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Abstract

A critical examination is made of the mathematical principles that are used for the kinetic interpretation of nonisothermal
thermoanalytical rate measurement by a representative approximate method, the widely applied Coats—Redfern (CR) equation.
It is concluded that the dominant feature in the identification of that isothermal kinetic equation, which most satisfactorily
expresses the rate characteristics, is the (effective) exponent in the set of equations comparatively considered. Consequently
the form of the CR equation possesses only limited ability to distinguish between ‘fits’ to alternative kinetic models. This
is entirely consistent with literature conclusions expressing the view that data from a single nonisothermal experiment is
insufficient to identify the three kinetic parameters: kinetic moglet) = kt, and both Arrhenius termé,andE.

An usual first step in kinetic analysis by the CR (and other related) equations is to incorporate the kineticgagdel (
kt) into the expression used to calculatandE. Because the rate equation (effective) exponent is a dominant and, without
supporting observations, is an unknown parameter, this introduces the well-known ambiguity that alternative kinetic parameters
are obtained by the uncritical use of this method.

Accordingly, the following replacement calculation sequence is recommended as being more trustworthy. At least two,
preferably several, nonisothermal experiments are undertaken, each at a different (usually constant) rate of temperature
increase. For a comprehensive range of constant increments of reaatioihe different rates dt) at different reaction
temperatures];, are determined from the several experiments and the activation eBerdgr each successive reaction
interval can be calculated. The constancy, or otherwise; afith «; throughout the reaction is thus established. From
these data, the rate constant for eaglvalue can be extrapolated to a selected representative tempéeFafyverhaps at
the mid-point of a reaction («= 0.5). From these data a pseudoisothermal (Tr constant) curve can be constructed,
suitable for analysis by the usual methods. Various advantages from this approach are perceived. The unfortunate role of the
(effective) kinetic model exponent in combination with the logarithmic form of the CR equation in analyzing the data, which
inhibits recognition of the kinetic model, is avoided. The laborious calculations will not be a problem for modern high-speed
computers, unlike the situation existing when the CR equation was first introduced in 1964. Suitable programs may be used
to maximize the accuracy of the method, through the use of several nonisothermal experiments and smcaiments in
the analysis. Kinetic comparisons can be extended to a wider range of kinetic models than the limited selection that often
restrict the possibilities for nonisothermal rate data interpretation by the most widely used approximate methods.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction there is a lack of scientific theory to correlate the
available observations; recent TAK observations have

The greatest contributions towards advanahgm- resulted in no ordered growth of a coherent body of
ical knowledge should, perhaps, be expected to result systematic chemical knowledge. A contributory fac-
from the use othemicalmethods to investigatehem- tor, exacerbating this unsatisfactory situation, is that

ical reactions. This assertion might be regarded as the significances of the most widely used chemical
self-evident, obvious, even a truism. Nevertheless, the terms in the standardized data analysis procedures,
statement is not universally accepted or applied. For have become modified from the concepts originally
example, thermal analysis kinetics, TAK, studies of proposed and as accepted throughout the wider sub-
the (chemical) reactions that occur on heating solids, ject. This inhibits theory development and isolates
and/or liquids, are most usually investigated from TAK results, interpreted and correlated through alter-
measured changes of a physical parameter (masshative theoretical concepts, from other branches of
enthalpy, etc.). Currently and conventionally such chemistry. A general review of the TAK literature,
observations are kinetically interpreted by ever-more considering these problems, has been submitted for
sophisticated methods of mathematical analyses. Thepublication[2].
direct chemical and physical inputs into such TAK This article comments on some of the inadequacies,
investigations have become limited because the com- mentioned above, in the currently accepted methods
putational procedures used to analyze the measuredof kinetic analysis and interpretation of TAK measure-
rate data tend to be stereotyped in form, by the use ments, most particularly the uncertainties that arise in
of accepted methods whereby observations are com-attempting to calculate the (three) ‘kinetic parameters’
paratively tested for ‘best fit' to only a limited range [g(«) = kt, AandE] from a single set of nonisothermal
of possible reaction types. Conclusions obtained from rate measurements. It is now widely agreed that this is
such studies usually include identification, for the re- not possible, and that a full kinetic analysis cannot be
action of interest, of the kinetic modgl] (the isother- based on data from a single rising temperature exper-
mal rate equationg(«) = kt, often referred to as the iment; early hopes that this might be achievable have
‘reaction mechanism’) together with the Arrhenius been shown to be overoptimistic. Criado e{3].state:
parameters (A, pre-exponential term afcactivation “It has been proved previously [refs] that the actual ki-
energy). These three characteristics will be referred netics of solid-state reactions cannot be discerned by
to here as the ‘kinetic parameters’ for any reactions means of kinetic analysis of a single thermogravimet-
considered and are generally accepted as providing aric (TG) curve”. Similar statements are made in other
convenient summary of thermal reactivity characteris- published paper8—8]which confirm that the compu-
tics. Such results are sometimes interpreted to identify tational procedures conventionally most widely used
the chemical change occurring and/or the reaction lack discrimination in identifying the ‘best fit’ kinetic
mechanism. model. A single set of nonisothermal (1) data have
Thermal analysis, TAK, data measurement, collec- been showi5] give similarly satisfactory fits (as mea-
tion and interpretation are readily performed by mod- sured by a correlation coefficient,close, often very
ern, computer-controlled, experimental equipment in close, to unity) to most (even all) of the many equa-
which automated computational programs for data tions that comprise the set of rate expressions usually
analysis can be incorporated. For suitable reactants,comparatively tested in TAK data analyses. This set
this approach often yields kinetic parameters that are is conventionally taken as the group of kinetic models
easily prepared for publication. However, although that are characteristic of decomposition reactions of
the collection of new TAK data has been facilitated, solids (Table 3.3. ofl]; see alsd3,5,8,9]). The appar-
little (if any) attention is directed towards finding sys- ent magnitudes of the Arrhenius parameters, however,
tematic order within the wider literature, which has vary significantly with each alternative kinetic model
already accumulated through many application of this compared5]. To obtain the kinetic parameters from
approach and which is now composed of a very large a single nonisothermal data set, it is necessary to have
number of individual contributions. Consequently, the additional information giving either the rate equation
subject proliferates rather than progresses, becauseor E [8]. Without such independent evidence, there are
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no adequate criteria for distinguishing the ‘best’ set of
kinetic parameters; this is important where very small
differences inr (or other term) can result in changes
of apparent values by a factox 2 (or more)[10].

This lack of discrimination in nonisothermal TAK
studies contrasts with the facility with which the ki-
netic model can often be determined from a single
isothermal experiment (reliable kinetic analysis can,

95

of the concept of the ‘variable activation energy’,
whereby several (many values may be reported for
a single reaction. (‘Multiple-value activation energy’
would appear to be a more realistic descriptive term
in the several triads of different kinetic parametdts:

A and kinetic model.) The concept of ‘varialfe has
been particularly advocated by VyazovKit?] and is
now quite widely accepted. An alternative approach,

of course, be based on observations of both types). In- apparently not in current favor, is to retain the original
spection of isothermal curve shapes enables the threeidea that activation energy is an invariable quantity
main classes of crystolysj4] reactions to be readily  identified with a rate-controlling process and charac-
distinguished: (i) sigmoid shaped yield—time curves, teristic of a particular reaction; this cannot, therefore,
often identified as nucleation and growth processes; be either ‘variable’ or exhibit multiple values. Ac-
(i) deceleratory reactions that may alternatively be tivation energy is a generally accepted theoretical
identified as contracting envelope or first order (per- concept, successfully applied throughout chemistry
haps alternatively homogeneous) rate processes; (iii) [13], and there appears to be no compelling reason
strongly deceleratory reactions that are attributable to why E should be given a different meaning when em-
diffusion controlled (and sometimes second, even pos- ployed in TAK studies. The discussion below argues
sibly third order) rate processes. Distinguishability in the view that it is more useful to examine the reasons
kinetic analysis of isothermal rate measurements haswhy some calculations yield multiple values &f
been discussefll1]. However, and perhaps surpris- rather than to change its definition. It is unacceptable
ingly, these quite distinct kinetic characteristics be- to regard the definition oE as ‘wrong’, without ex-
come effectively indistinguishable by some widely ploring the alternative possibilities that the calculation
used methods of nonisothermal kinetic analysis, basedmethods might be based on inadequate theoretical
on a single set of rate measuremeldls foundations and/or that an alternative computational
approach is required.
2. Objectives 2.2. Analysis of multiple sets of kinetic data
The literature contains many articles that discuss
TAK methods of mathematical analyg®-8], in par-

Kinetic parameters derived from a single non-
isothermal experiment are regarded as unsatisfactory

ticular the use of interpretive calculations to extract
the maximum number of kinetic parameters from
a minimum number of (usually nonisothermal) rate
measurementi$—8]. However, much less interest has
been directed towards characterizing the limitations
inherent in the theoretical principles underlying the

because data apparently adequately fit several differ-
ent kinetic modeld5]. One (often unstated) impli-
cation is that multiple experiments are more reliable
in leading to the recognition of a single, dominant,
preferred, ‘best’ fit, from which the kinetic parame-
ters can be regarded as applicable to the reaction of

methods and towards establishing any computational interest. This is not, however, obvious, or confirmed
reasons for the uncertainties (ambiguities, inconsis- in the literature. Two recent comparative studies
tencies) found in the kinetic parameters calculated by demonstrate conclusively that kinetic analyses of the
these methods. same, or similar, sets of data, which included several
alternative nonisothermal conditions, gave a range of
widely different kinetic parametef§4—16].

The interpretation of nonisothermal kinetic data

One response to the recognition that alternative most frequently proceeds through the use of one
analyses of a single nonisothermal data set yields sev-(or more) equation from the set of approximate re-
eral distincte values, usually different for each kinetic  lationships[1] originally proposed to simplify the
model used[5], has been the proposed acceptance calculations. These enabled the kinetic parameters to

2.1. Significance of the term ‘activation energy’
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be extracted manually from data sets in a reasonableare discussed in the context of their overall ability to

time. The approach was the best available pragmatic compute meaningful kinetic parameters. The conclu-
compromise in the precomputer era and the methods, sions are probably applicable to other comparable ap-
with some additions and modifications, have endured proximate methods of analysis of nonisothermal rate

substantially in their early forms to the present day. measurements.

The essential feature is that approximations are re-

quired because no general integral connects the three
3. The CR equation

equations [g(a)= kt, Arrhenius equation and the (of-
ten constant) rate of heating] for the three (measured)
variablesg, t, T. Accordingly, many alternative com-

One form of the CR equatiof22], widely used for

putational methods, based on the different characteris-the kinetic analyses of single sets of nonisothermal
tics and widely used equations, are to be found in the rate measurements, e.f23,24], is

literature[1,17,18], usually each is associated with the

name of the originating author(s). There appears to be In[g(e)] —2INT = In

no critical, comparative survey of the relative merits
of these alternative formulae (unlike the discussions
of distinguishability for isothermal equatiorj§1]).
Different workers select different methods, from the
many available, without explanations for their choice;
sometimes results from more than a single method
are reported and each may give a different triad of
kinetic parameters. A particular choice of equation
for use in an analysis requires no justification, be-
cause every one of the ‘popular’ equations has been
so widely employed as to be generally acceptable
without support. More recently, Flyqi 9] has drawn
attention to the specific errors that may arise in such
kinetic analyses through the approximate forms of the
‘temperature integral’ used in these calculations. He
concludes that the inaccuracies introduced should no
longer be tolerated because advances and availability
of computer capacity have increased the precision
now generally achievable. His comments on current
attitudes should perhaps be extended to consider the
necessity for a general reappraisal of the continued
applicability of older methods of kinetic analysis of
nonisothermal data. It is now opportune to imple-
ment a comprehensive replacement of the original,
dated and obsolete, approximate formulae by accurate
(modern) computational prograr{i20,21].

Problems inherent in the use of these older approx-
imate formulae are discussed in the next section with
reference to the Coats—Redfern (CR) equafi@2].

This method has been selected, for this examination, as
a representative example of the approximate approach
to the kinetic analysis of nonisothermal rate measure-
ments, based on a single data Eefi7,18]. The re-
lationships of the component terms in this equation

E

~RT 1)

(5e)

whereT is the temperatureR the gas constant and

B the (constant) rate of reactant temperature increase
during the nonisothermal reaction. Consider the terms
individually:

() The first term is the logarithm of the numerical
value for kinetic model. Comparisons under-
taken during such kinetic analyses, from which
the ‘best fit' is identified, are almost invariably
based on kinetic models selected from the set
that are applicable to decompositions of solids
[3,23,24] and Table 3.3. off1]. The preferred
result from this comparison, yielding kinetic
parameters that are then reported to be charac-
teristic of the reaction, may be identified as that
triad [g(«) = kt, A, E] for which the correlation
coefficient,r, is the closest to unity. (By defini-
tion, «, the fractional reaction, varies from zero
to unity across the completed reaction. The loga-
rithm of this term,g(«), undergoes its maximum
relative variation during the most rapid reac-
tion interval (mid-reaction for sigmoid shaped
a—t curves or during the early stages extending
to mid-reaction for deceleratory curves). This
inevitably represents a large proportion of the
rate process of interest, though in any compara-
tive statistical analysis of the data, contributions
from the initial and final stages of reaction may
become significant. Thus the overall behavior,
and the value of, will be influenced, to greater
or lesser extent, by the range @fincorporated
into the comparative analysis. Contributions
from small amounts of early and/or late reaction
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sometimes exert a disproportionate influence
in determining apparent overall ‘excellence of
fitt (r value). Furthermore, use of the logarith-
mic form can diminish the sensitivity of kinetic
discrimination.)

(i) The term 2InT undergoes systematic changes
with the temperature rise during reaction; this
may be relatively small across the ranges con-
sidered in many Kkinetic investigations. The
variations will depart only slightly from a lin-

ear dependence on temperature across most of

the intervals relevant to kinetic studies of the
types considered here. For example, for a repre-
sentative rate process studied between 500 and
550K, the change&\2InT = 0.1906 and for the
intervals 500-501 K and 549-550K the (A1K)
changes are 0.003996 and 0.003640, respec-
tively. Thus across the 50K interval, the change
for each A1K varies by only (0.000356), or
about 10%.

(iii) The term In(AR//E) is constant during reaction
and independent of temperature.

(iv) The relationship between first and last terms is
the same as that in the Arrhenius equation and,
from a suitable graph, the (apparent) activation
energy will be obtained.

The feature to be considered here is that the cal-
culatedapparentvalue ofE varies considerably with
the various alternative kinetic models introduced in
Eq. (2).

To compare the fit of a data set to the alterna-
tive power law equations, through variationsrofn
[¢(@) — o¥/*(= k)] [1], the CR equation (1) be-
comes

1
(;) In(@) —2InT =In <,3E

The kinetic model (first) term is diminished by the
factor, N1, representing the exponent in the kinetic
model and so, ifi is not known, the apparent magni-
tude of E cannot be determined from one set of mea-
sured data points. The form of this equation exhibits
little ability to distinguish between curve shapes for
the kinetic models most usually of interest in such
kinetic analyses. Across temperature ranges usually
of interest, the second term changes relatively less
than the first and its variation with temperature is al-

AR E

~RT )

97

Table 1

Variation of magnitudes of the term[g(x)] with changes ofx
between 0.1 and 0.9 and 0.05 and 0.95 for power law and AE
kinetic models[1]

Equation[1] Exponentn Range of Range of«
« 0.1-0.9 0.05-0.97
Power law 1 2.198 2.965
2 1.099 1.483
4 0.549 0.741
AE 1 3.084 4.225
2 1.542 2.112
4 0.771 1.056

most linear. Consequently, it is apparent that the CR
equation possesses little capacity for distinguishabil-
ity [11] (here the fit, and, varies only marginally
with change ofn). This conclusion is also evident
in the literature[3,5-8] where the same result has
been obtained through unsuccessful specific applica-
tions of this approach and the result is consistent with
the above demonstration of the inability of CR equa-
tion to perform adequate kinetic analyses. The reasons
are apparent from a direct examination of the prop-
erties of Eq. (2) through the following quantitative
considerations:

(i) Relative magnitudes of the first two terms in
Eq. (2): Table 1shows the overall changes of
magnitude ofA[g(«)], corresponding to the dif-
ferences oA« between 0.1 and 0.9 and between
0.05 and 0.97, for the two sets of kinetic models:
power law and the Avrami-Erofeev (AE) equa-
tion [1] (the AE equation is a&q. (2), except
that the term («) is replaced by (—(b— «)), for
the nucleation and growth models).

These (first term) magnitude changes tend to be
significantly larger than the second teff2 In T]
in Eq. (2), which was 0.1906 for the illustrative
example given. The contribution from the tem-
perature term appears, therefore, to be secondary
and often a relatively minor influence and, be-
cause it undergoes approximately linear changes
as reaction progresses, can only exert limited ac-
commodation for the—t curve shape.

(ii) Variation of E with power law equation exponent
n: examination ofEq. (2) shows that incorpora-
tion of the 2 InT term means that the variation of
E with n is not linear. Plots of published values
of these variables (e.g., frofi23,24] and other
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(iii)

(iv)
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similar analyses) show th&t is zero whem is
about 10, which corresponds approximately to
when the second term (0.1906) is similar value
to the first (Table 1).

a-Range of kinetic fit: this is an aspect of TAK
analysis that is rarely discussed. The range of
a-applicability of a particular kinetic model to
the data set under analysis is important in de-
scribing rate characteristics, but few such value
ranges are reported. The aspect requiring consid-
eration here is that variations of the first term,
A In[g(«)], change markedly from zero to a max-

+about 10%410,12,23,24]. While the differ-
ences remain perceptible, the pattern of re-
sults identify the exponent (herebeing re-
garded as effectively unity) as the dominant
feature in determining the apparent magni-
tude of E.

Diffusion control: rate control through a
diffusion limitation is a dominant influence
on rate characteristics and, whether or not
a geometric factor is incorporated, all such
rate processes are strongly deceleratory
[1,11,17]. The magnitudes dE calculated

(b)

imum value and later return to zero@screases
from 0 to 1.0, whereas tha[2In T] term falls at

an almost constant rate. The relative contributions

from the composite term [(1/dn(a) — 2InT]

in an Arrhenius plot will, therefore, vary appre-

ciably across the range of variationscofind in-

using the several alternative diffusion con-
trolled kinetic models approximate to a
similar value which is close to twice that
found for the (n= 1.0) set (F1, R2, R3) and

is ascribed to the dominant influence of the
characteristic diffusion exponent,= 0.5.

fluence the magnitude of the correlation coeffi-
cient,r, or other statistical parameter expressing
degree of fit. This is the reason for the (some-

The overall conclusion from this comparative ap-
praisal of the characteristics of the CR approach to

times small) variations af between those kinetic
models which differ only in the exponemt, The

term is important where values are used to dis-
tinguish the kinetic model giving the ‘best’ fit, an

kinetic analysis of TAK data is that the form Bfy. (1)

is generally unsuitable for the determination of the
kinetic parameters. The interrelationship between the
exponentn and the activation energy is effectively

unsatisfactory criterion because these variations
are not sensitive to changes of the mathematical
relationships which are to be compared. How-
ever, more significantly, calculations for model
systems show that values also change witta
range, the largest influences appear at the limiting
« values, corresponding to onset and completion
of reaction, which was unexpected, some calcu-
lations of this type are given in Table 2 [#1].
Other kinetic models: the above considerations
account for the variations & with kinetic model

for the range of equations normally represented

unable to separate the individual contributions to the
composite functionnE, given by the Arrhenius type
plots based oiq. (1). This is, of course, simply one
of the many possible ways of saying (in the various
relevant contexts): “The problem can be solved, how-
ever, if the true activation energy is knowi] or “For
uniqueness of the results, no more than two parame-
ters should be estimated from a single curvg’or “A
knowledge of bothy as a function of temperature and
activation energy is required to construct the experi-
mental master plotg8]. Recognition of the dominant
role of the exponent in all those forms of kinetic mod-
with exponentsn, between 1 and 4 (power law els that are most usually of interest in these analyses,
and AE)[1]. To extend the comparisons to the identifies this parameter as the overriding determin-
range normally incorporated in solid-state kinetic ing factor of the magnitude of the apparent activation
analyses, two other group reaction types must be energy. The pattern of variation & and A with ki-
discussed: netic model is constant (compare tabulated values for
(a) Contracting envelope: the shapes of these different reactions reported [23,24]) and appears as
deceleratory curves are approximately simi- a computational artifact. The results of kinetic analy-
lar to first order (AE withm = 1.0, Table 1) sis of data are curtailed by the limitations Bf. (1).
and values of calculated from the same (Distinguishability[11] is probably effectively dimin-
data sets for these three kinetic models (F1, ished by the logarithmic form of the kinetic model
R2, R3) tend to be close to the same value, and variations of the contribution from the ZIin
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term between different reactions, together with influ- 4. Aspects of kinetic analysis
ences from data error scatter, rangexofonsidered,
etc.) 4.1. Rate constants

Comment. Results of the above analysis may be
summarized as follows. Differences between the sev- It is a feature of many approximate approaches to
eral diffusion equations (D1-D4, and others) are mi- the kinetic analysis of nonisothermal TAK rate mea-
nor compared with the role of the exponent=0.5). surements that the rate constants (k) are by-passed
The deceleratory curves of the contracting interface in the calculation procedure. However, there is an
models (R2 and R3) are sufficiently similar in shape interesting parallel between the above recognition of
to the first order equation to regard= 1.0 for all an effective controlling influence on the (apparent)
three. For power law and AE equations (Pn and An) magnitude of by the exponential term in the kinetic
the kinetic model term varies with exponent (Eq. (2)): model and the different values & that are found
n =1 or 2 to n= 4. The (effective) exponent is rec- from the following alternative definitions of the rate
ognized as dominating the kinetic curve characteris- constantsk, e.g., for the power law (sd&, p. 121]):
tics. However, calculated values Bfare not directly
proportional ton because of the contribution from the
term 2InT, which becomes relatively greater for the

larger values oh. Other, lesser variations arise from  Arrhenius parameters (Bnd InA) calculated from
the different forms of the specific and different ki-  these alternative rate constants are scaled by the fac-
netic model (equations) compared. There is a constantior »n, This differs from the CR pattern in that the
and exact pattern of variation of relatitzevalues with 2InT term does not contribute, but it is worth point-
equations from the usual set of expressigfi&) = ing out that a similar general trend of inconsistency
kt, used, as can be recognized through collation of of E values which vary with the effective exponent,
the several literature reports, including, for example, n is found. Moreover, both derive ultimately from
[10,12,23,24]. This (E/kinetic model) constant pattern 5 |ack of precise definitions of the terminology used

is identified, therefore, to be an artefact from which and the acceptance of the convention that activation
the magnitude of that relates to the rate of the chem-  energies, described as ‘variablg2] can take mul-

information. . o not profitable for the development of TAK theory
Prolonged use of this CR method of kinetic anal- pecause the results cannot be directly related to other
ysis has lead to the recognitig8—8] that either the  aspects of chemistry so that more precise definitions
method is ineffectual or additional information [i and consistent use of terms are esseii#@j21].
g(a) = kt] is required to obtain the three kinetic pa- |5 an early discussion of the limitations of the CR
rameters. Despite the extensive literature demonstrat—equation, Criado and Moralg4] define the rate con-
to obtain reliable results from a single set of non- gq_ (3)). Later, in considering a hypothetical reaction,
isothermal rate measurements, conclusions based ont is assumed in the calculations that= 3 and the
this method continue to be published. What appears rate constant is determined, reported (with reciprocal
(to me) even more surprising is that the CR equation time units) ask/” = 0.118 mirrL. The only reason
ever attained the pre-eminence that it has and that it giyen for this choice ofn = 3 is “the most usual in
retained its importance so long, when a critical ex- the kinetic data reported in the literature”. The prob-

amination of its form and function, such as that given |ems in any kinetic analysis are to determ@andn.
above, reveals its profound inadequacies. It is unex-

pected (again, to me) that, during several decades 0f4.2, Experimental measurements of rate data

active use, no one appears to have recognized the

essential mathematical weaknesses and inadequacies The sophisticated equipment now widely available
inherent in the CR and some other computational to measure changes of physical parameters (mass,
approaches. enthalpy, etc.) enables large numbers of data points

__ [ &"" forwhich the units ok are(time) 1,
~ | Kt*  forwhich the units of are(time)~"
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(o, t, T) to be efficiently collected and stored. The coefficient of the rate of a particular reaction varies
computer-controlled equipment can then, at least with conditions within the reaction zone due to sec-
partially, interpret data by completing routine calcu- ondary controls through changing contributions from
lations to obtain results in a form that can be readily the influences of heat and mass transfer. Consequently,
incorporated into publishable reports. As Agrawal different apparent values & (andA) may be calcu-
has stated7] “data gathering has become easy due lated for the same chemical change when it takes place
to modern thermochemical devices”. (He goes on to within an approximately constant temperature inter-
say, in agreement with a main conclusion from the val. Thisis (atleast approximateligokinetic behavior
present paper, however, analysis of the data to obtain[28]; it is a characteristic property of rate processes,
unique and reliable Arrhenius parameters remains a within a set exhibiting this feature, that the Arrhenius
challenge.) parameters exhibit aompensation effe¢CE):

It is important to remember that, while much of the INA = bE+ c
laboratory labor has been removed from the collection -
of TAK data by instrumental advances, results from A CE that appears in data for the same reaction studied
any investigation can only be as reliable as the ob- under a range of different conditions has been referred
servations upon which these are based. In the recentto [16] as a type 2 CE, for example, the decomposi-
TAK literature, there is a lack of critical consideration tion of calcium carbonat§9]. A type 3 CE is [16]
of the significance of experimental data and an ab- found where alternative calculation methods (e.g., the
sence of examination of the influences of conditions incorporation of different kinetic models into the for-
within the reaction vessel in determining kinetic char- mula, as inEq. (1) above) yield different Ik and E
acteristics. Much of the greatest interest in this field values[23,24]. Calculations based on a single data set
has been directed towards reactions that are both re-(i.e., using different kinetic models in the CR equa-
versible and endothermic in which the rates may be tion which each yield a different magnitude of Ar-
influenced by the movement of a volatile product from  rhenius parameters) are necessarily isokinetic and so
the reaction zone and by self-cooling. These effects a CE effect is mathematically inevitable. Unlike the
appear through the significant, often large, variations Arrhenius equatiofil3], the (empirical) interrelation-
of kinetic characteristics that result from changes of ship between the Arrhenius parameters in the CE is
the procedural variable25] (sample mass, heating based on no theoretical model and, although widely
rate, particle size, etc.). L'vof26], in discussing the  reported in the TAK literature, has provided no new
factors controlling this type of reaction, distinguishes concepts of value in the interpretation of chemical ki-
two types of kinetic behavioequimolar, where there  netic characteristics. A type 2 CE represents the vari-
is an absence of reaction products in the reactor atmo-able consequences of usually unknown differences of
sphere, andsobaric, where the pressure of a gaseous conditions within a reacting mass and a type 3 CE is
product present is constant during reaction. In a later a mathematical artefact, as concluded above (see also
study [27], the same author shows that the influence [14-16,20,21]).
of self-cooling, resulting from endothermic reactions,
has been seriously underestimated in many discussions#.4. Further examples of problems in kinetic
of the kinetics of carbonate dissociations. These rep- data analysis
resentative examples draw attention to the necessity to
identify all the factors controlling the rate characteris-  The limitations of the CR equation discussed in
tics of the observations as part of any kinetic analysis Section 3exemplify specific problems in kinetic anal-
directed towards identification of the chemical factors ysis mainly through illustrations from the detailed rate

that determine reactivity. data reported if23,24]. The conclusions are, how-
ever, equally applicable to a much wider range of
4.3. The compensation effect comparable kinetic studies for diverse reactants (and

probably also apply equally to other equations used in
A consequence of the influence of procedural vari- nonisothermal kinetic analysj&,17,18]). Further rel-
ables[25] on kinetic behavior is that the temperature evant examples are given in articles concerned with the
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significance of the term ‘variable activation energy’
[20], the use of correlation coefficients in distinguish-
ing ‘best kinetic fit' [21] (see, also the pattern of ki-
netic results reported if80]), and in divergences of
quantitative conclusions obtained by different work-
ers from studies of the same reacti¢hg] and, even,
from interpretations of the same ddtib], discussed

increase. (These represent the minimum experimental
observations, often mentioned as desirdbieg], but,
of course, accuracy and reliability is expected to be
increased by additional observations.) Valueg @ire
calculated for each experiment and each data set is di-
vided into stepwise small incrementsg;. The time,
At;, required to complete each equal, incremental step
in [16]. These articles mention, through consideration of reaction is then individually calculated at the mean
of a wider range of reactions that are different from temperature,T;, for each progressive addition and
those cited here, the necessity to improve generally these are recorded. Assuming a linear rate of reaction
the interpretation of rate data. There also remains the within each (small) reaction interval, the (zero order)
requirement to reappraise (as above) possible inher-rate constantk; at T; is given by Aa; = k; x At,.
ent limitations of the other approximate mathematical From each pair ok; values (or, preferably, a set of
methods and equatiofik, 17,18]used to obtain kinetic ~ several) one from each experiment and representing
parameters from nonisothermal rate data. the same intervalAg;, the activation energyk;,
applicable to that restricted interval can be calcu-
lated. A comparison of; values, corresponding to
each sequential step that contributes to the completed
reaction, identifies any variation with a result alter-
natively obtained by isoconversional kinetic analysis,
The development of computational procedures suit- e.g., [10,12]. By increasing the number of experi-
able for the kinetic analyses of nonisothermal TAK ments, each at a different heating rate, the accuracy of
data might reasonably seek to exploit the techniques theE; values, and any systematic changes witinay
that have been demonstrably successful in the past,be increased. The-range of applicability for any
while excluding those shown to be inadequate. We reported activation energy should always be specified.

5. An alternative approach to the kinetic analysis
of nonisothermal rate data

note that single sets afothermak—t data can discrim-
inate reliably between kinetic moddlkl] to identify
the best fitg(a) = kt [8]. Isoconversional methods to

These data may then be analyzed to identify the
kinetic model. A representative temperatufig, is
selected,To s, arbitrarily, perhaps corresponding to

determineE have been successfully applied to diverse « = 0.5, or alternatively the mean temperature across
systems for several years and modern sensitive equip-which the kinetic data have been collected. Rate con-
ment, coupled with high-speed computing systems, stants,kr, for each reaction intervalA«;, can be
has enabled appareht values to be obtained read- calculated forTr using values ok; and the calcu-
ily from nonisothermal experiments, see, e[§j0,12]. lated activation energy. Summation of the time in-
However, this emphasis has not always extended to ki- tervals required to complete each successive reaction
netic model identification. (Moreover, the influences step then enables a set @ft values that represent a
of mass and heat diffusion on kinetic characteristics pseudoisothermaleaction afTr to be obtained. The
tend to be ignoreR5].) usual methods of kinetic analysis can then be applied
The present proposal, intended to exploit the estab- to consider the relative excellence (or otherwise) of
lished strengths of kinetic analyses methods, is that thefit of this set ofa—t values to each of the isothermal
accepted computation procedure inherent in presentequations normally testegld1]. Moreover, these data
practices should be inverted. Hitherto, the usual first may additionally be considered for applicability to a
step has been to select the kinetic model and subse-wider range of mechanisms, such as melt formation,
quently to obtain the Arrhenius parameters following the intervention of transient intermediates, the influ-
its incorporation inEq. (1). The alternative calcula- ences of secondary controls and/or any other model or
tion program now suggested is based on the use of atmechanistic explanation of behavior that seems suit-
least two, but preferably several, complementary sets able. Complementary (nonkinetic) observations may
of nonisothermal measurements from experiments us- be useful in providing confirmation of all mechanistic
ing different (perhaps constant) rates of temperature conclusions formulated.
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The proposed method (summarizediippendix A) the (suggested) alternative concept of activation en-
requires extensive computational capadil] and ergy [12], together with other inconsistencies in ki-
was clearly unlikely to have been practicable, or wel- netic terminology and the above explanations for the
comed, at the time of inception of the CR equation and appearance of CEs, it has to be concluded that the
its variants. However, no such laborious mathemati- theory, methods and conclusions of TAK research are
cal procedure need now be regarded as a deterrentoverdue for a general and critical reappraigdl
once the necessary programs have been written. This Current TAK theory is severely limited in its ability
reappraisal of traditionally accepted kinetic analysis to characterize kinetic parameters for any specific re-
methods proposes that a novel and alternative calcu-action by confining comparative considerations to a re-
lation routine is necessary to avoid the pitfalls of the stricted range of possibilities (e.g., reactions involving
past, which have so often yielded ambiguous and un- melting, perhaps temporary or partial, or which pro-
reliable kinetic conclusions. The principal result from ceed with the participation of transient intermediates
the present comparative analysis is that the logarith- are effectively excluded from consideration). It ap-
mic form of the approximate rate equation was unable pears that a much more chemical approach is required
to discriminate kinetic models in which the dominant to replace the present preoccupation with the use of
feature is the effective exponem, This can, how- mathematical methods to extract the maximum infor-
ever, be circumvented through the use of the calcu- mation from a minimum number of experimefis8].
lated pseudoisothermat-t curve as the preferred route  Chemical reactions can be complicated and mecha-
to identification of the kinetic model. This isoconver- nisms vary much more widelf2] than is adequately
sional approacHirstbased on zero order kinetic small recognized within current TAK theory and practices.
steps (rate constant units (timé) contrasts with the ~ The new concepts proposed by L'v{®6,27] offer a
alternative proposals if10,12]. way forward to the greater understanding of crystoly-

sis reactions that merits wider application and exten-

sion. In marked contrast with the ideas in current use
6. Conclusions in TAK studies, this theory has identified chemically

and physically explained correlations between kinetic

The purpose of this critical appraisal of the selected, results for different reactions. This is a welcome start
but representative and widely used, approximate equa-towards finding order in a subject which, at present,
tion (CR)[21] for the kinetic analysis of nonisothermal appears to be a proliferation of individual contribu-
TAK measurements has been to identify reasons for tions that share no chemical foundations but are re-
the inconsistencies in published kinetic results (kinetic lated only through common data collection methods
model, A, E) obtained through this and other related and formulae used in the kinetic analyses.
computational approaches. Various aspects of the limi-  The analysis presented above shows that the mathe-
tations and unreliability of conclusions obtained by the matical foundations of kinetic analyses are unsuitable
generally used methods have already been discussednd ineffectual, a conclusion already accepted to some
[3-10]. However, the present review appears to be the extent[3-10]. Further work is obviously required to
first recognition of the fundamental inadequacies of establish a replacement method of kinetic analysis,
the mathematical foundations widely applied together which must be based on reliable and meaningful mea-
with the demonstration that the method is unsuitable surements in which secondary controls are character-
for its intended purposes. One alternative procedure, ized quantitatively and each value determined is
advocated here, is to calculate the pseudoisothermalshown to be directly controlled by the rate of the (fully
rate data, which can then be used to characterize thecharacterized) reaction of interest. The difficulties in
kinetic model. This avoids the irresolvable problems kinetic analysis of TAK observations are not restricted
that arise in attempting to base kinetic distincti¢iz) to the single, nonisothermal data sets discussed here
between equations dominated by an exponential term but also include multiple complementary experiments,
through the use of logarithmic equations. Taken with as shown by the inconsistencies between results ob-
uncertainties in the significance of many rate measure- tained in comparative survey$4—-16,20,21]. Clearly
ments (due to contributions from secondary controls), progress is required to establish reliable methods for
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TAK rate data analysis to obtain kinetic parameters
that are scientifically valid, so that the factors control-
ling reactivity can enable reaction mechanisms to be
discussed with reference to the wider subject of chem-
istry. Before order can be found in the large numbers
of published kinetic results obtained by TAK methods,

and so advance the understanding of thermal chem-

istry, the validity of these observations and conclusions
must first be established. Further progress to identify

acceptable and realistic theoretical foundations is es-

sential before scientific order is fully introduced into
TAK studies.

Appendix A. Summary of mathematical steps
in the proposed method for kinetic analysis of
nonisothermal rate measurements

(i) Yield—time measurements are obtained by TAK
methods for at least two (preferably several)
nonisothermal reaction experiments at different
(usually, but not necessarily, constant) rates of
temperature increase. The results for each ex-
periment are then expressed in the form of a set
of («, t, T) values.

(ii) A representative temperatur@r, is identified,
preferably within the range of the collected data,
perhaps a value far = 0.5, or the mean reaction
range temperature.

(iii) Each reaction is divided into a large number of
small stepsAc;, and the time required to com-
plete each such step recorded (fAdy,—1t,: Aa;2,
te —tpi. .. JAaix, t, — ;). From these values the
individual rate constant; (=Aw;/(t, — t,—1)),
are calculated. For each pair of (or preferably
several) rate constants, the magnitudeEpfis
obtained together with the rate constant at the
representative temperaturig.

(iv) The magnitudes oE during each stepAq;, in

the progress of reaction are calculated and com-

pared, to determine whethErvaries systemati-

cally with a.

From the rate constants &k the time required

to complete each stepa;, is found and a pseu-

doisothermal set of (at) values at constanty

is obtained.

(vi) The calculated pseudoisothermal set oftfeal-
ues atTr are kinetically analyzed by the usual

v)

103

methodq1,11] for relative excellence (or other-
wise) of fit’ to all appropriate rate expressions,
which may be extended beyond the often restrict-
ing set considered in many nonisothermal kinetic
analyses.

(vii) The calculations are applied with maximum ac-
curacy[19] by computer programs.
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