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Abstract

In the manuscripts dealing with thermoanalytical kinetics, many flaws, mistakes, and misconceptions are encountered
repeatedly. In this paper, frequent flaws encountered in manuscript of kinetic papers are reviewed, mainly those originating
in the false interpretation of the general rate equation, improper employment of integral isoconversional methods, conclu-
sions drawn from the values of a single kinetic parameter, absence of error estimation and application of single-heating rate
methods. Assessment of the quality of kinetic treatment is also noticed. Some experimental imperfections that could lead to

incorrect values of kinetic parameters are mentioned.
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Introduction

Refereeing is a volunteer activity of scientists who review
the manuscripts written by their known or unknown col-
leagues. Collectively, the authors of this paper have com-
pleted more than 300 review assignments in Journal of
Thermal Analysis and Calorimetry and Thermochimica
Acta, mostly of kinetic studies. In the manuscripts dealing
with thermoanalytical kinetics, many flaws, mistakes, and
misconceptions are encountered repeatedly.

In this paper, we would like to call the attention to some
flaws in order to avoid the “thermokinetic misconduct” and
some recommendations are suggested to facilitate the pub-
lication of kinetic manuscripts. The background of flaws is
outlined and reasoned. We limit ourselves here primarily
to the methods based on the general rate equation (GRE)
since these methods are the most popular and most flaws are
encountered in their application, mainly to the model-free
or isoconversional methods. The model-fitting methods and
methods not based on GRE will be tackled only occasionally.
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Discussion
General rate equation and its physical meaning

Processes in condensed phase are routinely studied by ther-
moanalytical techniques. Mechanisms of these processes are
often unknown or too complex to be described by a sim-
ple kinetic model as they tend to proceed in multiple steps
and also involve physical phenomena such as diffusion or
adsorption. For the description of their kinetics, various
methods based on the so-called single-step approximation
are used.

The kinetic treatment of condensed-phase processes
almost universally starts with the general (or generalized)
rate equation (GRE), usually expressed as

da
prin k(T)f (a) (1

where k(T) and f (a) are functions depending solely on
temperature T and the degree of conversion a of the pro-
cess, respectively. GRE has become so ubiquitous that it is
often perceived as axiomatic law that is valid universally.
However, GRE is just a greatly simplified form of a much
more general empirical law which states that the rate of the
condensed-state process is a function of temperature and
conversion [1-3]:

da

T = oT.a @
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GRE can be obtained from Eq. (2) by assuming that the
function @ can be expressed as a product of two functions
independent of each other:

O(T, a) = k(T)f (a). 3

Combining Egs. (2) and (3), the rate of a complex con-
densed-phase process can be formally described by Eq. (1).
The distinction between GRE and Eq. (2) may seem trivial;
however, it has serious consequences.

Mathematically, GRE resembles a rate equation of a
single-step process, even though it is a representation of
the kinetics of a complex multistep process. In theory, each
elementary step of a complex process should be described by
a separate rate equation with corresponding rate constants.
The meaning of the single-step approximation resides in
replacing a set of rate equations with the sole GRE [2, 3].
From the point of view of probability theory, GRE implies
that temperature and conversion affect the reaction rate inde-
pendently, i.e., without mutual interaction. Additional terms
can be added to the right-hand side of Eq. (1) to account
for the effect of other factors on the reaction rate such as
the effect of pressure of reactants or products [4—6], effect
of radiation [7], effect of mechanical stress, electric field,
etc. The separability of temperature and conversion func-
tion indicated in Eq. (1) is crucial for performing kinetic
analysis of thermoanalytical data and historically there were
practically no attempts to include a conversion—temperature
cross term.

The temperature function k(7) in Eq. (1) is usually inter-
preted as the rate constant and the conversion function is
thought to reflect the mechanism of the process. However,
as shown in [2], such simple interpretation of both functions
may be incorrect. In [3] it has been shown that the reaction
rate cannot be expressed in the form of Eq. (1) neither for the
very simple case of two consecutive reactions nor for the two
opposing reactions under non-isothermal conditions. The
two cases mentioned in [3] represent the simplest cases of
non-elementary processes. It can be thus concluded that the
kinetics of a general complex process cannot be expressed
by Eq. (1) when describing the true mechanism of the pro-
cess. GRE could be a true reaction rate equation only in
special cases such as when the process is really elementary
or when the process involves an elementary step limiting
the overall reaction rate. These possibilities should always
be proven or at least, soundly reasoned.

Hence, GRE is not a true reaction rate equation in gen-
eral; it is a mathematical tool enabling to describe the ther-
moanalytical kinetic data. In general, the functions k(7)) and
f () only represent the temperature and conversion compo-
nents of the kinetic hypersurface where the hypersurface is
dependence on the degree of conversion on time and tem-
perature [8]. Consideration of the influence of individual
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independent factors on the description of complex processes
can be recognized not only in thermoanalytical kinetics. We
encountered this approach applied in the theory and transfor-
mations in metals and alloys [9], in the prediction of micro-
bial spoilage in foods [10], and in modeling of concrete cur-
ing [11, 12].

Flaws originating in the false interpretation of GRE

Many mistakes in manuscripts of kinetic papers originate
in the false understanding of GRE as being a true reaction
rate equation.

Activation energy

Perhaps due to the prevailing notion of k(7)) as the reaction
rate constant, the temperature function is almost universally
expressed by the Arrhenius equation:

Ea
k(T) = Aexp (—E> (€]

where A and E, are the preexponential factor and the acti-
vation energy, respectively, T is the absolute temperature
and R stands for the universal gas constant. Both kinetic
parameters, A and E,, are apparent in the case of a complex
process and they may not have any clear physical meaning.
However, the simple form of GRE represented by Eq. (1)
is very enticing to interpret A and E, as parameters of an
elementary reaction. It is also quite mystifying to express the
activation energy in kJ mol~'. For example, the activation
energy of polyethylene thermooxidation is 164 + 8 kJ mol™!
[13]. The question is: 164 kJ per mole of what? Per mole
of polyethylene? What are the entities the activation energy
is related to?

Thus, the concept of activation energy and preexponen-
tial factor in the case of complex processes is hazy. The
kinetic parameters are “apparent” or “averaged” quantities. It
should be stressed again that the temperature function, k(7),
is not the rate constant in general. To demystify the activa-
tion energy and to avoid blunders and overinterpretation, it
would be advisable to introduce the definition of temperature
coefficient, B, as

B=2 &)

and the Arrhenius-like temperature function would be then
written as

KT) = Aexp (—l—;> 6)

Since it has been shown that k(7) cannot be interpreted as
the rate constant in general, there is no sound reason to limit
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ourselves to the Arrhenius equation and use of alternative
temperature functions was proposed [1, 8, 14]. Perhaps the
most sophisticated method based on GRE, the nonparamet-
ric kinetic (NPK) method [15], does not make any assump-
tions on the functional forms of the temperature and conver-
sion functions.

Thermodynamic parameters of activation

In many manuscripts, the Gibbs energy, enthalpy, and
entropy of activation are calculated from the values of rate
constant, activation energy, and preexponential factor. This
flaw again originates in the false understanding of GRE as
being a true reaction rate equation. The thermodynamic
parameters of activation are related to the activated com-
plex, i.e., to the elementary reactions. Again, the question
arises: what is the structure of the activated complex in case
of complex processes? In this case, the theory of activated
complex is inapplicable and the calculated parameters AG”,
AH#, and AS* provide no additional insight into the process
under study.

Mechanistic conclusions

The conclusions on the mechanism of the process are often
drawn in manuscripts dealing with model-fitting methods
based on GRE. Thermoanalytical methods are “gross” meth-
ods, they measure the envelope signal of all the processes
occurring in the sample. The complex nature of condensed-
phase processes brings about a difficulty not encountered in
classical kinetics: the term conversion is defined operation-
ally as a normalized change of the physical property meas-
ured by the thermoanalytical instrument and only rarely can
be associated with a unique chemical species. Various f (a)
models often describe the kinetic data equivalently at the
expense of dramatic changes in kinetic parameters [16, 17].

It is again to remind that the function f (o) may not reflect
the mechanism of the process since GRE is not a true reac-
tion rate equation. Any mechanistic conclusion should be
confirmed by an independent method such as X-Ray, FTIR,
Raman, optical microscopy, evolved gas analysis, mass
spectrometry, etc. Conclusions on the mechanism cannot be
made just from the plausible agreement between the experi-
mental and calculated thermoanalytical curves.

Application of several isoconversional methods

A strange practice of evaluating experiments by several
isoconversional methods and comparing the results is often
encountered where all the methods are based on Eq. (1).
Results from the Friedman differential isoconversional
method [18] are often compared with the results obtained

by the integral isoconversional methods or there are mutu-
ally compared the results from various integral methods.
Flynn—Wall-Ozawa (FWO), Kissinger—Akahira—Sunose
(KAS) and Starink methods belong to the integral isocon-
versional methods [19-22]. All these methods are based on
the treatment of kinetic results by the relationship
E
> Inf=-b—+alnT+c,
RT

In <£> - L 4o
T RT
@)

where a, b and c are constants independent of temperature.
After differentiating In § by the inverted temperature, one
can obtain:

1.058Ewo = Exas + 2RT = 1.0037Egy i + 1.8RT.  (8)

The activation energies from various integral isoconver-
sional methods are thus interrelated.

If properly applied and correctly treated the same experi-
mental data, the kinetic parameters from all the isoconver-
sional methods should be the same from each method since
they all are based on the same principle, that is, on GRE.
Differences in the values of kinetic parameters are just a
mathematical artifact, they have no physical reason and no
conclusion on the kinetics of the process can be drawn from
the comparison of the values of parameters obtained by vari-
ous methods. Hence, there is no reason to use several meth-
ods and compare the results obtained since the mathemati-
cal treatment is the source of differences, not the physical
reality. One isoconversional method should be applied in a
manuscript.

The isoconversional methods widely applied up to now
were mostly developed many decades ago when the com-
putation facilities resided mostly in the use of a logarithmic
slider. As early as 1997 Flynn wrote [23]: “in this age of vast
computational capabilities, there is no valid reason not to use
precise values for the temperature integral when calculat-
ing kinetic parameters”. It would be perhaps meaningful to
quit the methods based on the approximate evaluation of the
temperature integral and to start with its precise evaluation
as demonstrated in [24].

Improper use of integral isoconversional methods

The isoconversional methods can be divided into integral,
incremental, and differential ones where the integral isocon-
versional methods are most frequently applied. The integral
methods reside in separating variables in Eq. (1) and inte-
grating the differential equation obtained within the range
of conversions from 0O to a.

Isoconversional methods often lead to variable activation
energy, i.e., the activation energy depends on conversion.
Then we get:
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da _ [ 4 oo (E@
0 0

As it can be seen, if the apparent activation energy
depends on conversion, the variables of GRE are not prop-
erly separated since the conversion appears on both sides
of Eq. (9). Hence, in case of variable activation energy, the
integral isoconversional methods are mathematically incor-
rect and should not be applied [25]. For the treatment of
thermokinetic results, the incremental methods seem to be
the most suitable class of isoconversional methods [24].

Focus on E,, neglect of preexponential factor

The isoconversional methods based on Eq. (1) are primarily
developed for obtaining the values of activation energy. Very
often obtaining the values of activation energy is presented
as the justification for publishing kinetic papers. As written
in [26], “values of E should not be reported and interpreted
in isolation from the other members of the kinetic triplet”.
The methods for evaluation of thermoanalytical kinetic data
should calculate simultaneously all the kinetic parameters
describing the kinetics such as demonstrated in [24].

The isoconversional methods do not provide the whole
kinetic triplet. In fact, they yield only two kinetic parame-
ters, i.e. the activation energy and the combination of preex-
ponential factor and the conversion function f{ar). However,
there is no need to separate A and f{@) since the recovery and
modeling of kinetic curves are possible as shown in [27].

Conclusions based on the values of a single kinetic
parameter

The kinetic parameters obtained from the treatment of
thermokinetic data can be used for recovering the reaction
rate, isoconversional temperature, T, isoconversional time,
t,, and for modeling the process for other time—temperature
regimes than those employed for experiments.

In manuscripts, mainly in those dealing with the stability
of materials, quite often the conclusion can be read that the
higher activation energy invariably implies the higher mate-
rial stability. Figure 1 depicts an Arrhenius plot for three
processes with lower activation energy and a process with
a higher activation energy. It can be clearly seen that the
processes with lower activation energy can be either slower
or even more rapid than the process with the higher activa-
tion energy. For a certain position of both Arrhenius lines,
for lower temperatures, the process with lower activation
energy is more rapid than the one with the higher activa-
tion energy and for the higher temperatures, it is vice versa.
Interpretation of the activation energy in isolation from the
preexponential factor is further invalidated by their mutual
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Fig. 1 Arrhenius plot of three processes with a lower activation
energy and one process with a higher activation energy

interdependence (kinetic compensation effect) which stems
from ill-conditioning of regression models based on the
Arrhenius equation and inevitable presence of both random
[28] and systematic errors [29] in kinetic data. Hence, reli-
able conclusions can never be based on the values of a sin-
gle kinetic parameter. In particular, no conclusion should
be reached by merely comparing the values of activation
energy. The conclusions concerning the stability, rate of the
processes, etc. should be drawn from the values of experi-
mentally accessible parameters, i.e., from the values of the
reaction rate, T, t,, etc.

The conclusion that the higher activation energy, the
higher material stability could only be valid for a quite
uncommon case when the preexponential factor is the same
for all the processes.

Absence of error estimation

It is peculiar that statistical treatment of the kinetic results
is quite rare in kinetic manuscripts. For the isoconversional
methods, the activation energy and preexponential factor are
presented mostly without any error estimation. As pointed
out by Brown [26], “realistic uncertainties in the calculated
values should be reported”. For the model-fitting methods,
it should be taken into account that also the parameters
occurring in the conversion function convey uncertainties
that should be reported. The same is valid for the parameters
obtained from the methods that are not based on GRE. The
statistical treatment should be obligatory for any treatment
of experimental data, not only for the kinetic data.

Another strange practice is reporting the values of activa-
tion energy in excessive number of significant figures (sig-
nificant digits), six or seven significant figures can frequently
be seen. Our experience is that the standard error of the
activation energy is between 5 and 10% which corresponds
to two or three significant figures. The number of significant
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figures should be reported correctly also for the other kinetic
parameters.

Quality of the kinetic treatment

Quality of the kinetic treatment is often assessed, for exam-
ple, from the linearity of the FWO or KAS plots. This is
not satisfactory. As written in [26], “the final test of every
kinetic analysis should be to use the parameters determined
to construct calculated curves for comparison with the
experimental results over a wide and representative range”.

Application of single-heating rate methods

Although these methods are not recommended [4, 26], they
are still occasionally encountered in manuscripts. Figure 2
depicts the kinetic hypersurface as a function of rate versus
conversion and temperature. It shows that any linear-heating
run represents just a single path on the kinetic hypersurface.
It is not trustworthy to assess the shape of the whole hyper-
surface just from the course of a single line on its surface.
The usual consequence of single-heating rate methods is the
dependence of kinetic parameters on the heating rate.

Experimental imperfections
There are some experimental imperfections often met in

manuscripts that worsen the quality of kinetic studies. The
most serious defect is employment of high heating rates in
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Fig.2 Rate of a hypothetical first-order process (E,=100 kJ mol~!,
A=10% min~') as a function of conversion and temperature. The
embedded lines correspond to a—T paths followed during a meas-
urement at constant heating rate. Each measurement explores only a
small portion of the kinetic surface; hence, reliable parameters cannot
be obtained by any method based on just a single run

case of the materials with low thermal conductivity. Very
often the heating rates between 20 and 50 °C min~! are
applied. The low thermal conductivity, high heating rates,
and high sample mass may lead to the formation of thermal
gradients within the sample [30]. Hence, instead of the pure
transformation kinetics of the process, an undefined mix-
ture of the transformation kinetics and heat transfer kinet-
ics is measured. For the materials with low thermal con-
ductivity, we would recommend applying the heating rates
10 °C min~' and below. Higher heating rates are justified
for materials with high thermal conductivity such as metals,
metallic glasses, etc.

Another error is the use of insufficient number of heat-
ing rates in isoconversional studies. For statistical reasons,
the least number of independent measurements should be
three. Each kinetic parameter represents a bounding condi-
tion. Hence, in the case of isoconversional methods with
two adjustable parameters, the minimum number of heating
rates should be five.

A common mistake, perhaps originating in forgetfulness,
is incomplete description of experimental conditions, such
as omitting to report the purge gas used, calibration proce-
dure applied, sample geometry, etc.

Conclusions

Analysis of experimental data using methods based on
GRE is a feasible way to describe the kinetics of complex
processes. The model-free isoconversional methods are the
most popular since the treatment of experimental data is
simple and easy; however, interpretation of the results may
not be so simple and straightforward. The reason is that the
temperature function, k(7), cannot be understood as the rate
constant in general, and the conversion function, f (a), may
not reflect the mechanism of the process. Both these func-
tions enable to describe the kinetic hypersurface. The param-
eters of both these functions may not have any clear physical
meaning; however, they can be used to recover isoconver-
sional temperature, isoconversional time, reaction rate, i.e.,
they enable modeling the complex processes and making
predictions. A great advantage of isoconversional methods
is the description of the kinetics of the process without the
necessity of knowing the detailed mechanism.

Since the physical meaning of parameters may not be
clear, no mechanistic conclusions should be based solely on
the values of any individual kinetic parameter. The conclu-
sions might be done from the quantities with clear physical
meaning, i.e., from the values of T, ¢, reaction rate, etc.
Any mechanistic conclusion should be verified by an inde-
pendent method.

Finally, it is essential to realize that the general rate equa-
tion is just a mathematical tool, it is not a true rate equation

@ Springer



10088

P. Simon et al.

in general. Its reliability depends on the reliability of the sin-
gle-step approximation given by Eq. (1). If there exist other
models and methods with better physical justification, it is
advisable to apply them instead of methods based on GRE.
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