thermochimica
acta

1

L EVIER Thermochimica Acta 244 (1994) 1-20

Review

A review of the mutual dependence of Arrhenius
parameters evaluated by the thermoanalytical study of
solid-state reactions: the kinetic compensation effect

Nobuyoshi Koga

Chemistry Laboratory, Facuity of School Education, Hiroshima University, 3-1-33 Shinonome,
Minami-ku, Hiroshima 734, Japan

Received 7 December 1993; accepted 20 March 1994

Abstract

The kinetic compensation effect (KCE) has been observed in numerous kinetic studies of
solid-state reactions using thermoanalytical methods. An attempt has been made to separate
phenomenologically the KCE into the variation and the mutual dependence of the resultant
Arrhenius parameters. The probability of the mutual dependence of the Arrhenius parame-
ters caused by the properties of the general kinetic equation was discussed in relation to:
(1) the reaction temperature interval, (2) the fractional reaction a«, (3) the kinetic model
function f(«), and (4) the isokinetic hypothesis. The mutual dependence of the Arrhenius
parameters due to the properties of the general kinetic equation was first checked before
discussing the KCE in relation to a physico-chemical factor for a series of reactions under
investigation. The necessity of establishing a check system for the kinetic calculation is
discussed briefly on the basis of the prerequisities of the methods of kinetic calculation and
the properties of the general kinetic equation.
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1. Introduction

On determining the kinetic parameters from the thermoanalytical (TA) curves of
solid-state reactions, we sometimes encounter variations in the kinetic parameters
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due to the sample and measuring conditions. It is easily understood that variation
in the Arrhenius parameters results from a certain change in the overall behavior of
the reaction process due to these factors. Further analysis of the variation of kinetic
parameters for a series of reactions leads to a general result of a mutual dependence
of the apparent Arrhenius parameters known as the kinetic compensation effect
(KCE) [1] expressed by

InA,,,=aE,,, +b (1)

app app

Eq. (1) indicates the linear dependence between the apparent values of the logarith-
mic pre-exponential factor In 4,,, and the apparent activation energy E,;, with the
constants @ and b. The simple relationship of Eq. (1) is reproduced on the
Arrhenius coordinate, In k vs. 1/7, with an intersection point called the isokinetic

point (1/T,,, In k;,.) [2]. Using the isokinetic relationship, Eq. (1) is rewritten as

E
In Aypp = 222 +1n kigy 2)

150

Fig. 1 shows such a relationship of the mutual dependence of the kinetic parame-
ters.

1.1. Historical

Numerous papers have dealt with the variations of the apparent Arrhenius
parameters using Eqs. (1) and (2). Although the present state of understanding of
the KCE can be found in many historical surveys [3—6], causation of the KCE may
be classified into the following three categories.
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Fig. 1. A schematic representation of the mutual dependence of the Arrhenius parameters.
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Physico-chemical properties of the samples and reaction processes

A typical example of the physico-chemical interpretation of the KCE is seen for
the thermal decomposition of CaCO; under various partial pressures of CO,. In
1935, Zawadski and Bretzsnajder [7] originally pointed out the partial pressure
dependent variation in E,,,. A theoretical interpretation for the partial pressure
dependence was attempted by Pavlyuchenko and Prodan [8], showing a functional
dependence of E,,, on the partial pressure of CO,. The kinetic behavior was
reinvestigated experimentally by Wist [9] and analyzed by Roginski and
Chajt [10] from a viewpoint of chemical statistics. Such a physico-chemical inter-
pretation of the KCE belongs to a procedure of “correlation analysis [11]”, i.e. a
mathematical treatment starting from experimental data and seeking empirical
relationships which can subsequently be interpreted theoretically, see Fig. 1. Speci-
fying the physico-chemical variables, other than reaction rate and temperature,
such as partial pressure of a gas [12], bond energy due to the different metals and
ligands [13—15], defect concentration [16,17], chemical composition [18], impurity
[19], etc., has been attempted to explain the empirical KCE. In the practice of TA
kinetics, however, the physico-chemical properties of the process influencing the
kinetic parameters are hard to identify quantitatively, because of the macroscopic
character of the kinetic data derived from TA curves. Without quantitative iden-
tification of the physico-chemical property, estimation of the linear interdepen-
dence of Eq. (1) does not provide meaningful kinetic interpretation, but only
shows an empirical observation of the mutual dependence of the Arrhenius
parameters.

Experimental procedural factors in the TA measurements

It is generally accepted that the experimentally resolved shape of a TA curve
changes with the measuring conditions applied, such as sample mass, heating rate,
atmosphere, etc. [20]. In many cases, the kinetic parameters obtained from such a
TA curve are also dependent on the measuring conditions applied, showing
empirically the KCE. Guarini et al. pointed out [21] that non-linearity of the
Arrhenius plot increases with the sample mass, and recommended extrapolation
to zero mass to avoid the KCE. Sample mass dependent variation in the appar-
ent Arrhenius parameters has been explained by the effect of gradients in temper-
ature and gaseous pressure [22]. The KCE caused by the effect of heating rate
is rather common for the thermal decomposition of solids with gaseous prod-
ucts [23-25]. On discussing the KCE obtained from different measuring condi-
tions, both the physico-chemical effects of the applied conditions and the changes
in the self-generated reaction conditions by the reaction itself should
be taken into account. The latter is closely connected with the reliability of
the experimentally resolved shape of the TA curve as a source of kinetic data
[26,27], because such a self-generated reaction condition is not controlled, in a
strict sense, in conventional TA measurements. A typical example can be seen for
the effect of atmospheric conditions, in which a change in the atmospheric condi-
tions is accompanied by the consequent change in the self-generated atmospheric
conditions.
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Mathematical consequences of the general kinetic calculation

Discussion of the mutual dependence of the Arrhenius parameters has also been
attempted from the mathematical and statistical points of view. Because the
Arrhenius parameters have meaning only in relation to the kinetic model function,
these are distorted by an inappropriate kinetic model function. Criado and Gonza-
lez reported [28] that sets of Arrhenius parameters calculated using inappropriate
kinetic model functions show mutual dependence. The degree of the distortion was
further discussed on the basis of an empirical analysis [29—31] and 2 mathematical
approximation [32]. Reexamination of the KCE of this type was performed by
Somasekharan and Kalpagam [33], who suggested the correspondence between the
isokinetic temperature and the maximum TA peak.

However, application of the Arrhenius equation to complicated solid-state pro-
cesses has been questioned [34]. Hullet made a search for the non-linearity of the
Arrhenius plot [35], determining that any deviations from a straight line in the plot
of In k(T') vs. 1/T are to be considered as almost certain evidence that the observed
process is complex. Drawing the theoretical TA curves, correlation of the Arrhenius
parameters and its effect on the TA curves were noticed by Sestak [36] and further
analyzed by Zsak¢ [37]. Exner first suggested [38] that it is not correct to determine
the KCE by a linearvregression of E,,, vs. In 4,,,, because these quantities are
mutually dependent. Sestak suggested [39] that the extent of the interdependence
of the Arrhenius parameters may be characterized, among others, by the angle of
the functions E/RT and In A in Hilbert space. This angle also depends on the
temperature interval. Agrawal proposed dividing the KCE into two groups by the
existence of an isokinetic point: one arising from physico-chemical factors and the
other from computational and experimental artifacts [40]. Because k(7") and T can
be determined independently, the plot of In k(T) vs. 1/T is statistically correct.
However, Agrawal’s procedure of distinguishing a false KCE from a true one was
criticized by Sestak [41] and was shown by Zsakg and Somasekharan to be
incorrect [42]. Although it is reasonable to exclude the KCE that does not exhibit
an isokinetic point from the present argument, there is no physical explanation for
such a KCE resulting from physico-chemical factors. Garn’s standpoint is that the
KCE is simply a consequence of trying to describe a complex process by computing
the Arrhenius parameters, accepting changes of many orders of magnitude without
question or test [43].

1.2. Interaction of the causations

Fig. 2 shows schematically a procedure of TA kinetics resulting in the KCE.
According to the procedure of TA kinetics of solid-state reactions, the physico-
chemical causations and the resulting mutual dependence of the Arrhenius parame-
ters seem to be interpreted separately [44]. The TA curve is a response of a certain
averaged behavior of the respective reaction steps involved, as is shown schemati-
cally in Fig. 3 for the case of the thermal decomposition of solids. The mutual
relationship of the consecutive and/or concurrent steps may change with the
experimental conditions applied and the self-generated reaction conditions, influ-
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Fig. 2. A schematic diagram of the procedure of TA kinetics.

encing the overall characteristics of the reaction. The variation in the overall
behavior for a reaction is only detected as changes in the position and shape of the
experimentally resolved TA curves. The kinetic parameters calculated from these
macroscopic data are projected on the Arrhenius coordinates through a particular
projection system, i.e. the general kinetic equation. The variation in the respective
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Fig. 3. A diagram of the physico-chemical processes of the thermal decomposition of solids in a matrix.
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kinetic parameters apparently results from changes in the experimental and physico-
chemical factors. However, the resulting mutual dependence of the Arrhenius
parameters, usually stated as the KCE, seems to be connected with the properties
of the general kinetic equation. In such a case, not knowing the properties of the
general kinetic equation concerning the KCE, interpretation of the mutually
dependent variation of the Arrhenius parameters connected with the physico-chem-
ical properties of the kinetic process is likely to lead to a speculative conclusion.

It is thus necessary to clarify the relationships existing between the TA curves and
the general kinetic equation, before discussing these mutual dependence relation-
ships connected directly to the physico-chemical properties of the kinetic process
under investigation. In this paper, the probability of the mutual dependence of the
Arrhenius parameters caused by the properties of the general kinetic equation is
discussed in relation to: (1) the reaction temperature interval, (2) the fractional
reaction o, (3) the kinetic modal function f(), and (4) the isokinetic hypothesis.
The necessity of establishing a check system for the standard kinetic calculation is
proposed on the basis of the prerequisites of the methods of kinetic calculation and
the properties of the general kinetic equation. It is hoped that the present discussion
on the KCE will lead to improved analyses of TA kinetic data.

2. General kinetic equation

Here we consider the following general kinetic equation

d Eapp

?at = Aapp CXP<_ RT )f(a) (3)
with

d Lasp

Tio—t‘ =k(T)f(0) KT)=A.p exp(— R;f)
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where a, 7, R and T are the fractional reaction, time, gas constant and temperature,
respectively; and f() is the kinetic model function derived originally on the basis of
a physico-geometric assumption concerning the movement of the reaction interface
under isothermal conditions. Eq. (3), composed of an f(«)-dependent rate constant,
and the Arrhenius equation, are widely used when determining the kinetic parame-
ters from TA curves, not only for traditional isothermal reactions but also for
reactions under linearly changing temperatures or with a controlled transformation
rate. Simple application of Eq. (3), proposed originally under isothermal condi-
tions, to any non-isothermal conditions is generally inaccurate. Appropriate inte-
gration under non-isothermal conditions [45] requires temperature-dependent
integration limits of the Arrhenius rate constant [46,47] leading to introduction of
the so-called p(x) function [48], i.e. p(x) = exp(x)7(x)/x. Only when the approxima-
tion of the p(x) is roughly constant are the resultant equations analogous to those
derived isothermally [49], differing only by a multiplication constant. In the
following subsections, probable reasons for the mutual dependence of the resultant
Arrhenius parameters are discussed by assuming practical applications of Eq. (3) to
the TA curves of isothermal and non-isothermal reactions.

2.1. Reaction temperature interval

The reaction temperature interval is a procedural term in isothermal TA measure-
ments, although it is regulated by the properties of the reaction under investigation.
This is also accepted as the experimental variable especially for the non-isothermal
run, because the temperature interval is influenced by the sample and experimental
conditions applied. Unfortunately, the temperature interval is not considered in the
kinetic analysis of TA curves.

It is sometimes observed in the case of a KCE established among the Arrhenius
parameters obtained from more than one TA curve under various sample and
measuring conditions, that the changes in E, , and In 4,,, are always accompanied
by a change in the working temperature interval of the kinetic analysis AT [49]. Fig.
4(a) represents a practical example of the 1/AT dependence of the apparent
Arrhenius parameters obtained at different heating rates for the non-isothermal
dehydration of crushed crystals of Li,SO4- H,O [50]. The consequence mutual
dependence of the Arrhenius parameters is shown in Fig. 4(b). The apparent values
of E,, and A4,,, are written as follows, using the lowest temperature 77, the highest
temperature Ty and the temperature interval AT = Ty — T [51]

_ RTuT,

app — AT InX (4)
1 TyT,
In Aypp =7~ Z TL In X +Ink,, (5

where X depends on the calculation method. Table 1 lists the form of X for the

respective methods of kinetic calculation. The variation in the value of In X among
a series of TA curves is relatively small compared with that in the value of
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Fig. 4. Mutual dependence of the Arrhenius parameters, £,,, and 4,,,, with the working temperature
interval AT for the non-isothermal dehydration of Li,SO, - H,O.

Table 1
The form of X in Eqgs. (4) and (5) for the respective method of kinetic calculation
Method X in differential form X in integral form
Isothermal methods M ()
(da/dr), ()
d dT TZ ab
Non-isothermal single run methods M £() 2'
(da/dT) (o) glay)TL
da/dT T?°
Non-isothermal isoconversion methods (—M Pu 2"
(d/dT)Lé. oL Th
7 T2
Non-isothermal peak method M -
Slag) Ty,
da/df
CRTA Jump method (a/—)H -
(da/ds),

* d
a The Coats—Redfern equation [52]. ® g(a) ='[ f—(%' ¢ The Kissinger—Akahira—Sunose-type equation
[53]. o S

Ty T /AT, owing to a mathematical consequence of the exponential form of the
Arrhenius equation. This implies that a constant value of Ty 7 /AT is a necessary
condition for obtaining a constant value of E,,, [54]. In this case, however, a
constant value of In A4,,, is not necessarily obtained [55]; the constant value of AT
can yield constant Arrhenius parameters. These relationships are easily confirmed
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by the theoretical plots of TA curves [56]. Thus, for a smaller AT, even the change
in Ty T} can be ignored in comparison with the change in 1/AT. In contrast to the
requirement of a wide temperature interval for reliable determination of the
Arrhenius parameters, a narrow range of temperature is sometimes necessary to
satisfy a practical requirement. In such a case, the values of E,,, and In 4,
should be functions of 1/AT. In this sense, a KCE of this type can be understood
as a projection of the interrelationship among In 4, E and AT onto the In 4 vs. E
plane [57]. A change in one of three parameters is thus compensated by the
change in the other parameters, reproducing the empirical linear relationship
between the values of E,,, and In 4,,,. Although kinetic use of controlied
transformation rate thermal analysis (CRTA) [58] has an advantage due to better
control of the self-generated reaction conditions [59], the AT dependence is also
expected for the E,,, value determined from the CRTA curve using the Jump
method [60], because Eq. (4) itself is used for the calculation (see Table 1). It has
also been pointed out by Fatu and Segal [61] that interdependence of the kinetic
parameters obtained from the CRTA curves is expected from the general kinetic
equation.

Usually non-isothermal kinetic plots for determining the apparent values of E,,
and A4,,, from a single TA curve consist of the vertical axis including the rate of
transformation and the horizontal axis of reciprocal temperature 1/7. When the
kinetic parameters are determined for the reaction under linearly increasing temper-
ature, the rate of transformation is normalized among those of different heating
rate ¢, i.e. (da/d?)/¢ = da/dT. However, the variation in the horizontal axis caused
by different ¢ values, characterized among others by 1/AT, is not normalized
because of the exponential form of the Arrhenius equation. When the AT is small
enough, the variation in the apparent Arrhenius parameters is a mathematical
consequence of the variation of 1/AT.

2.2. Fractional reaction o

The extent of reaction is the fundamental concept in formulating the kinetic
equation. The fractional reaction a, usually the molar fraction of the product to
that of the original reactant, is generally employed in heterogeneous reactions
instead of the concentration terms used in homogeneous reactions. It is believed
implicitly that the value of « is a generalized measure of the extent of reaction and
that the procedure does not influence the kinetic parameters calculated. Within the
regime of the KCE, however, some problems can be identified in connection with
the sample mass dependent and/or particle size dependent variation of the kinetic
parameters [62,63].

If the volume of the original phase of a sample particle with spherical symmetry
is contracted by moving the reaction interface from the original surface, the value
of a is defined as

r3g—r?

o= (6)

3
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where ry and r are radii of the reactant particle at time t =0 and ¢ = ¢, respectively.
When the movement of the reaction interface is regulated by chemical reaction, the
value of r is expressed by

r=ry—kgt @)

where k, is a specific rate constant. Combining Eqs. (6) and (7), we obtain

k
1—(1—o)P="¢ (8)
o
which is the R, law in an integral form. Assuming the Arrhenius type of tempera-
ture dependence of k, the temperature dependence of the apparent rate constant
k,,, for the R; law is expressed by

A E 4rp 13 E
kapp = v exp<— E‘) = <3—mo) A expl — BT 9

where m,, is the initial mass of one particle and p is the volume density. Accord-
ingly, the apparent pre-exponential factor A4,,, is dependent on the mass and/or
radius of the sample particle. A similar dependence is observed for the other
reactions of contracting geometry type, e.g. the contracting cube equation. For
these, the apparent values of k,,, and A4,,, with respect to the specific values &, and
A, are listed in Table 2. Fig. 5 shows the variation of k,,, with the values of r, and
m, as the ratio to the specific values. The multiplication constants of the r,- and
mo-dependent k,,, and A4, are set to unity by the specific values of r, and m,. On
determining the apparent kinetic parameters from a set of parallel isothermal TA

app

Table 2
The multiplication constant of r, and/or m,-dependent k,,, and 4,,, with respect to the specific &, and
AS
Rate-controlling step Shrinkage dimension ro dependence m, dependence Symbol
. 1 Sp a,b
Chemical event 1 — — R,
To my
1 2nlp\'2¢
To my
1 dnp\'?
; 1 <_"£> R,
o 3my
l S 2a,b
Diffusion 1 = (_p> D,
o My
1 2nlp €
2 - e D,
ros my
1 4np\*?
3 = <__”> D,
rg 3m,

2, is not the radius but the thickness of the plate-like sample. ® § is the area of reaction interface. ¢ L
is the length of the rod-like sample.
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Fig. 5. The variation of the apparent rate constant k,,, with the values of ry and my.

curves, the value of E is expected theoretically to be independent of m, and r,
because of the same m, and/or r, dependence of k,,, and A4,;,, with respect to the
respective specific values. In practice, however, a slight but detectable decrease in
both the apparent values of E,, and 4,,, is sometimes observed with increasing m,
and r, [64]. Flanagan et al. [65] and Guarini et al. [21] have proposed that the
reciprocal apparent rate constant and the fractional reaction, respectively, extrapo-
lated to zero mass using empirical linear relationships in connection with sample
mass. By using in the Arrhenius plot a specific rate constant reduced by the relation
in Table 2, the unexpected variation of E,,, is avoided, yielding simultaneously a
unique value of the pre-exponential factor, independent of m, and r,.

Similarly, the A4,,, value for the reaction of contracting geometry type under a
linearly increasing temperature is also dependent on m, and r, [66]. This depen-
dence can generally be expressed by

A A,

Aapp:Wz myje (10

where e is a kinetic exponent of interface advancement (e = 1 for the linear law and
e = 1/2 for the parabolic law), 4 is the dimension of interface contraction and C is
a constant. The following kinetic expression is obtained from Eqs. (3) and (10)

% 1/de _ £
q; ™o —CASCXP<RT>f(°C) (11)

Assuming that the kinetic obedience is constant irrespective of m, and ry, Eq. (11)
is considered as the normalized kinetic equation, from which specific Arrhenius
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parameters are derived. For the Arrhenius parameters calculated using Eq. (11)
from the non-isothermal TA curves of different m, and r,, however, the variation
in E,,, values seems still to be observed due to the change in the reaction
temperature interval induced by the different m, and r, [67], as in the case of the

effect of heating rate described above.
2.3. Kinetic model function f(a)

Because the rate constant is characteristic for the f(«) assumed, the Arrhenius
parameters are mutally correlated with the f(«). Mis-estimation of the kinetic model
function thus results in the distortion of the apparent Arrhenius parameters from
the specific values. For example the popular Freeman and Carroll method [68],
derived by assuming the reaction order model (1 — a)”, always gives the apparent
exponent n,,, regardless of the true kinetic model and consequently distorts the
apparent Arrhenius parameters. Such a distortion in the apparent value of E,,, and
A,,p from the true value of E and 4, due to the use of an inappropriate kinetic
model function F(«) instead of the appropriate function f(a), is expressed by [69]

Eppp _ J(9p)F' (%)

E  F(o,)f (o) (12)
with
d
rw=Y2  pe -2
and
A _ E | flop)F (o) — Flot,)f (%) Sf(ay)
= =%t [ F(a,)f (o) ] I ) (13)

where subscript p indicates the values corresponding to the maximum of the TA
peak. The distortion of the Arrhenius parameters by the use of an nth order model
instead of the true kinetic model is represented in Table 3. Detailed analysis
indicates that the values of n,,, is characteristic for the f(«), but «, also depends on
the x, = E/RT. Therefore the value of E,,,/E increases slightly with increasing x,
for the f(o) of diffusion-controlled models [70]. However, the E,,,/E ratio decreases
with increasing x,, for the 4,, model according to the equation [71]

E m—1

app _
E  x,n(x,)

(14)

where m is the true kinetic exponent of the A4,, model and 7n(x) is the approximation
of the temperature integral [48].

Although it does not seem to have any physico-chemical importance, the KCE
arising from a single non-isothermal TA curve by the use of various inappropriate
kinetic model functions has been reported by many workers [28-33]. So-
masekharam and Kalpagam reported [33] that in this type of KCE the T, in Eq.
(2) closely corresponds to the peak temperature 7, of the TA curve. The above
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Table 3
The ratio of distortion of the Arrhenius parameters distorted by the use of the nth order model (1 — )"
instead of the true kinetic model of the diffusion-controlled D, (¢) and of the Avrami-Erofeyev 4,,(a)

fl@)  E/E In(A,pp/4)
no, i na, 1
AN g RT, <1 Zo, I)Hn 20,(1— o)
D In(1 £ Zrma 1]+1 -
5 —n n( —ap) RTP[—’I n( —ap) - ] +In m

~3n[1—(1 —a,)'? E {=3n[—(1—a)" 3(1 —a,)@-n

bs (1—a)'P -2 RT,| (1-a)'P-2 -1 +1n2[1—(1——a)”3]
E 3
—_(1 — /3 _— —(1 - 13 _

D, 3n[1—(1 =)' RT, {3n[1— (1 — )] 1}+ll’12(]_ap)n[(l_ap)—lﬁ_l]
4, —mn[ —In(1 — a)] i{ —mn] —In(1 — )] _I}Hnm[—ln(l—ap)]m/m

m—m[~In(l —a,)] —1 RT, Im —m[—In(1 —a,)} -1 (1—ay)"!

relationships for the distortion of Arrhenius parameters by an inappropriate kinetic
model function indicate that such a plot of In 4,,, vs. E,,, has a slope of 1/RT,,
only when the logarithmic term In[ f(a,)/F(a,)] in Eq. (13) is close to zero. Because
the values of the logarithmic terms change with F(a,), the slope differs from 1/RT,,,
depending on the F(«,) used. In the case of establishing the KCE with the use of
various F(ay,), the slope of the KCE is a certain mean value determined from the
relationship between the f(a,) and F(a,) examined. This explains the empirical fact
that a KCE of this type does not indicate a single intersecting point on the
Arrhenius coordinate, i.e. an isokinetic point. Accordingly, it is sometimes called a
“false”” and/or “superficial” KCE [51,55].

One of the most important problems concerning the kinetic model function is
whether or not the widely used kinetic model function can describe the real process
of the reaction under investigation, because any difference between the theoretical
model and the real process leads to the distortion of the Arrhenius parameters
according to Eqgs. (12) and (13). Introducing the accommodation function a(x) [72],
the discrepancy of the idealized f(«) from the true function A(x) of a real process
can be expressed as

h(@) = f@)a(e) (15)

Then the kinetic expression s(x) can be regarded as the distorted case of homoge-
neous-like kinetics and of f(a), with a possible a(x) to decrease the difference in the
idealized f(a) from the practical process. The simplest example of the accommoda-
tion is the application of non-integral exponents into the f{x), which has been used
practically to determine the best fit of the functional dependence of a kinetic curve
[73]. From a simple geometric consideration, the non-integral kinetic exponent is
understood as relating to the “Fractal” dimension [74].
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Fig. 6. The dependence of the Sestak—Berggren function h(x) on the kinetic exponents m, n and r.

It is apparent, however, that accommodation of the more complicated process in
h(x) is extremely difficult based on the real physical chemistry and is possibly
expressed by the empirical (analytical) formula. Such an empirical function contain-
ing three kinetic exponents, so that there is some flexibility in describing real TA
data as closely as possible, is shown as the Sestik—Berggren (SB) model [75]

h(a) = o0™(1 —o)"[—In(1 — x)]” (16)

Eq. (16) can also be understood in terms of a(a), where a(a) bears the form of either
of the functions a™, (1 — a)™ andjor [ —In(1 — &)]". Fig. 6 represents the dependence
of the h(x) function on the Kinetic exponents m, n and r, assuming (1 —«)” as the
f(®), and o™ and/or [ —In(1 — a)]” as the a(x). The SB model serves particularly to
fit the prolonged reaction tails due to the actual behavior of real particles and can
match the particle non-sphericity in view of the morphological description in terms
of the characteristic dimensions (usually the longest particle length), interface (the
average boundary) and volume (the mean section area). Although in such a kinetic
approach the physico-geometric features of the process as assumed in formulating
the f(«) are difficult to predict because of the complicated functional dependence in
Eq. (16), it is useful to avoid distortion of the Arrhenius parameters by the use of
an inappropriate kinetic model function. Recently, a calculation method for the
kinetic exponents of an empirical function was proposed by Malek [76], employing
the two-parameter SB model

h(e) = a™(1 —a)” (17
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2.4. Isokinetic hypothesis

The applicability of conventional kinetic analysis of the TA curve relies upon the
“isokinetic hypothesis”, i.e. the kinetic obedience remains constant during the
course of the reaction under the temperature conditions applied. This prerequisite
is not always satisfied with a practical set of TA curves. The application of
conventional kinetic analysis beyond this prerequisite leads to distortion of the
apparent Arrhenius parameters, which requires a correction [77].

Typical examples can be seen for the crystallization processes of amorphous
solids and glasses [77,78]. The crystallization kinetics is interpreted as consisting of
the consecutive and/or concurrent processes of nucleation and growth [1,79], in
which the total activation energy is the sum of the partial energies of nucleation,
growth and diffusion [80]. When the temperature region of the nucleation is
sufficiently below that of the growth, so that the TA peak is taken as the growth
process of preexisting nuclei, the kinetic model for the growth changes with the
concentration of the nuclei. Assuming a constant-rate nucleation during the temper-
ature region of nucleation from T, to T,, the number of nuclei per unit volume N
is inversely proportional to the heating rate ¢ applied [81]

1 (7 No
N=— v, dT =— (18)
¢ Jr, ¢
where v, is the nucleation rate which is constant irrespective of temperature and N,
is consequently a constant., Assuming the linear law of the linear growth rate at a
constant temperature, the fractional crystallization « is expressed by
o
o« =— Nky(T)*t* (19)
Vo
where o = V(£)/V,, J is a shape index, 4 is the growth dimension, and k,(T) is a
rate constant of linear growth. By considering the effects of nuclear overlapping and
ingestion, the following equation has been derived by Avrami [82]

d
dog = l—f— (20)
where o is so-called “extended” fractional conversion. Hence
f da
dE=L 1_a=—ln(1—d) (21
Combining Egs. (19) and (21), we obtain
oN
—In(1 —a) = v ko (T)'t* (22)

Taking into account the change in the concentration of nuclei, Eq. (22) becomes
ON,

{—In(1 —a)]'“=(¢V0

)Wkg(T)t =kappt (23)
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Assuming the Arrhenius temperature dependence of k,(T'), the temperature depen-

dence of k,,, is expressed by

SN, \* E E
kapp = (E) A exp(— ﬁ) = Aapp exp(—- ﬁ) (24)

Accordingly, the value of 4,,, is dependent on ¢ and V},. Thus, reductions in ¢ and
V, are required to obtain the specific kinetic parameters.

When the temperature increases at a constant heating rate ¢ during the nucle-
ation and growth process, the following kinetic equation is obtained

N, [4 [T E i
—1n(1—oz)=¢—VZ[$J; exp(— R—T>dT} (25)

Using an approximation of the temperature integral, Eq. (25) is rewritten as

ON,A* [E exp(—Xx) ]‘

=¢1+1V0 ﬁ X (x)

where x = E/RT. The practical kinetic equation for such a crystallization process
was originally derived by Matsushita and Sakka [83] as a modified form of the
Kissinger equation [84]

—In(1 — o)

(26)

¢1+1 AE
In le) = — R—Tp+const. 27N

where T, is the maximum of the TA peak. If such a crystallization process is
analyzed kinetically using the original Kissinger method, the E,, is distorted from
the true value of E according to the equation [85]

AE +2ART,
Eopp = 1+1

The complex process of nucleation and growth kinetics was treated in detail by
Kemeny and Sestak [86].

(28)

3. Discussion

TA curves for various types of solid-state reactions have been the bases of kinetic
calculations. The accuracy of the calculation methods derived from the general
kinetic equation (Eq. (3)), modified by integration or derivation, has been confi-
rmed by theoretically drawn TA curves, showing rather precise correspondence to
the kinetic parameters assumed. In practice, however, the accuracy of the calcula-
tion methods is not always preserved, because the preliminary requisite of the
kinetic equation employed is not always satisfied by the experimentally resolved TA
curves. Although the precise measurement of temperature is always required for a
better thermal analysis [26], the reliability of the TA data as a possible source of the
kinetic curve is influenced by the nature of the reaction under investigation and by
the sample and measuring conditions, which are selected depending on the purpose
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of kinetic study. In this sense, the kinetic procedure must include a check system for
the reliability of the TA curves, in addition to the reliability of the TA instrument
and/or measurement. A simple example is the examination of the experimental
temperature conditions dering the course of a reaction, because the programmed
temperature condition is imore or less distorted by the self-cooling andjor self-
heating of the reaction [87,88].

The method of kinetic calculation has to be selected on the basis of the reliability
of the TA curves examined in drawing kinetic curves, in the light of the limitation
of the kinetic method. On' evaluating the kinetic parameters, the respective calcula-
tion method itself can be used to check the prerequisite of the kinetic calculation.
Isoconversion methods provide the range of « in which the values of E,,, remain
constant. Although, in many cases, the resultant Arrhenius parameters are depen-
dent on the working temperature interval as described above, the single-run method
is useful for evaluating the range of heating rates in which the kinetic obedience
remains unchanged. These are the measures of the “isokinetic hypothesis” among
various runs at different heating rates during the restricted range of «. Further
determination of the kinetic parameters is possible only on the basis of a constant,
thus characteristic, value of E,,, and the “isokinetic hypothesis”. To extend the
range of kinetic calculation, it is required to modify the general kinetic equation
and/or to formulate a new kinetic equation by taking into account the factors
disturbing the “isokinetic hypothesis”. It is necessary to pay close attention to
determining the appropriate kinetic model function, because the inappropriate
kinetic model function disturbs the reliable determination of the Arrhenius parame-
ters as described above. The kinetic model function has to be extended, if necessary,
from the conventional physico-geometric models to the more sophisticated empiri-
cal models {72,73,76,89,90]. On determining the pre-exponential factor, it should be
considered that the constant value of A4,,, at different « values within the « range
of the kinetic calculation is also a prerequisite for the applicability of Eq. (3), as is
the case of the E,,, values. In addition, the constant value of 4,,, is obtained only
when the appropriate kinetic model function is used. The constancy of 4,,, at
different « can also be'a check for the applicability of the kinetic procedure
employed.

The kinetic parameters thus determined will be used for the comparative study of
a series of solid-state reactions. Although the purpose of the kinetic study is to
characterize the kinetic process using the kinetic parameters which are the process
constants, it is necessary here to check the variation of the Arrhenius parameters
dependent on the working temperature interval AT. Because the linear correlation
of the apparent Arrhenius parameters with AT is taken as a simple mathematical
consequence of the exponential form of the general kinetic equation (see above), in
such a case it is not expected to interpret the variation in the apparent Arrhenius
parameters on the basis of physico-chemistry alone. The correlation analysis,
including the physico-chemical interpretation of the KCE, is only interesting for
kinetic parameters that have been checked carefully in the manner described above.

Fig. 7 shows a flow chart of the kinetic procedure including the check system. It
seems that the checking process itself has a kinetic significance and serves as an
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Reliabitity of TA Curve

1) Constancy of Eapp
2) Appropriate f(a) |
3) Constancy of Aapp

Mutual Dependence as a
Mathematical Consequence

Correlation Analysis

Physico-chemical
Interpretation

Fig. 7. A flow chart of the kinetic procedure including the check system.

evaluation of the meaningful kinetic parameters, because any method of the kinetic
calculation cannot accommodate the widely distributed original TA curves which
depend on the type of TA instrument, the nature of the reaction processes and the
experimental factors [90]. In obtaining reliable TA kinetics it is desirable to es-
tablish a check system for the standard kinetic procedure and to report the checking
process in the respective kinetic papers.

References

[1] J. Sestak, Thermophysical Properties of Solids, Elsevier, Amsterdam, 1984.

[2] J. Pysiak and B.J. Sabalski, J. Therm. Anal., 17 (1979) 287.

[3] AK. Galwey, Adv. Catal., 26 (1977) 247.

[4] A.L. Lesnikovich and S. Levchik, J. Therm. Anal., 30 (1985) 237; 30 (1985) 677.
[5] G. Pokol and G. Varhegyi, CRC Crit. Rev. Anal. Chem., 19 (1988) 65.

[6] J. Norwisz, Z. Smieszek and Z. Kolenda, Thermochim. Acta, 156 (1989) 313; 321.
[7] J. Zawadski and S. Bretzsnajder, Z. Electrochem., 41 (1935) 215.



N. Koga|Thermochimica Acta 244 (1994) 1-20 19

[8] M.M. Pavlyuchenko and E.A. Prodan, Dokl. Acad. Sci. USSR, 136 (1961) 651.

[9] A.O. Wist, in R.F. Schwenker, Jr. and P.D. Garn (Eds.), Thermal Analysis (Proc. 2nd ICTA),
Academic Press, New York, 1969, p. 1095.

[10] S.Z. Roginski and J.L. Chajt, Izv. Acad. Sci. USSR, Ser. Khim., (1961) 771.

[11] O. Exner, Correlation Analysis of Chemical Data, Plenum Press, New York, 1988.

[12] J. Pysiak, Thermochim. Acta, 148 (1989) 165.

[13] J. Zsakg and H.E. Arz, J. Therm. Anal,, 6 (1974) 651.

[14] J. Zsakg, Cs. Varhelyi and G. Liptay, Thermochim. Acta, 203 (1992) 297.

[15] K. Muraishi and H. Yokobayashi, Thermochim. Acta, 209 (1992) 175.

[16] K.N. Olejnikov, Ju.D. Tretyakov and A.V. Sechumyancev, J. Solid State Chem., 11 (1974) 34.

[17] D. Dollimore and P.F. Rogers, Thermochim. Acta, 30 (1979) 273.

[18] S. Bordas, M.T. Clavaguera-Mora and N. Clavaguera, J. Non-Cryst. Solids, 107 (1989) 323.

[19] J.R. MacCallum and M.V. Munro, Thermochim. Acta, 203 (1992) 457.

[20] J. Simon, J. Therm. Anal., 5 (1973) 271.

[21] G.G.T. Guarini, R. Spinicci, F.M. Carlini and D. Donati, J. Therm. Anal., 5 (1973) 307.

[22] P.K. Gallagher and D.W. Johnson, Thermochim. Acta, 6 (1973) 67.

[23] H. Tanaka and N. Koga, J. Therm. Anal., 32 (1987) 1521; 34 (1988) 685.

[24] N. Koga and H. Tanaka, J. Therm. Anal., 34 (1988) 177; Thermochim. Acta, 135 (1988) 79; Solid
State State Ionics, 44 (1990) 1.

[25] K.N. Ninan, J. Therm. Anal., 35 (1989) 1267.

[26] J. Flynn, J. Therm. Anal., 34 (1988) 367.

[27] J.P. Czarnecki, N. Koga, V. Sestakova and J. Sestak, J. Therm. Ana., 38 (1992) 575.

[28] J.M. Criado and M. Gonzalez, Thermochim. Acta, 46 (1981) 201.

[29] J.M. Criado, D. Dollimore and G.R. Heal, Thermochim. Acta, 54 (1982) 159.

[30] J.M. Criado, M. Gonzalez, A. Ortega and C. Real, J. Therm. Anal., 29 (1984) 243.

[31] J.M. Criado and A. Ortega, J. Therm. Anal., 29 (1984) 1075, 1225.

[32] S.V. Vyazovkin and A.l. Lesnikovich, Thermochim. Acta, 165 (1990) 11.

[33] K.M. Somasekharan and V. Kalpagam, Thermochim. Acta, 107 (1986) 379; J. Therm. Anal., 32
(1987) 1471.

[34]) M. Arnold, G.E. Veress, J. Paulik and F. Paulik, J. Therm. Anal., 17 (1979) 507; Thermochim.
Acta, 52 (1982) 67.

[35] J.R. Hullet, Q. Rev., 18 (1964) 227.

[36] J. Sestak, Talanta, 13 (1966) 567.

[37] J. Zsakg, J. Therm. Anal., 9 (1976) 101.

[38] O. Exner, Nature, 277 (1970) 366; Collect. Czech. Chem. Commun., 37 (1972) 1425,

[39] J. Sestik, in H.G. Wiedeman (Ed.), Thermal Analysis (Proc. 6th ICTA), Birkhauser, Stuttgart,
1980, p. 29.

[40] R.K. Agrawal, J. Therm. Anal., 31 (1986) 73; 34 (1988) 1141; 35 (1989) 909.

[41] J. Sestak, J. Therm. Anal., 32 (1987) 325.

[42] J. Zsakg and K.N. Somasekharan, J. Therm. Anal., 32 (1987) 1277.

[43] P.D. Garn, J. Therm. Anal., 7 (1975) 475, 13 (1978) 581; Thermochim. Acta, 135 (1988) 71, 160
(1990) 135.

[44] H. Tanaka, N. Koga and J. Sestak, Thermochim. Acta, 203 (1992) 203.

[45] D.W. Henderson, J. Therm. Anal., 15 (1979) 325.

[46] Sestik, in D. Dollimore (Ed.), Proc. 2nd Eur. Symp. on Therm. Anal. Carol., Heyden, London,
1981, p. 115.

[47] T.J.W. de Bruijin, W.A de Jong and P.J. van den Berg, Thermochim. Acta, 45 (1981) 315.

[48] C.D. Doyle, Nature, 207 (1965) 290.

[49] N. Koga and H. Tanaka, Thermochim. Acta, 185 (1991) 135.

[50} N. Koga and H. Tanaka, J. Phys. Chem., 93 (1989) 7793; Thermochim. Acta, 183 (1991) 125.

[51] N Koga and J. Sestak, J. Therm. Anal., 37 (1991) 1103.

[52] A.W. Coats and J.P. Redfern, Nature, 201 (1964) 68.

[53] T. Ozawa, Thermochim. Acta, 203 (1992) 159.

[54] J. Flynn, J. Therm. Anal., 36 (1990) 1579.



20 N. Koga|Thermochimica Acta 244 (1994) 1-20

[55] N. Koga and H. Tanaka, J. Therm. Anal., 37 (1991) 347.

[56] J. Zsakg, in Z.D. Zivkovic (Ed.), Thermal Analysis, Copper, Bor, Yugoslavia, 1984, p. 167.

[57] N. Koga and J. Sestak, Thermochim. Acta, 182 (1991) 201.

[58] J. Rouquerol, J. Therm. Anal., 5 (1973) 203.

[59] J. Malek, J. Sestak, F. Rouquerol, J. Rouquerol, J. M. Criado and A. Ortega, J. Therm. Anal., 38
(1992) 71.

[60] M. Reading, D. Dollimore, J. Rouquerol and F. Rouquerol, J. Therm. Anal., 29 (1984) 775.

[61] D. Fatu and E. Segal, Thermochim. Acta, 61 (1983) 215.

[62] D. Fatu and E. Segal, Thermochim. Acta, 55 (1982) 351; 111 (1987) 349.

[63] J. Blazejowski, Thermochim. Acta, 76 (1984) 359.

[64] N. Koga and H. Tanaka, Thermochim. Acta, 209 (1992) 127; J. Therm. Anal., 40 (1993) 1173.

[65] T.B. Flanagan, J.W. Simons and P.M. Fichte, Chem. Commun., (1971) 370.

[66] N. Koga, H. Tanaka and J. Sestak, J. Therm. Anal., 38 (1992) 2553.

[67] N. Koga and H. Tanaka, Thermochim. Acta, 240 (1994) 141.

[68] E.S. Freeman and B. Carroll, J. Phys. Chem., 62 (1958) 394.

[69] N. Koga, J. Sestak and J. Malek, Thermochim. Acta, 188 (1991) 333.

[70] J. Malek and J. Criado, Thermochim. Acta, 203 (1992) 25.

[71] 1. Malek, Thermochim. Acta, 200 (1992) 257.

[72] J. Sestak, J. Therm. Anal., 36 (1990) 1997.

[73} N. Koga and H. Tanaka, J. Therm. Anal., 41 (1994) 455.

[74] R. Ozao and M. Ochiai, J. Therm. Anal., 40 (1993) 1331.

[75] J. Sestak and G. Berggern, Thermochim. Acta, 3 (1971) 1.

[76] J. Malek, Thermochim. Acta, 138 (1989) 337.

[77] N. Koga, J. Sestak and Z. Strnad, Thermochim. Acta, 203 (1992) 361.

[78] N. Koga and J. Sestak, Bol. Soc. Esp. Ceram. Vidr, 31 (1992) 185.

[79] Z. Stnad, Glass-Ceramic Materials, Elsevier, Amsterdam, 1986.

[80] J. Sestak, Phys. Chem. Glasses, 15 (1974) 137.

[81] T. Ozawa, Bull. Chem. Soc. Jpn., 57 (1984) 639.

[82] M. Avrami, J. Phys. Chem., 7 (1939) 1103; 8 (1940) 212; 9 (1981) 177.

[83] K. Matsushita and S. Sakka, J. Non-Cryst. Solids, 38&39 (1980) 741.

[84] H.E. Kissinger, Anal. Chem., 29 (1957) 1702.

[85] X.J. Xu, D.E. Day and C.R. Ray, J. Am. Ceram. Soc., 74 (1991) 909.

{86] T. Kemeny and J. Sestik, Thermochim. Acta, 110 (1987) 113.

[87] H. Tanaka and N. Koga, J. Therm. Anal., 36 (1990) 2601.

[88] N. Koga and H. Tanaka, Thermochim. Acta, 224 (1993) 141.

[89] J. Sestak and J. Malek, Solid State Ionics, 63/65 (1983) 245.

[90] N. Koga, J. Malek, J. Sestak and H. Tanaka, Netsu Sokutei (Calor. Therm. Anal.), 20 (1993) 210.



