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Abstract

It is shown that the kinetic compensation effect mathematically results from the exponen-
tial form of the rate constant. A change of activation energy is thus compensated by the same
change in temperature or in the logarithm of the pre-exponential factor.

INTRODUCTION

In the field of kinetic study on solid-state processes, the physical meaning
of Arrhenius parameters is rather dubious [1,2], because of the occurrence of
a linear relationship between the logarithm of the apparent pre-exponential
factor In A,,, and the activation energy E, , obtained experimentally [3],
even if the process proceeds with a negligible change in sample and measur-
ing conditions. This fatal problem is known as the kinetic compensation
effect (KCE) and many workers have so far tried to solve it from theoretical
[4-9] and experimental [10-14] points of view. This problem was originally
pointed out by Zawadski and Bretzsnajder {15] for the thermal decomposi-
tion of CaCO,; under various pressures of CO,. They determined the
dependence in the form E,  =p(Pco ). Afterwards it was theoretically
explained by Pavlyuchenko and Prodan [16], reinvestigated by Wist [17] and
analysed from the viewpoint of chemical statistics by Roginskij and Chajt
[18]. In fact, this is in agreement with a known dependence of the rate of the
process da/d¢ = & upon the pressure P, which is expressed in the form of a
multiplying function p(P) to the rate constant k(7). Another aspect of the
KCE is the effect of varying defect concentrations as shown by Olejnikov et
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al. [19] for the formation process of Mg-ferrite under different partial
pressures of oxygen. Associated findings were noticed by Solymosi et al. [20]
and Dollimore and Rogers [21]. Guarrini et al. [22] pointed out that the
non-linearity of the Arrhenius plot increases with the sample mass, and
recommended the extrapolation to zero mass. Hullet [23] made a search for
the reasons for possible non-linearity, determining that any deviation from a
straight line in the plot In k(T') vs. reciprocal absolute temperature 1/T is
to be considered as almost certain evidence that the observed process is
complex. The alternative paths of two or more simultaneous processes with
different E values are concave upwards while those for the consecutive case
are concave downwards. Exner [4] first pointed out that it is not correct to
determine the KCE by a linear regression of E, vs.In 4, because these
quantities are mutually dependent, both being derived from the original
kinetic data.

The deficiencies in the Arrhenius equation have been pointed out as a
cause of the KCE [24-26]. At the same time, experimental and computa-
tional errors have also been suggested by some authors [27,28]. In contrast to
these critical contributions to the present kinetic treatments of solid-state
processes, some authors have explained the KCE in connection with various
physicochemical factors [11,14]. One of the most important points under
discussion is whether or not the existence of the KCE implies some physi-
cochemical significance. Recently, Agrawal proposed to divide the KCE into
two sets by the existence of an isokinetic point on the In k(T') vs. 1/T
coordinate: one arising from physicochemical factors and the other from
computational and experimental artifacts [29]. Since k(T) and T can be
independently determined, the plot of In &(T") vs. 1/T is statistically
correct. However, Agrawal’s procedure [29] of distinguishing a false KCE
from a true one was criticized by Sestak [30] and shown by Zsakd and
Somasekharan [31] not to be correct. Moreover Pysiak and Sabalski [32] had
already mathematically proved that an isokinetic point appears whenever a
linear relationship is observed between In A4,,, and E,,,. Accordingly,
although it is reasonable to exclude the KCE which does not exhibit an
isokinetic point from the present argument, there is no physical explanation
for the KCE which does exhibit an isokinetic point resulting from physi-
cochemical factors [30]. On the other hand, Agrawal emphasized the useful-
ness of the KCE in kinetic research by following up on the previous studies
which explained the KCE in connection with various physicochemical
factors [33]. It seems to be necessary to inspect the background of the KCE
to confirm the possibility of using the relation for chemical research.

In this study, we attempt to prove mathematically that the KCE is latent
in the present orthodoxy on the kinetics of solid-state processes. On the
basis of the mathematical consequence, the possibility of using the KCE for
chemical research is briefly discussed.
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MATHEMATICAL CONSEQUENCES

For the kinetic description of heterogeneous processes, the following
equation can be applied [3]:
da
S = k(T)f(a)p(P) (1)
where « is the fractional reaction, f(ea) is a kinetic model function derived
on the basis of physico-geometrical assumptions {3,34] on the development
of the reaction boundary between the initial substance and the product, and
p(P) is the pressure constant possibly dependent on other force-fields
(intensive properties) [3,6]. From eqn. (1) we can obtain the equation

din k(T) ¢ 1
k(T) = dT( Fa) 2(P) @
with
Fa) = 442) ()

where ¢ is the constant heating rate and the property of the F(a) function is
shown elsewhere [34,35). The temperature term k(7") usually takes the form
of the Arrhenius equation {3]:

k(T)=4 exp(—-R-;ET) 4

The symbols 4, £ and R are conventionally the pre-exponential factor,
activation energy and gas (or Boltzmann) constant, respectively. Taking the
first derivative of In k(7T) with respect to T, we can obtain the following
from eqn. (4):

dln k(T) E 1 5
dT R 72 (5)
Replacing the term d In £(7T")/dT in eqn. (2) by eqn. (5)
E1 ¢ 1
K(T)=5—=S=r—~—7%% 6
(T) R 77 Fla) p(P) (6)
From eqns. (4) and (6)
Ey_E1l 9 1
A exp| RT) " R72F(a) p(P) @
Taking logarithms of eqn. (7) we can obtain the equation
_E JE1 o 1
lnAwRT+ln[R 77 Fa) p(P) (8)
Equation (8) can be reproduced as
E+AF 1

In A+An A= 775 + const. (9)
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In eqn. (9) if the E term is constant, i.e. AE = 0, the value of AT decreases
with increasing A In 4. On the contrary, the value of AT increases with AE
if the In A term is constant, i.e. A In A =0. These relationships deduced
from eqn. (9) are in good agreement with the previous studies for the
relationship between In 4, E and T by using the theoretical plots of «a
against 7 [36-38].

On the other hand, if the T term is constant, ie. AT=0, a linear
relationship can be observed between (In 4 + A In 4) and (E + AFE). Then
eqn. (9) is equivalent to the well-known kinetic compensation equation

InA=aE+b (10)

Some important consequences already noticed by Sestak [36] follows from
eqn. (9) for the calculated value of E if the temperature is measured
incorrectly. For example, in TG the temperature sensor is often positioned
close to but not touching the sample, so that the difference AT between the
correct (sample) and the measured (sensor) temperatures depends on the
heating condition and the surface reflectance of the sample holder. In
general, AT is positive for endothermic and negative for exothermic reac-
tions, and AE and/or A In A are affected by the variation in AT, cf. eqn.
(9). For uncontrolled changes of temperature AT # ¢ A¢, the value of E is
found to follow the same trend with the resulting (apparent) value being a
certain mean value.

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. Over such a small
temperature interval the temperature term in eqn. (9) seems to be constant
and In 4 and E become interdependent according to eqn. (10). In addition,
when eqn. (10) is satisfied by more than one set of the apparent Arrhenius
parameters obtained for a series of processes, the temperature term in eqn.
(9) is apparently equivalent to the so-called isokinetic temperature T,. Then
eqn. (8) can be rewritten

E E1 ¢ 1

In A= 57— +Inf5 —

~ RT,, R T2 F(a) p(P)

The logarithmic term in the right-hand side of eqn. (11) is equivalent to the
logarithm of the isckinetic rate constant In k;,. Thus we can finally obtain
the equation

(11)

1
In A= WE +1n k, (12)

It is clear from eqn. (12) that the KCE can be defined as the linear
relationship between In 4, and E,,, with a slope of 1/RT, and an
intercept of In k. It should be noted from eqn. (11) that in a strict sense

this effect relies upon the “isokinetic hypothesis”, i.e. the kinetic obedience
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remains constant. This explains the empirical fact that the KCE, which is
established provided the rate law is constant, is more quantitative [39,40]. In
addition, eqn. (9) apparently includes not only terms of In 4 and E, but
also at least one T term, as the variable. In this sense, the KCE, eqn. (10),
can be understood as a projection of the interrelationship between In 4, E
and T onto the In 4 vs. E plane. Although it is necessary to investigate the
physical meaning of the T term, it seems to be connected not only to the
absolute temperature but also to the working temperature interval [30,40).

DISCUSSION

As can be seen from the above results, the existence of the KCE and/or
isoparametric relationship itself can be explained as a mere mathematical
consequence. It should also be considered, however, that the KCE can be
created by projecting the effect of change in some physicochemical factors
and/or errors of measurements. This is dependent on the sample and
measuring conditions, i.e. on the 7 term, and affects the simple relation
expressed by eqn. (10) through the mathematical background described
above. In order to remove this odd effect it is necessary to throw light on the
projection system mathematically, because any physicochemical explanation
for the apparent Arrhenius parameters is not fully quantitative without
considering the KCE.

On the other hand, some interesting attempts to detect differences in the
kinetics of homologous reactions by using the KCE have been reported [41].
Among them it is worth noting the studies of kinetic comparison by using
the compensation parameters a and b, and the isokinetic point (In &,
1/T,,) [33,42]. These attempts are based on the premise that the kinetics of
a given process can be characterized by the isokinetic point. If the projection
system expressed by eqn. (9) were a mathematical law, it should be possible
to detect the kinetic difference in these processes under qualitative compari-
son. However, since the KCE is a mere mathematical consequence, it is
difficult to discuss quantitatively the difference in the KCE between ho-
mologous reactions as a direct consequence of various physicochemical
factors. Moreover, as discussed elsewhere, thermoanalytical data include
inevitable errors [36,43-46]. It should be understood that variations in the
shape and position of the thermoanalytical curves with slight changes in the
sample and measuring conditions, which are the direct cause of the KCE,
are the sum of the change in some physicochemical factors and experimental
errors. Accordingly, the isokinetic point is the characteristic point depending
not only on the process itself but also on the working condition.

It has been reported that “mis-estimation” of kinetic obedience is also
responsible for the KCE [6,9]. If we obtained the Arrhenius parameters by
assuming various f(«) including a correct one, these sets of Arrhenius
parameters would show the KCE [47-49]. This is an example of the KCE
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observed among the true and false kinetic model functions. Using the false
kinetic model h(a) instead of the required one f(a), the following equation
is obtained, cf. eqns. (1) and (4):

o Eap

B = Ay er0( - R ) 1() (13)
From eqns. (1) and (13), it follows that

Aln A= % + {ln fla) +ln{‘:((i)) ]} (14)
ifAln A=0

p(P)

AE = —RT{ln fla) + ln[ 7(a) }} (15)
orif AE=0

Aln A=In f(a)+ ln[%%)-] (16)

where Aln A=1n A
the relationship

Aln A=aAE (17)

where a =1/RT,,. From eqns. (14) and (17) the distortion in the Arrhenius
parameters by missing p( P) or false h(a) terms can be expressed as follows

app— 1N 4 and AE=E,__ — E. Equation (10) leads to

AE = ffTT {m f(a) +1n[‘:((‘:))]} (18)
and
Aln A= T~TTM {m fla) + 1n[’]’1((£ )) }} (19)

Agrawal [33] stated that the use of incorrect model relations has to be
explained before the KCE can be discussed as an artifact. We think that one
of the most important problems is whether or not the solid-state processes
can be fully described by the present oversimplified kinetic model functions
f(«) [34]. In addition, the correct f(a) is sometimes difficult to ascertain in
a practical study [40] and generally can only be established on the basis of
the predetermined value of E [35] (i.e. from several runs using the Kissinger
[50] or Ozawa [51] method). Similarly, the “mis-use” of the calculation
methods beyond their implicit restriction can be recognized as a cause of the
KCE [28,45]. These two problems in kinetic calculation are likely to distort
the projection system itself.

The simple relationship of eqn. (10) seems to result from complex
interaction of more than one cause [52,53], which is supported by the fact
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that the compensation parameters can also change depending on the range

of

experimental conditions examined for the process under study [49]. In

order to discuss the KCE more quantitatively and in connection with the
respective causes, it is necessary to examine these effects at predetermined
experimental and computational conditions. At least, the examination of
KCE among the Arrhenius parameters obtained by different authors using
different TA systems, and computational methods under different sample
and experimental conditions, would be meaningless for any further quantita-
tive discussion.

REFERENCES

1
2
3
4

W

6

7

8
9

10
11
12
13
14
15
16
17

18
19

20
21
22
23
24
25
26
27
28

29
30
31

J. Sestik, J. Therm. Anal., 16 (1979) 503; 33 (1988) 1263.

P.D. Garn, J. Therm. Anal., 6 (1974) 237.

J. Sestak, Thermophysical Properties of Solids, Elsevier, Amsterdam, 1984,

O. Exner, Nature (London), 227 (1970) 366; Collect. Czech. Chem. Commun., 37 (1972)
1425,

V.M. Gorbachev, J. Therm. Anal., 8 (1975) 588.

J. Sestik, in H.G. Wiedeman (ed.), Thermal Analysis (Proc. 6th ICTA), Birkhauser,
Stuttgart, Vol. 1, 1980, p. 29.

J. Pysiak, in H.G. Wiedeman (ed.), Thermal Analysis (Proc. 6th ICTA), Birkhauser,
Stuttgart, Vol. 1, 1980, p. 35.

A.lL Lesnikovich and S.V. Levchik, J. Therm. Anal., 30 (1985) 237.

J. Flynn in B. Pacewska and J. Pysiak (eds.), Proc. 5th Polish Conf. on TA, Plock, 1989
and J. Therm. Anal,, in press.

A.V, Nikolayev and V.A. Logvinenko, J. Therm. Anal., 10 (1976) 363.

A.K. Galwey, Adv. Catal., 26 (1977) 247.

E. Chornet and C. Roy, Thermochim. Acta, 35 (1980} 389.

M.R. Alvarez, M.J. Tello and E.H. Bocanegra, Thermochim. Acta, 43 (1981) 115.

A.lL Lesnikovich and S.V. Levchik, J. Therm. Anal., 30 (1985) 677.

J. Zawadski and 8. Bretzsnajder, Z. Electrochem., 41 (1935) 215.

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

A.O. Wist, in R.F. Schmenker and P.D. Garn (eds.), Thermal Analysis (Proc. 2nd ICTA),
Academic Press, New York, 1969, Vol. 2, p. 1095.

S.Z, Roginskij and J.L. Chajt, Izv. Acad. Sci. (USSR), Ser. Khim., 1961, p. 771.

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

F. Solymosi, K. Jaky and Z.G. Szabo, Z. Anorg. Allg. Chem., B368 (1969) 211.

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

G.G.T. Guarrini, R. Spinicci, F.M. Carlini and D. Donati, J. Therm. Anal,, 5 (1973) 307.
J.R. Hullet, Q. Rev., 18 (1964) 227.

P.D. Garn, J. Therm. Anal., 7 (1975) 475; 13 (1978) 581.

M. Amold, G.E. Veress, J. Paulik and F. Paulik, J. Therm. Anal., 17 (1979) 507.

P.D. Garn, Thermochim. Acta, 135 (1988) 71; 160 (1990) 135.

R.R. Krug, W.G. Hunter and R.A. Grieger, J. Phys. Chem., 80 (1976) 2335.

N. Koga and H. Tanaka, Abst. 2nd Japan—China Joint Symp. on Calorimetry and
Thermal Analysis, Osaka, 1990, p. 72.

R.K. Agrawal, J. Therm. Anal., 31 (1986) 73.

J. Sestak, J. Therm. Anal., 32 (1987) 325.

J. Zsakd and K.N. Somasekharan, J. Therm. Anal., 32 (1987) 1277.



208

32 J. Pysiak and B.J. Sabalski, Rocz. Chem. (Poland), 54 (1971) 263; J. Therm. Anal., 17
(1979) 287.
J. Pysiak and A. Glinka, in M. Vanis and V. Tomkova (eds.), Prov. Termanal *79, SVST
Bratislava, 1979, p. 323.

33 R.K. Agrawal, J. Therm. Anal., 35 (1989) 909.

34 J. Sestak, in B. Pacewska and J. Pysiak (eds.), Proc. 5th Polish Conf. on TA, Plock, 1989
and J. Therm. Anal,, in press.

35 J. Malek, Thermochim. Acta, 138 (1989) 337.

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

37 J. Zsako, J. Therm. Anal., 5 (1973) 239; 9 (1976) 101.

38 M. Maciejewski, J. Therm. Anal., 33 (1988) 243.

39 N. Koga and H. Tanaka, Thermochim. Acta, 135 (1988) 79.

40 N. Koga and H. Tanaka, J. Therm. Anal., submitted.

41 V.A. Logvinenko, in B. Pacewska and J. Pysiak (eds.), Proc. 5th Polish Conf. on TA,
Plock, 1989 and J. Therm. Anal., in press.

42 J. Zsak6 and H.E. Arz, J. Therm. Anal., 6 (1974) 651.

43 J. Rouquerol, J. Therm. Anal., 5 (1973) 203.

44 J. Sestak, Thermochim. Acta, 98 (1986) 339.

45 J.H. Flynn, J. Therm. Anal., 34 (1988) 367.

46 H. Tanaka and N. Koga, J. Therm. Anal., in press.

47 J.M. Criado and M. Gonzalez, Thermochim. Acta, 46 (1981) 201.

48 K.N. Somasekharan and V. Kalpagam, J. Therm. Anal., 32 (1987) 1471.

49 N. Koga and H. Tanaka, Solid State Ion., in press.

50 H.E. Kissinger, Anal. Chem., 29 (1957) 1702.

51 T. Ozawa, Bull. Chem. Soc. Jpn., 38 (1965) 1881.

52 G. Pokol and G. Varhegyi, CRC Cirit. Rev. Anal. Chem., 19 (1988) 65.

53 J. Norwisz, Z. Smieszek and Z. Kolenda, Thermochim. Acta, 156 (1989) 313; 321.



