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THE KINETIC COMPENSATION EFFECT 
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On the basis of theoretical TG curves it has been shown that  the kinetic compensa- 
t ion effect observed in thermal  decomposit ion reactions is not  due to the special form 
of the Arrhenius equation. Formally, the validity of a linear kinetic compensat ion law 
implies the existence of a characteristic temperature at which the rate constants of all 
reactions have the same value, but this temperature can be higher or lower than  the 
temperatures at which the decomposit ion takes place. 

Thermal decomposit ion processes can be better characterized by means of the 
compensation parameters than by means of the common kinetic parameters  or decom- 
position temperatures, since the shape and the position of the TG curves and the 
kinetic parameters derived can be very much influenced by procedural  variables, but  
t h e  compensat ion parameters are independent  of them. 

The kinetic compensation effect is completely real, but  its formulat ion in terms of the 
Arrhenius equation is only formal and does not  reveal the physical significance of the 
compensat ion parameters. 

The concept of the "kinetic compensation effect" developed in catalysis studies 
originally [1 ] has been introduced in the study of the thermal decomposition of 
solids as well [2, 3]. This effect consists of a correlation between the "kinetic 
parameters" of the decomposition, viz. the increase of the "activation energy" 
is accompanied by the increase of the "pre-exponential factor". This means that 
if owing to the modification of procedural Variables, or to the change of some 
substituents in a class of similar compounds, a variation of the activation energy 
E is observed, there will be a change also in the pre-exponential factor Z, which 
partially compensates for the effect of the activation energy change. This kinetic 
compensation effect takes frequently the form of a 

logZ = a E +  b (1) 

type linear compensation law [2-8]. 
According to Garn [9, 10], the kinetic compensation effect is only an apparent 
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effect and it is due to the form of the Arrhenius equation. As shown by this author, 
one can write the Arrhenius equation in the following form: 

E E 
I o g k -  + l o g Z  or l o g Z - - -  + logk  (2) 

2.3 R T  2.3 R T  

This author presumes that if the thermal decomposition occurs practically in the 
same temperature range, log Z will be a linear function of E, i.e. the compensation 
parameter a is simply 

1 
a - (3) 

2.3 R T  c 

Our results [3] are cited by him as being in agreement with the a parameter values 
obtained. 

As shown in our earlier paper [11 ], deriving of kinetic parameters as activation 
energy E, pre-exponential factor Z and reaction order n, is a completely formal 
approach. One cannot assign the same physical significance to these magnitudes 
as in homogeneous kinetics. These parameters are some kind of variational param- 
eters, allowing to describe the TG curves in terms of the homogeneous kinetics. 
In this respect Garn is completely right, since the physical significance of  the 
parameters obtained is obscure and in this acception the kinetic compensation 
effect can be an apparent effect only. Kinetic parameters obtained cannot be 
utilized in proving decomposition mechanisms. This is completely true and it has 
been stated by us repeatedly, the most clearly in [11]. 

On the other hand, the linear variation of log Z with E is not so simple as pre- 
sumed by Garn. It is true that if the thermal decomposition occurs in the same 
temperature range, the apparent rate constant k must have a certain finite value 
kc in the same temperature range, consequently, in Eq. (2) T has nearly the same 
value and one observes the kinetic compensation effect with a given by (3) and 

b = log k~ (4) 

This can be the situation if procedural variables or the nature of  the substituents 
in a certain class of co-ordination complexes modify only the slope of the T G  curves 
and do not shift them along the temperature axis. But very frequently the working 
conditions can shift the TG curves, or the "decomposition temperature", even 
by hundreds of degrees. In these cases (see e.g. the thermal decomposition of 
CaCOz [4]) the validity of a linear compensation law is not so obvious, since a 
shift of the TG curve accompanied by a modification of the slope is obtained also 
if only one kinetic parameter (E or Z) is modified [12]. 

Results and discussion 

In order to show what can express the "kinetic compensation effect", several 
theoretical T G  curves have been calculated in the present paper by using the fol- 
lowing formula [12]: 

log g(~) = log E + log Z + log p ( x )  - log R q  (5) 
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where g(~) stands for the conversion integral, p(x) for the the exponential integral 
tabulated in [13], q for the heating rate, R for the gas constant. Calculations have 
been made by presuming an apparent reaction order n = 2/3, and a heating rate of 

i 

0 

c( 

4,5 

a - 0.8 

,k 
- 5  

I I 

e -0 .5  

a -0,2 

I 
0 I I 

400 600 800 1000 

Temperature ,  K 

F i g .  1. I n f l u e n c e  o f  t h e  c o m p e n s a t i o n  p a r a m e t e r  a u p o n  t h e  s h a p e  o f  t h e  T G  c u r v e s ,  b : - -  3, 
E ( k c a l / m o l e ) :  1 - -  10 ;  2 - -  2 0 ;  3 - -  30 ;  4 - -  5 0 ;  5 - -  100  

q = 3~ In order to study the meaning of  the compensation parameters a and 
b, one of them has been varied, while the other one has been maintained at a con- 
stant value. By using formula (1), log Z values have been calculated for the fol- 
lowing apparent activation energy values: E = 10, 20, 30, 50 and 100 kcal/mole. 
Results are given in Table 1. 
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104 ZSAKO:  KINETIC COMPE NSATION EFFECT 

Theoretical T G  curves, calculated by means of (5), by using tabulated log p(x) 
values, and corresponding to the kinetic parameters given in Table 1, are presented 
in Figs 1 and 2. 
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Fig. 2. Influence of the compensation parameter b upon the shape of the TG curves, a = 0.5. 
E (kcal/mole): 1--  10; 2- -  20; 3--  30; 4- -  50; 5- -  100 

From these examples it is clear that a linear compensation law can express the 
shift of  T G  curves both to the higher or to the lower temperatures, with or with- 
out a simultaneous change in the slope, but it can express only a change in the 
slope. 

At any rate, the validity of  a linear kinetic compensation law implies formally 
the existence of a certain characteristic temperature T c, given by (3), at which 
the rate constant of  all processes has the same value kc, given by (4). This charac- 
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Table 1 

log Z values corresponding to different compensation parameters according to Eq. (1) 

E, kcal/mole 
a b 

10 20 30 50 100 

0.8 
0.5 
0.3 
0.2 

0.5 
0.5 
0.5 
0.5 

--3 
--3 
--3 
--3 

--6 
--3 

0 
3 

5 
2 
0 

--1 

--1 
2 
5 
8 

13 
7 
3 
1 

4 
7 

10 
13 

21 
12 
6 
3 

9 
12 
15 
18 

37 
22 
12 
7 

19 
22 
25 
28 

77 
47 
27 
17 

44 
47 
50 
53 

teristic temperature is marked in Fig. 1 by means of arrows, in Fig. 2 by means 
of  a dashed line. It  is apparent that the characteristic temperature is never 
situated in the temperature range where the decomposition actually occurs. As 
seen from Fig. 2, if  b = - 6 ,  practically no decomposition is observed at the 
characteristic temperature, but the decomposition is already completed at this 
temperature if b = 0 or b = 3. 

Consequently, the existence of  a kinetic compensation effect does not imply 
that all decomposition processes described by the same compensation law must 
occur in the same small temperature range, as presumed by Garn. On the other 
hand, the Arrhenius equation does not require the existence of a characteristic 
temperature for more than 2 T G  curves, i.e. the kinetic compensation effect is 
not due to the form of  the Arrhenius equation. 

The "kinetic compensation effect" is something real, given by the experiment, 
but it is formulated "in terms.of  the Arrhenius equation", both if one states that 
"activation energy" and "pre-exponential factor" vary in parallel, according to 
(1), or if one presumes the existence of a "characteristic temperature" T c at which 
the rate constant has a "characteristic" value ko for all processes correlated by the 
same compensation law. 

The most important  thing is that the compensation parameters characterize 
a whole family of  T G  curves. I f  one tries to characterize them by means of an 
apparent  activation energy E, apparent  pre-exponential factor Z, decomposition 
temperature T0.01, temperature of  total decomposition T0.99 or a decomposition 
interval A T ,  the values obtained can be rather different for each individual curve, 
but the compensation parameters a and b are the same for all of  them. 

In order to give a clear picture of  the variety of  "kinetic parameters",  decom- 
position temperatures and decomposition temperature intervals, which are con- 
sistent with different "compensation parameters",  several characteristics obtained 
by means of  the theoretical T G  curves presented in Figs 1 and 2 are given in 
Table 2. In this table To stands for the characteristic temperature given by (3). 
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By using the symbol T~ e for the temperature at which the t ransformat ion degree 
is c~ in the case o f  the T G  curve corresponding to the activation energy E, the 
magnitudes given in Table 2 can be defined as follows: 

Aro.o~ T~~176 IO = - -  T (~ .01  

ATo 99 TIO0 10 
. ~ . t  0 . 9 9  - -  T 0 . 9 9  

ATlO ~o lO 
- -  T ~ . 0 1  T(~ .99  

A T 1~176 T~oo T~00 
--~ ~ 0 . 9 9  - -  a 0 . 0 1  

Table 2 

Characteristics of the TG curves given in Figures 1 and 2 

0.8 
0.5 
0.3 
0.2 

0.5 
0.5 
0.5 
0.5 

--3 
--3 
--3 
--3 

--6 
--3 

0 
3 

re, K 

273.16 
437.06 
728.44 

1092.66 

437.06 
437.06 
437.06 
437.06 

ATo.o~ 

36.7 
98.0 

239.8 
465.4 

--91.1 
98.0 

171.3 
204.3 

ATo.g9 

--26.0 
--32.8 
--20.3 

106.6 

-- 552.4 
--32.8 
118.9 
180.4 

A T  loo 

8.1 
20.7 
63.7 

119.4 

23.4 
20.7 
18.4 
16.5 

z I T  1o 

ATlOO 

8.74 
7.32 
4.85 
4.06 

20.71 
7.32 
3.85 
2.45 

As seen f rom Table 2, the decomposi t ion temperature T0.01 and the temperature 
o f  the complet ion of  the reaction T0.99 can be shifted by hundreds o f  degrees. 
The most  impor tant  shift (for a = 0.5, b = - 6 )  exceeds 500 ~ On the other 
hand, for a = 0.5 and b = - 3 ,  all decomposit ion reactions occur practically 
in the same temperature range, a l though E varies between 10 and 100 kcal/mole 
and Z varies between 102 and 1047. The slope of  the T G  curves, and consequently 
the extent o f  the temperature interval o f  the decomposi t ion can be sometimes 
practically the same (e.g. for a = 0.5, b = 3), but  it can be completely different. 
Thus, for a = 0.5, b = - 6  one obtains A T  109 = 23.4 ~ but A T  ~~ = 484.6 ~ It  is 
obvious that  in a family o f  T G  curves, corresponding to the same compensat ion 
parameters,  the shape and the position o f  the individual T G  curves can be similar 
or  fundamental ly different. Meanwhile, the apparent  activation energy and pre- 
exponential  factor  can vary in an extremely wide range, e.g. in the case o f  the 
thermal decomposi t ion o f  CaCO3 [4] activation energy values derived f rom T G  
curves vary between 26 and 377 kcal/mole, and the corresponding pre-exponential  
factor  values between l0 s and 1069 , but  all curves obey the same linear compensa-  
t ion law and all the family o f  T G  curves can be characterized by a single pair  o f  
a and b parameters.  

This means that  the compensat ion parameters a and b are better characteristics 
o f  a decomposit ion reaction than the other magnitudes. All o f  them are some pa- 
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ramete rs  o f  unknown  physical  significance. The main  difference between them is 
the fo l lowing:  the appa ren t  kinet ic  pa rame te r s  E, Z,  n and  the decompos i t ion  
t empera tu res  T0.0i, T0.90 , A T ,  character ize  a single T G  curve, all o f  them depend  
on p rocedu ra l  variables ,  but  the compensa t ion  pa ramete r s  a and  b do not  depend  
on these p rocedu ra l  var iables  and p re sumab ly  they character ize  the decompos i t ion  
reac t ion  itself. 

The rea l i ty  o f  the kinet ic  compensa t ion  effect does no t  mean,  o f  course,  tha t  
ac tual ly  the var ia t ion  o f  the f requency fac tor  compensa tes  for  a var ia t ion  in the 
ac t iva t ion  energy.  I t  means  tha t  the l inear  "kinet ic  compensa t ion  law"  hides 
someth ing  real ,  tha t  the " compensa t i on  p a r a m e t e r s "  do  have a physical  signifi- 
cance and  it is wor th  to seek for  this significance. On the o ther  hand,  it  is obvious  
tha t  the analysis  o f  the T G  curves canno t  reveal  this physical  significance and  
o ther  me hcds  o f  invest igat ion are needed  for  this purpose.  
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Rt~SUMI~ -- A l'aide de courbes TG th6oriques, on montre que le soi-disant effet de compen- 
sation cin6tique observ6 lors des r6actions de d6composition thermique n'est pas dfi ~t la forme 
sp6ciale de l'6quation d'Arrhenius et qu'il n'est pas n6cessaire que la d6composition thermique 
ait lieu dans le m~me intervalle de temp6rature pour qu'une loi de compensation cin6tique 
lin6aire soit valable. La validit6 d'une loi de compensation cin6tique lin6aire implique formel- 
lement l'existence d'une temp6rature caract6ristique g laquelle les constantes de vitesse de toutes 
les r6actions aient la m~me valeur, mais cette temp6rature peut 6tre plus 61ev6e ou plus faible 
que celle ~t laquelle la d6composition a lieu. 

Les param6tres de compensation permettent de caract6riser les processus de d6composition 
thermique de meilleure fa~on que les param~tres cin6tiques habituels ou les temperatures de 
d6composition. En effet, la forme et la position des courbes TG et les parametres cin6tiques 
qui sont d6duits de celles-ci peuvent ~tre fortement influences par les variables expdrimentales. 
Au contraire, les param6tres de compensation sont ind6pendants des variables exp6rimentales. 

L'effet de compensation cin6tique est tout ~t fait r6el mais sa description/t l'aide de l'6quation 
d'Arrhenius est simplement formelle et ne r6v~le pas la signification physique des param6tres 
de compensation. 
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ZUSAMMENFASSUNG - -  Am Beispiel theoretischer TG-Kurven  wurde gezeigt, dab 
thermischen Zersetzungsreaktionen beobachtete, sogenannte kinetische Kompensat ionseffekt  
nicht der speziellen Form der Arrhenius-Gleichung zuzuschreiben ist und dab die Gtiltigkeit 
eines linearen kinetischen Kompensat ionsgesetzes die thermische Zersetzung in demselben 
Temperaturbereich nicht voraussetzt.  Formal  bedeutet die Gtiltigkeit eines kinetischen Kom-  
pensationsgesetzes die Existenz einer charakteristischen Temperatur ,  bei welcher die Ge- 
schwindigkeitskonstanten s/imtlicher Reaktionen deoselben Weft  besitzen, doch kann diese 
Temperatur  h6her  oder niedriger sein als diejenige, bei welcher die Zersetzung stattfindet. 

Thermische Zersetzungsvorg/inge k6nnen eher durch Kompensa t ionsparameter  charakte- 
risiert werden, als durch gemeinsame kinetische Parameter oder Zersetzungstemperaturen,  
da die Form und Lage der TG-Kurven  und der abgeleiteten kinetischen Parameter  durch 
ProzeBvariablen stark beeinflugt werden k6nnen.  Die Kompensat ionsparameter  sind von 
diesen unabh~ngig.  

Der kinetische Kompensationseffekt  ist vol lkommen real, doch ist seine Formul ierung nach 
der Arrhenius-Gleichung NoB formal und enthiillt die physikalische Bedeutung der Kom-  
pensat ionsparameter  nicht. 

Pe31oMe - -  I / Icr io2Ib3y~[  TeopeTH~ecKue TG KpHBBIe. 6BYIO noKa3aHo, HTO, TaK Ha3BIBaeMbI~, 
~nrieTa~ecI~u~ KoMneHcaLIHOHHbI~ 3qb~eKT, Ha6nro~IaeMbi~ B peaKiivi~x TepMH~ecKoro pa3~o- 
~reriri~, He o6yc~oB.en oco6o~ qbOpMO~ ypaBHeHaa ApperiHyca rI UTO ~r~ co6~m~eHHa ~rme~- 
HOrO grmeTn~ecgoro XOMriericauHriHoro 3agoria rieT Heo6xo~lrIMOCTH npoBo)IHT~ xepMHuecKoe 
pa3~oxeHrie B TOM ~e  CaMOM TeMnepaTypHoM rinxepBa~e, q~opMa:IbHO, c06Juo~e~rie 3aI~oH 
smriefmo~ XHHeTI~ecI~O~ KOMHeHcamIa, 03ria~IaeT cymeCTBOBaHrie xapagTepHcTri~ecroft TeM- 
nepaTypbi, ripr~ KOTOpO-~ KOHCTaHTI~I ClCOpOCTH Bcex peaxtlI~ riMetOT TO ~lge caMoe 3~aaeHHe, rio 
9Ta. TeMt~epaTypa MO~eT ~bIT~, Bblme !,IJm H ~ e  TON TeMriepaTypb L riprt ~OTOpO~ ripoHcxO~HT 
pa3no)rerme, lq[potleccbI TOpMHqecgoro pa3s~o~reHH~ MoI~yT 6blT?b :~yqme oxapaKTepH30BaH~i 
KOMIIeItCallriOttHBIMIt iiapaMeTpaMH, qeM O6ILIHMIt KHHeTH~ecKItMH IlapaMeTpaMH HJIII TeMiiepa- 
TypaMH pa3~oYgeHtt~, TaX I(aK BII~I ri ~oJToT~em~e KpHBbIX TG n IIpOri3BO/IItI,IX KHHeTriqeCKHX napa- 
MeTpOB, MOFyT B 3HaKII~eJIbItOfI CTeIIeHri 3aTparriBaTbCl/ IIpOlle)lypHbIMri II3MerieritilIMH, B TO 
BpeM~ r a t  ~oMneHca~monm,~e napaMeTp~ He3aBI~CrlMb~ OT rinx. K~4nerH~tecxH~ roMnericatmoH- 
m , ~  9~0d~exw coBepmeHrio peam,H~t~, no d~opMynripoBKa ero Ha OCHOBe ypa~HeHri~ AppeHHyca 
~IBT/~IeTCFI qbOpMa:~LHO~ ri rie pacI~pb~BaeT (~H3HtIecI(OFO CMbIcYla KOM~IericaI~aOHH~X riapaMeTpoB. 
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