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Abstract

Two kinds of compensation mechanism are suggested: a genuine one due to thermody-
namic factors and a pseudo one arising from experimental or data-processing artifacts. It
is computationally demonstrated that the choice of reaction mechanism strongly influ-
ences the kinetic parameters determined in thermal analytical studies. It is further shown
that the kinetic parameters determined at different heating rates by using a pseudo reaction
mechanism exhibit kinetic compensation that gives the temperature of the experiment as
the so-called isokinetic temperature. A rule of thumb relating to the magnitude of the isok-
inetic temperature is suggested to differentiate genuine compensation from pseudo com-
pensation.
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Introduction

The widely varying kinetic parameters reported for the decompositions of
solids following the use of thermal analysis have been a topic of several experi-
ments and discussions [1-7], some controversies [8, 9] and even an outright
protest [10]. Though these parameters sometimes span a wide spectrum of val-
ues, they are connected by a relationship that has come to be known as kinetic
compensation [1], of the form

InA=a+bE (1)

where E is the activation energy and A is the frequency factor. Considerable dis-
agreement exists as to the factors that give rise to the compensation effect.
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While some authors indicate the Arrhenius equation as responsible for the ob-
served compensation [6, 11], others attribute compensation to artifacts pro-
duced by experimental conditions and the inadequate processing of
experimental data [12, 13]. An attempt has also been made to probe the physi-
cochemical factors behind the compensation phenomenon [14].

Theory and simulation
The rate equation
dx/dt = Ax)K(T) (2

where x is the fraction reacted and f{x) is the function describing the reaction
mechanism, is the starting point for any kinetic study. The rate constant K(T) is
generally taken to follow the Arrhenius form

K(T) = A exp(-E/RT) 3)

where A is the pre-exponential factor and E is the activation energy. In instances
where the reaction rate is known to depend on other parameters such as pressure
P, fix) will be modified f{x, P). The integral form of Eq. (2) is given by

Jax/fx) = & fexp(-E/RD)at )
0 0

For experiments at a fixed heating rate, [3, the above integral can be expressed
after suitable manipulation as

Jax /fix) = AE/BR [exp(—y) 7y )

0 0

where y = E/RT. The integral on the RHS is not an exact one and suitable ap-
proximations are used in kinetic studies. A numerical integration performed by
this author confirmed that the approximation used by Ozawa [15] gives suffi-
ciently accurate results. With this approximation, Eq. (5) becomes

g(x) =1og [dx/f(x) = logA +10g(E/PR)-2.315-0 4567 / RT 6)
0
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In thermogravimetric studies, the experimental variable is the weight
change, which is proportional to the fraction transformed, x, and the kinetic pa-
rameters A and E are generally determined by using Eq. (6) or other similar re-
lationships. The experimental variables in Eq. (6) are the fraction x and the
temperature 7. It has been shown that the temperature lag in anisothermal ex-
periments can considerably alter both the kinetic plot and the kinetic parameters
[16]. If some pseudo reaction mechanism f’(x) is used instead of the actual one
Sf(x), the error due to such a pseudo reaction mechanism and the uncertainty in
the fraction transformed will result in an error in the value of g(x). This uncer-
tainty, and also that due to an incorrectly measured temperature, will follow the
relationship obtained from Eq. (6).

dg(x) = logA —logAg + (logE — 10gEo) 7

- 0.4567/RT(E — Eo) — 0.4567(E/R)(1/T - 1/To)

x+8x

where dg(x) is g(x) — I f’(x)dx, f’(x) being the pseudo reaction m~chanism, 6x
0

is the uncertainty in determination of x, 7o is the correct temperature and Ao and

Ey are the actual kinetic parameters. If T = Ty = Tg, the experimental tempera-

ture, then Eq. (7) becomes (after neglecting smaller terms)

8g(x) = 10gA — 0.4567E/RTg — 10gAo — 0.456 TE/RTg @)
Equation (8) is similar to the kinetic compensation equation with
b=04567/RTg ®

and
a=8g(x) +1n Ao - 0.4567Ey/RTe (10)

when the kinetic parameters are determined at a fixed value of x, ‘a’ will be a
constant and Eq. (8) is equivalent to Eq. (1). When 6g(x) is zero, A and E will
coincide with Ao and Ep in the absence of genuine compensation. If genuine
compensation exists, Eq. (7) will still hold good with 8g(x) = 0, and again
Eq. (8) becomes analogous to Eq. (1). The genuine compensation equation can
also be obtained by a different method by assuming an isokinetic temperature
[17). Differentiation of the logarithm of Eq. (3) gives
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dK(T)/K = dIn A — dE/RT (11)

At the isokinetic temperature, T;, dK = O for all pairs of A and E values, and
Eq. (11) becomes

din A = dE/RT; (12)

Integration of Eq. (12) with the limits of the isokinetic temperature and any
other temperature gives

In A - In Ao = E/RT; - EyJ/RT; (13)

which is the equation for genuine compensation.
In the present simulation study, the validity of Eqs (8), (9) and (10) is dem-
onstrated. For the simulation, the values of the different parameters used are

A =3x10® sec”!, E = 30 kcal/mole, fix) = (1 - x)? and £’(x) = (1 — x)*. The lo-
cal activation energy is determined at each temperature by numerically evaluat-
ing the gradient, R(—dg(x)/d(1/T).

Results and discussion

Table 1 gives a sample of different kinetic parameters obtained at different
heating rates and temperatures. The widely varying kinetic parameters obtained
in the simulation study of the reaction kinetics clearly show the importance of
choosing the correct reaction mechanism. The kinetic parameters in Table 1 sat-
isfy the kinetic compensation relationship of Eq. (1). At a fixed temperature,
Tk, aplot of In A vs. E gave a straight line with gradient b given by Eq. (9). This
shows that a false reaction mechanism gives rise to pseudo kinetic compensa-
tion as an artifact. It should also be mentioned here that the assumption of an in-
correct pressure dependence of the reaction will yield similar compensation,
and the above analysis applies equally well with g(x,p) replacing g(x). The plot
of In K(T) vs 1/T in Fig. 1 for four sets of E and InA values shows a sharp point
of concurrence. It is appropriate at this point to dwell upon the controversy re-
garding such a concurrence [8, 9]. The sharp point of concurrence in Fig. 1 is
due to the fact that the kinetic parameters are derived precisely, using numerical
methods, in contrast with the experimental determination. It has been shown by
Zsak6 and Somasekharan [9] that uncertainties in the kinetic parameters con-
vert the point of concurrence into an intersecting domain, sometimes stretching
far and wide. Under these circumstances, it appears that a criterion based on a
point of concurrence to decide the nature of the observed compensation cannot
be a successful one. A better criterion the decide whether the observed compen-
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Table 1
Heating rate/ Temperature/ E/ InA
deg-min~ K kcal-mole™!
0.10 555.1 80.5 72.2
0.10 5392 713 63.2
0.10 529.8 65.7 57.6
0.10 520.6 573 49.2
0.25 555.1 722 62.8
0.25 5392 59.5 50.5
0.25 529.8 513 424
0.25 520.6 444 35.4
0.50 555.1 61.8 52.0
0.50 5392 48.9 395
0.50 529.8 426 33.2
0.50 520.6 37.9 28.6
1.00 555.1 51.0 41.1
1.00 539.2 409 313
1.00 529.8 36.8 273
1.00 520.6 342 24.6
2.00 555.1 423 324
2.00 5392 358 26.2
2.00 529.8 33.6 239
2.00 520.6 32.1 224

sation is genuine or an artifice is the value of the isokinetic temperature, T;. For
pseudo compensation, T; will be in the experimental temperature range as given
by Eq. (9), whereas this may not generally hold for genuine compensation. The
kinetic compensation observed in the thermal dissociation of solids reported in
the literature generally has values of isokinetic temperature that lie in the ex-
perimental temperature range [1, 18]. It is surprising that the domain of inter-
section in the log K(T) vs 1/T plot is confined to the domain of experimental
temperatures [19], in contrast with what is feared in light of the fact shown by
Zsako and Somasekharan [9] that small uncertainties in kinetic parameters tend
to spread the domain of intersection to a large extent. In this context, it is worth
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Fig. 1 Plot of In K(T) vs /T for four sets of kinetic parameters obtained by simulation

mentioning the mechanism of compensation observed in an altogether different
field, structural relaxation in metallic glasses [20]. The value of b reported for
the glass FesoNiqoB20 in Ref. [20] gives an isokinetic temperature of about
1030 K, well above the experimental temperature range; and this may perhaps
provide an excellent example of genuine compensation. The author has shown
that the phenomenon of compensation extends to the kinetics of crystallization
too for the glass FeaoNisoB2o [17].
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Zusammenfassung — Es werden zwei Arten von Kompensationsmechanismen vorge-
schlagen: einen echten im Zusammenhang mit thermodynamischen Faktoren und einen
Pseudo-Kompensationsmechanismus, der sich aus experimentellen oder Datenverarbeit-
ungsfehlern ergibt. Es wird rechnerisch gezeigt, da die Wahl des Reaktionsmechanismus
die in thermischen Untersuchungen bestimmten kinetischen Parameter stark beeinfluBt.
Weiterhin wird gezeigt, daB die unter Anwendung eines Pseudoreaktionsmechanismus bei
verschiedenen Aufheizgeschwindigkeiten ermittelten kinetischen Parameter eine
kinetische Kompensation aufweisen, aus welchem sich die Temperatur des Experimentes
als sogenannte isokinetische Temperatur ergibt. Es wird eine ungefihre Berechnung
beziiglich der GroBe der isokinetischen Temperatur vorgeschlagen, um tatsichliche von
Pseudokompensation zu unterscheiden.
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