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The appearance of the compensat ion effect (log A = a + bE) in non-isothermal  
kinetics of solid-phase reactions is discussed. 

An analytical expression of the compensation effect is derived in the form 

e/dr) 
l n A = l n  ~ d t ) s  + E 

RT~ RTs 

It  is demonstrated that  the compensat ion effect appears in a number  of chemical 
reactions if the Ts and  rate constant  values are close. Experimental  data confirm 
the theoratical discussion. 

In a number of chemical reactions whose rate constants are satisfactorily 
described by the Arrhenius equation 

( - E  t K = A exp [---~- (1) 

the so-called compensation effect [1] is sometimes observed: 

logA = a +  bE (2) 

This effect is also known in isothermal decompositions of solid substances and 
in catalytic reactions. A more generalized inspection reveals the existence of an 
interrelationship between the changes in three quantities, namely A, E and AT, 
the temperature range in which the solid-state reaction proceeds at a measurable 
rate [2]. The linear relationship described by Eq. (2) is observed when changes 
in decomposition conditions (dispersity, pressure of the gaseous reaction product, 
etc.) do not result in a noticeable change of AT. 

The value of a is usually close to zero [2]. 
Several explanations exist for the compensation effect observed in isothermal 

processes. Some researchers consider this effect apparent [3]. 
The appearance of the compensation effect in the kinetics of non-isothermal 

reactions has not yet been studied in detail. 
The rate of a solid-state chemical transformation under non isothermal condi- 
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tions can be written for various process mechanisms (interface reactions, growth 
of nuclei, diffusion) in the form 

d~ 
dt - K(1 - ~)" (3) 

where ~ is the conversion and n the formal order of the reaction. By combining 
Eq. (3) with the Arrhenius equation, we obtain 

d~ 
_~)n  exp /~_~} (4) ~ A ~  1 

dt 

dc~ 
In all cases, the dependence of the conversion rate ~ -  on time t is expressed 

by a curve having a maximum at the temperature Ts (~ = as). At the maximum 

E -  
qs(1 - ~s) 

Let us substitute Eq. (4) for the point c~ s into the above equation. After simple 
transformation, we arrive at the following expression for the rate constant: 

K = ~ - J ~  (1 - ~)~-~ 
exp exp (5) 

R r ~  "n 

dT 
The value of - ~  is close to the value of the heating rate q (~ 

In accordance with Eq. (5), the value of the preexponential factor is 

E(dr I 
A = [ dt Is (1 - 0~s) 1 - n  

exp (6) 
RT2~ " n 

(1 _ ~ ) L .  
Since ~ 1 [4, 5], we finally obtain 

n 

1 t 
A -  RT~ exp ~ ; l n A = l n ,  1 RT~ + R-~ (7) 

Eq. (7) is the analytical expression of the compensation effect for non-isothermal 
kinetics. 

Thus, for a given substance, the compensation effect appears when [at 
/ 

constant 

d r  a change in the decomposition conditions (dispersity, gas pressure) leads 

to a change in E, but to only a slight change in Ts. 
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This finding allows the treatment of  the slight change in the value of  T s in non- 
isothermal kinetics as the basis o f  maintaining the constancy of  the temperature 
range A T  and the appearance of  the compensation effect in isothermal kinetics. 

For  a number  of  chemical reactions, the compensation effect will be observed 

( a t d T  ) if  [ d t =  const, the Ts values are close (leading to the constancy of  b in Eq. 

(2) and the values the of  rate constants are close (ensuring the constancy of  a 
in Eq. (2)). 

By way of  example for the first case, we shall consider the dehydration of the 
magnesium E D T A  chelate: 

Mg2L " 9H20 ~ Mg2L + 91-120 

This reaction was carried out in a continuous reactor (of the gas chromatograph 
type, fitted with a bypass instead of  columns) allowing control of  the rate of  
flow of  nitrogen through the sample (10 nag) in an ampoule with a porous bottom. 
The results are presented in Table 1. 

At  low flow rates of  the gas ( ~ 5  ml/min) the dehydration reaction (more 
precisely, the reversible deaquation and substitution of  l igands)proceeds in an 
atmosphere of  the released water vapour. At flow rates of  >_40 ml/min the dehy- 
dration conditions may be assumed to be close to the conditions of  constantly 
maintained vacuum [6]. The change in the nitrogen flow rate will therefore change 
the shape of  the kinetic curve, i.e. the value n of  the formal order of  reaction. 

Table 1 

Kinetic parameters of the dehydration of the magnesium EDTA chelate Mg2L " 9H20 
(q = 0.1 ~ log A ---- 0.5 E -- 3.5 

Parameters 

T~, K 
n 
E, kcal/mole 
log A 

448 

0 .75  

% 

lO 

423 

1.1 

Nitrogen flow rate, ml/min 

15 20 

409 420 
1 . 2  1.5 

22.4 24.4 
7.7 8.3 

25 

418 
1.9 

24.9 
8.6 

40 

3 9 8  
2 .0  

2 4 . 6  

9 .0  

The compensation effect appears under the conditions of  a corresponding 
increase of  the effective energy of  activition E on the increase of  the formal order 
of  reaction n. The curve E = f(n) then proceeds close to the theoretically expected 

1 - ~si 
course [7, 8], corresponding to the formula E i " ~E0,  where E 0 

Hi " O~si 

is some definite minimum energy of activation of the chemical reaction for 
n ~ O. For  endothermic processes corresponding to the scheme A s -~ B~ + Cg, 
the value of  E0 is close to the enthalpy of  the process. 
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Fig. 1. Compensat ion effect in the dehydrat ion of rare earth succinates and maleates: o --  
rare ear th maleates;  �9 --  lan thanum,  cerium, erbium and yt terbium succinates; zx --  
p raseodymium-ho lmium succinates (first dehydrat ion stage); �9 --  p raseodymium-ho lmium 

succinates (second dehydrat ion stage) 

By  w a y  o f  e x a m p l e  f o r  t h e  s e c o n d  case ,  Fig.  1 i l l u s t r a t e s  c a l c u l a t i o n s  b a s e d  

o n  l i t e r a t u r e  d a t a  [9, 10] f o r  t h e  d e h y d r a t i o n  o f  r a r e  e a r t h  m a l e a t e s  a n d  s u c c i n a t e s  

h a v i n g  c lose  v a l u e s  o f  Ts a n d  r a t e  c o n s t a n t s .  
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R~SUM~ -- On discute l 'apparition de l'effeI de compensation (lg A = a + bE) sur la cin6tique 
non-isotherme des r6actions en phase solide. 

On propose une expression analytique de l'effet de compensation sous forme de l '6quation 

E(dr I 
l n A = l n  I d t )~q_  E 

RT2s R T  s 

On d6montre que l'effet de compensation apparalt pour un certain hombre de r6actions 
chimiques si les valeurs de Ts et des constantes de vitesse sont voisines. Des donn6es d'ex- 
p6rience viennent ~ l 'appui de la discussion th6orique. 

ZUSAMMENFASSUNG - -  Das Auftreten des Kompensationseffektes (lg A = a + bE) in der 
nicht-isothermen Kinetik yon Festphasenreaktionen wird er6rtert. 

Ein analytischer Ausdruck des Kompensationseffektes wird in Form der Gleichung 

l n A = l n  ~ dt ]~ + E 
RT2s R T  s 

abgeleitet. 
Es wird bewiesen, dab der Kompensationseffekt bei einer Reihe yon chemischen Reak- 

tionen auftritt, wenn die Werte yon T~ und die Geschwindigkeitskonstante nahe beieinander 
liegen. Yersuchsangaben best~itigen die theoretischen Erw/igungen. 

Pe3mMe - -  PaccMoxpeno nponBaenr~e <<roMnencaunonnoro 3dpqbet<xa>> (lg A = a + bE) 
B nen3oTepMnqecKo~ rnneTnKe xBep~oqbaaabix peaKum~. 

Ho~y~eno ypaBnenae 

E(dT t 
l n A = l n  [ dt f~ -t- E 

RT~s RTs 

~B~mmeeca aaasIHxH~ecK~M Bbipa~eRneM 3TOrO 3qb~eKxa; rmKa3aHo, uxo KOMHeI-ICaIII, IOHItt, I~ 
a~0dperx aa6aroaaexca B cayqae 6J/H3OCTH BeJII, Iq~H T s n KOHCTaHT CKOpOCTI, I pearIIan y papa 
XHMH~IeCKI, IX peaKn~f i .  YlpoBe~e~ 3KCHepI, IMeHT, HO~TBep~aIOIZIHI~ TeopeT~tqecKoe paCCMOT- 
perme. 
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