critical 
point in kinetic analysis. Knowing how a model can 
justify experimental data has been evaluated by many 
researchers[1−3]. There are different methods to study 
the kinetics of non-isothermal processes. These include 
statistical methods[4−8], predictions of activated 
complex theory for the value of the pre-exponential 
factor[9], methods based on the fact that, for different 
reaction models, the extent of reaction at maximum 
reaction rate amax falls into a narrow specific range[10], 
Coats-Redfern (CR) method[11] and iso-conversional 
model free methods[12]. 
 
2 Rate equations 
 

Usually the change in extent of reaction (α) is used 
to study the solid state reactions kinetics: 
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where  m0, mt and m∞ are initial sample mass, sample 
mass at time t and sample mass at the end of reaction, 
respectively. 

Using extent of reaction, the rate of a solid state 
reaction can be generally described by 
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Integration of the above equation gives the integral 

rate law: 
 
g(α)=kt                                     (4) 
 

Several reaction models[13] using f(α) or g(α) are 
listed in Table 1. 

The explicit temperature dependence of the rate 
constant is introduced by replacing k(T) with the 
Arrhenius equation which gives 
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where  A (the pre-exponential factor) and Ea (activation 
energy) are the Arrhenius parameters. These parameters 
together with the reaction model are sometimes called 
the kinetics triplet. Under non-isothermal conditions, in 
which a sample is heated at a constant rate, the explicit 
temporal in Eqn.(5) is eliminated through the trivial 
transformation: 
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Upon integration, Eqn.(7) gives 
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If Ea/(RT) is replaced by x and integration limits 

transformed, Eqn.(8) becomes 
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Eqn.(9) can be written as 
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p(x) has no analytical solution but has many 
approximations[14−16], with one of the most popular 
being the Coats-Redfern method[11]. This method 
utilizes the asymptotic series expansion for 
approximating the exponential integral in Eqn.(10), 
giving 
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Plotting the left hand side of Eqn.(11), which 

includes g(α) versus 1/T, gives Ea and A from the slope 
and intercept respectively. The model that gives the best 
linear fit is selected as the chosen model. 

Despite the inability of this approach in kinetic 
analysis of non-isothermal process, many papers have 
been published based on this method in recent years 
[17−25] and conclusions based on this method continue 
to be published. In this study the reliability and accuracy 

 
Table 1 Solid state rate equations 

Reaction Model f(α) g(α) 

Nucleation Models   

1 Power Law 4α3/4 α1/4 

2 Power Law 3α2/3 α1/3 

3 Power Law 2α1/2 α1/2 

4 Avrami-Erofeev 4(1−α)[−ln(1−α)]3/4 [−ln(1−α)]1/4 

5 Avrami-Erofeev 3(1−α)[−ln(1−α)]2/3 [−ln(1−α)]1/3 

6 Avrami-Erofeev 2(1−α)[−ln(1−α)]1/2 [−ln(1−α)]1/2 

Diffusion Models   

7 One dimensional Diffusion (1/2)α−1 α2 

8 Diffusion control (Janders) 2(1−α)2/3[1− (1−α)1/3] −1 [1−(1−α) 1/3]2 

9 Diffusion control (Crank) (3/2)[(1−α)−1/3−1]−1 1−(2/3)α–(1−α)2/3 

Reaction order and geometrical contraction models. 
10 Mampel (first order) 1−α −ln(1−α) 

11 Second Order (1−α)2 (1−α)−1−1 

12 Contracting cylinder 2(1−α)1/2 1−(1−α)1/2 

13 Contracting Sphere 3(1−α)2/3 1−(1−α)1/3 
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of CR method to determine the kinetic model and kinetic 
parameters from non-isothermal data is evaluated using 
known simulated data. 
 
3 Simulation 
 

To study the reliability of CR method, three TGA 
curves were simulated. One curve was simulated using 
the contracting sphere (model 13), the second curve with 
three dimensional diffusion model (model 8, Janders 
Eqn.) and third curve with mixed control mechanism 
(models 8 and 13). In the mixed regime for the reaction 
extent less than 0.25, the reaction is chemical reaction 
controlled; at the reaction extent greater than 0.8, the 
reaction is controlled by three dimensional diffusion and 
at the reaction extent 0.25−0.8, both chemical reaction 
and diffusion are involved. Table 2 lists the kinetic 
parameters used for TGA curves simulation. These 
values of A and Ea are selected based on the experimental 
data reported in Refs.[23−25]. TGA curves were 
simulated at linear heating rates of 5, 7.5, 10 and 12.5 
K/min. For all the curves, the initial temperature (T0) was 
considered to be 300 K. In the CR method a single TGA 
curve was used to determine kinetic parameters, so the 
data reported were extracted from TGA curves with 
heating rate of 10 K/min. Then by using the CR method, 
kinetic parameters were determined from simulated TGA 
curves and compared with original data. 
 
Table 2 Values of A and Ea used for TGA curves simulation 

Model Ea/(4.2 kJ·mol−1) A/min−1 

Three-dimensional diffusion 
 (Model 8) 68.33 1×1029 

Contracting volume 
(Model 13) 64.46 1×1015 

Mixed-controlled mechanism 
(Model 8) 60 1×1026 

Mixed-controlled mechanism 
(Model 13) 40 1×1016 

 
4 Results and discussion 
 

Simulated TGA curves for reactions with 
contracting sphere mechanism, three dimensional 
diffusion mechanism and mixed mechanism are shown in 
Figs.1−3 respectively. Also the initial temperature for all 
curves was considered to be same, but the reaction starts 
at different temperatures in simulated TGA curves. The 
range of reaction temperature for simulated TGA curves 
is in agreement with that of experimental works[23−25]. 

Fig.4 shows the plot of ln[g(α)/T2] versus 1/T for 
different models using values of a extracted from Fig.1. 
According to CR equation, if a correct model is selected 
for the reaction, the plot of ln[g(α)/T2] versus 1/T will be 

 
Fig.1 Simulated TGA curves for reaction with contracting 
sphere mechanism at different heating rates 
 

 
Fig.2 Simulated TGA curves for reaction with three- 
dimensional diffusion mechanism at different heating rates 
 

 
Fig.3 Simulated TGA curves for reaction with mixed-controlled 
mechanism at heating rate of 10 K/min 
 
linear with high-correlation coefficient. Fig.4 reveals that 
all models show linear trend with correlation coefficient 
greater than 0.99. Table 3 lists the calculated kinetic 
parameters for different models with a from TGA 
simulated curves with contracting sphere mechanism by 
the CR method. 
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Fig.4 Plots of ln[g(α)/T2] versus 1/T for different models using 
values of α from Fig.1 
 
Table 3 Kinetic parameters extracted from Fig.4 using CR 
method 

Model Ea/(4.2 kJ·mol−1) A/min−1 |r| 

13 85.39 1.16×1021 0.998 
12 82.22 2.36×1020 0.997 
10 92.60 3.31×1023 0.999 
8 174.10 3.11×1043 0.998 
6 44.65 8.91×1010 0.999 

 
If model 13 in Table 3 is considered as reaction 

model, the activation energy calculated with CR method 
is 25% greater than real value and similarly 
pre-exponential factor (1.16×1021) is quite far from the 
assumed value (1×1015). These results show that the CR 
method reliability is not enough and cannot be used to 
kinetics assessment of reactions. The results of Fig.4 and 
Table 3 show that several chemical mechanisms (models 
10, 12 and 13) are sufficiently similar in shape and 
calculated values of Ea and A are very close to each other. 
This indicates that calculated values of Ea are not directly 
proportional to reaction order because of the contribution 
from the term 2lnT in CR equation, which becomes 
relatively greater for the larger values of the reaction 
order[26]. 

Fig.5 shows the plot of ln[g(α)/T2] versus 1/T for 
different models using values of α extracted from Fig.2. 

Fig.5 shows all models have linear trend with 
correlation coefficient greater than 0.99. Table 4 lists the 
calculated kinetic parameters for different models with α 
values from TGA simulated curve with three- 
dimensional diffusion mechanism by the CR method. 

In this case if model 8 in Table 3 is considered as 
reaction model, the activation energy calculated with CR 
method is 1.4% greater than the real value and similarly 
pre-exponential factor (7.74×1030) is close to the 

 

 
Fig.5 Plots of ln[g(α)/T2] versus 1/T for different models using 
values of α extracted from Fig.2 
 
Table 4 Kinetic parameters extracted from Fig.5 using CR 
method 

Model Ea/(4.2 kJ·mol−1) A/min−1 |r| 

13 33.76 6.81×1014 1 
12 33.01 4.12×1014 0.999 
10 35.46 1.57×1016 0.998 
8 69.31 7.74×1030 1 
6 16.84 2.21×107 0.998 

 
assumed value (1×1029). Also the calculated values of A 
and Ea for three-dimensional diffusion mechanism are 
very close to the real values. However, in the first stage 
the correct model must be selected, which is impossible 
with CR method. 

Comparison of Tables 3 and 4 shows that the 
magnitude of Ea calculated using diffusion model is 
nearly twice the values for chemical models (10, 12 and 
13) and is ascribed to the dominant influence of 
characteristic diffusion exponent, n=0.5. 

Fig.6 shows the plots of ln[g(α)/T2] versus 1/T for 
 

 
Fig.6 Plots of ln[g(α)/T2] versus 1/T for different models using 
values of α extracted from Fig.3 
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different models using the values of α extracted from 
Fig.3. 

It is clear from Fig.6 that for extents of reaction less 
than 0.3 that reaction is a single mechanism, the plot of 
ln[g(α)/T2] versus 1/T is linear. However, for extents of 
reaction greater than 0.3 that reaction has multi model 
mechanisms, the plot of ln[g(α)/T2] versus 1/T shows 
nonlinear trend. This means that the CR method can not 
be used to determine the reaction model. Therefore the 
kinetics of complex reactions, where the reaction model 
changes with the extent of reaction, cannot be analyzed 
with CR method. In most of solid state reactions 
(especially solid-gas reactions), a layer of products forms 
on the surface of un-reacted core. This layer may be 
porous or dense and this causes a change in the reaction 
mechanism by the increase in extent of reaction. Thus the 
CR method is ineffectual method in kinetic analysis of 
solid state reactions. 
 
5 Conclusions 
 

The CR method for the kinetic analysis of 
nonisothermal TGA data is shown to be unsuitable and 
inconsistencies exist in published kinetic results obtained 
using this approach. The results of this investigation 
show that for the reactions with simple mechanisms, the 
plot of ln[g(α)/T2] versus 1/T will be linear for all 
reaction kinetic models and the reaction mechanism can 
not be recognized with CR method. However, for 
reactions having complex mechanisms, the plot of 
ln[g(α)/T2] versus 1/T will not be linear and the CR 
method is not valid for kinetic analysis to find the 
reaction model and kinetic parameters. 
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