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N O N - I S O T H E R M A L  K I N E T I C S - C U R R E N T  P R O B L E M S  
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The author presents some experimental and theoretical contributions in non-isothermal 
kinetics developed in the last years. Special emphasis is given on heterogeneous kinetics with 
the help of Q-derivatograph, kinetic indexes of thermal stability and on the classical non- 
isothermal change (CNC). 
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Introduction 

I shall begin with some kinetic applications of the results obtained by 
means of Q-derivatograph. In a recent reference work concerning the 
physieo-chemical applications of the Q-derivatograph Logvinenko et al. [1] 
mainly dealt with thermodynamically controlled reactions which occur in the 
so-called quasi-equilibrium conditions. The authors open a window for the 
kinetic application of the Q-derivatograph. Some of our contributions prior 
to the appearance of the above mentioned work are, in our opinion exactly in 
the spirit of such a message.That is the reason I want to begin with such a 
topic. As known for a heterogeneous decomposition of the form: 

A(~) ---- B(,) + C(~) (I) 

the reaction rate is given by: 

d~ E 
--~ =Ae - - ~ f ( a )  (1) 

where a is the degree of conversion, t - the time, A - the  preexponential fac- 
tor, E - the activation energy, R - the gas constant and T -  the temperature 
(K). 
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The funct ionf  (a) usually called conversion function depends on the par- 
t i tular reaction mechanism. In common non-isothermal kinetics the variable 
t from the left side of Eq. (1) is eliminated by using linear [2] hyperbolic [3] 
and parabolic [4] heating programmes. The use of the Q-derivatograph al- 
lows us to suggest another way to eliminate t, namely by recording TG curves 
in isokinetic conditions [5]. 

da 
- C ( 2 )  

dt 

where C is a constant. Through integration, taking into account that a = 0 
for t = 0, Eq. (2) leads to 

a = Ct (3) 

In order to fulfil the condition (2) as a and f ( a )  change in time, the ex- 
perimental  device has to provide for such temperature changes which keep 
the validity of the relationship: 

E 
A e - l ~  = C 

f ( a )  (4) 

Using Eq. (4) in the form: 

E 
lnA - ~-~ + ln f  ( a ) = In C (5) 

and the following general form of the conversion function [6]: 

f ( a )  = a m ( l - a )  " (6) 

we suggest to characterize the sensitivity of the isokinetic curves to the 
changes  in the reaction rate and kinetic parameters by using the following 
quantities 

a=a, - ff-G~ - -~" ~ (7) 

DE = 1 
a = , , -  i - 

(8) 
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DA= d(~___~) =-R~E (9) 

Din= d(--~) = ~ l n a ~  (lo) 

(__~) R ~  l n ( 1 -  ai)  = 

a=Ot~ 
(11)  

where 

Gi = lnA + l~f  ( a i )  - In Ci (12) 

or taking into account (5) 

Gi= E (13) 
R Z  

For a solid-gas decomposition of the form (I) with the following kinetic 
and operational parameters. 

da = 1.7.10 -s s -1 
dt 

1 
a l  ~ - 2 

A =6.23 -106 s -1, E =20 kcal.mole -1, m = 1, n =0  or m =0, n = 1 

one obtains: 

De = 15 K, DE = 19.5 mole .K.kca1-1, DA =-15  K 

Dm = Dn = 10.4 K 

Thus a 2.7 times increase in the reaction rate increases the temperature 
corresponding to the half conversion point of the isokinetic curve by 15 K. 
The temperature interval (separation), DE, between two isokinetic curves for 
two decomposition reactions which differ only by the activation energy values 

is 19.5 K when E2--E1 = 1 kcal.mo1-1. As DA <0 and DE>0, it follows that the 
increase of the preexponential factor has an opposite effect to the increase of 
the activation energy. Consequently, the simultaneous increase of the 
parameters E and A could mutually compensate, leaving the position of the 
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isokinetic curve unchanged (compensation effect). Changes by one unit of the 
parameters rn and n shift the isokinetic curve by 10.4 K. 

Equation (10) shows that the parameter, m, influences the initial ac- 
celerating period of the isokinetic curve where a <  1, but does not influence 
the final period (Din --, 0 for a -, 1). 

On the contrary, according to Eq. (11) the n parameter influences the 
final (decelerating period) as D, --, 0 for a --,0. The isokinetie curves in Fig. 1 
illustrate these last statements and show that for m ~ 0 and n ;~ 0 the curves 
T(a) exhibit a minimum. 

t(*c) 
430- 

420 

410 

400 1 

390 

390 
I 

0 0 .25  0 5 0  0.75 
c< 

Fig. l a  The  influence of the kinetic parameters  m and n on the position and shape o f  the 
isokinetic curves 
a) n l  = 0, n2 = 1/3, n3 = 1/2, n4 ~_42/3 i n5 ffi 1, n6 ffi 2, ml--6 = 0, El-6 = 20 kcal-molr -1, 
AI-6 = 6.23"106 s - ,  C1-6 ffi 1/6.10 s- 

From Eq. (5) taking the first derivative of temperature with respect to a 
one obtains 

dT RT z d l n f ( a )  
~ - =  E da (14) 

Equation (14) for f (a)  given by (6) takes the form: 

dT R7 ~ a ( m + n ) - m  
da E a ( 1 - a )  

The condition for the minimum of the curveT vs. a .  d(~-Z/ =0 
ra in  

(15) 

leads to: 

O~min m 
m 

1 - -  amln n 
(16) 
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t[~ 
450 t 4Z,0~ 6 

430 r 
L20~ 
LIO~ 
400~ 
390~ 
3801" , i 

0 0~25 0,50 0.75 OZ., 

Fig. l b  T h e  influence of  the Idnetie pa ramete rs  m and n on  the posit ion and shape of  the 
isokinetic curves 
b)  m l  = n l  = 1, m2 = 1, n2 = 1/3~m3 = 1/3, n3 = 1, m4 = 1, n4 = 0, E1--4 = 
20 kcal ' rnole-l ,  Al-4  = 6.23-106 s - ,  C1--4 = 1/6"10 -4 s '1 

Taking into account all these results one can outline the way to evaluate 
the kinetic parameters in isokinetie conditions. A family of isokinetic curves 
corresponding to the constant reaction rates (C1, Cz...) for various heating 
rates should be recorded. 

Then the temperatures (7"1, T2 ...) corresponding to the same value of de- 
1 gree of conversion (as for example a = i ) should be considered. For the 

chosen isoconversion condition the term ln f  (a) in Eq. (5) is constant thus 
the plot of In C vs. the reciprocal values of the temperature should be a 

straight line. From the slope of this straight line - ~ the activation energy 

can be calculated according to the relationship: 

= R AInC 
E - " A ~  (17) 

For other isoconversion conditions (a = 1/4, a = 3/4, etc.) the same value 
of the activation energy should be obtained. If the condition is not fulfilled, it 
means that the reaction mechanism changes with the degree of conversion. 
As it was previously shown, if the isokinetic curve exhibits a minimum, it 
means that m # 0 and n # 0. To obtain the values of these parameters one has 
to consider the characteristic points of the isokinetie curve (Fig. 2) where 
ac  = 1/4, aD = aml. and cq = 3/4. According to (5) for al = 1/4 and a2 = 3/4, it 
turns out that 
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(--~) 1/4 ( 3/'n - - / l  )T21/4 

~ /  = (m - 3n ) ~ / ,  (18) 

The evaluation of the parameters rn and n can be considerably simplified 
if Eqs (16) and (18) are transcribed in terms of moduli  of some segments of  
straight line which could be measured in arbitrary units (such as cm) on the 
curve recorded by the experimental device. Figure 2 shows that 

m 71( 
n - / ~ E  

(19) 

(3 m - n  ) ~ 4  _ 371 
(3 n - m ) ~  - 7 ~  (20) 

For every pair of points B and G which fulfil the condition TB = T~ taking 
into account Eq. (5) and relationship (6), one finds that 

m 
In 1 -- aB 

1 --  ao 

In a...po 
aB 

(21) 

or according to Fig. 2: 

G ~ _ L _ _ .  
r -N 

0 I[4 O(mi n 3/4 c~ 

FIFe 2 The relationships between the shape of the kinetic curve and the parameters of 
conversion functions (6) (see relationships (19)-(23)) 

Thermal AnaL, 38, 1992 



SEGAL: NON-ISOTHERMAL KINETICS CURRENT PROBLEMS 43 

(22) 

The last relationship is useful for checking the constancy of the ratio m for 
n 

the entire extent of the isokinetic curve. For symmetrical curves ~ = ~ ,  
_ 1  m =n and amln --~. 

The curves T vs .  a which do not exhibit a minimum (a~in ~ 0) and are char- 
k 

acterized by a positive slope [ ~  > 0), are described by a conversion rune- 
/ 

tion of the form: 

f ( a )  - ( 1 - a )" (23) 

For this ease (m = 0) Eq. (15) becomes: 

dT RT ~ n 
= E 1 - a (24) 

The parameter n can be estimated from Eq. (24) using the measured slope 
of the isokinetic curve for a given value of the degree of conversion. As an ex- 
ample for a = 1/2, Eq. (24) leads to: 

t~ ~ ~------~2" 1/2 
(25) 

The lack of a minimum on the curve T vs .  a (amin = 1) together with a 

decomposition is described by: 

f ( a ) = a "  (26) 

In this case the particular form of Eq. (15) is 

dT RT ~ 
- -  m ( 2 7 )  

d a  E a  

For a = 1/2, the parameter m can be calculated with the help of the for- 
mula: 

Z Thermal AnaL, 38,1992 
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m = - ~---~z" 1/2 
(28) 

Once E, m and n are known, the preexponential factor can be calculated 
using Eq. (5). 

As it was previously shown, the O-derivatograph meets the requirements 
of an isokinetic curve to a certain extent [1-9]. The experimental isokinetic 
curve for the dehydration of calcium oxalate is given in Fig. 3. 

t ~~ 

200 7 ~_ 
E 

6,4 

180 5.87~ 

5 

160 1 

14C ' I , t 
0.1 0.3 0.5 0.7 0.9 c~ 

Fig. 3 The experimental isokinetic curve for the dehydration of CAC204 �9 H 2 0 .  2. The curve C 
(a), 3. The plot of C vs. degree of conversion 

The curve has been recorded using the following operational conditions : 

sample weight m =0.1059 g, applied reaction rate dm/d t  = 0.2 rag.rain -1, 
dT 

heating rate until the isokinetie region - ~ - =  3 deg'mln -1, initial voltage 

Uo =75 V, quasiflat platinum crucible of weight mc =0.740 g, temperature 
scale 250 ~ . 

To check the extent of the fulfilment of the isokinetic condition, the curve 
C(a)  (curve 2) has been given in the same Fig. The mean value E~a of the 

dehydration rate with respect to a (curve 3) is given, too. The dehydration 
rate was determined from the a vs. T curve which was recorded through 
points, two successive points being separated by time interval At = 0.1 rain. In 
order to calculate the mean value of the dehydration rate we used the for- 
mula: 

a2 

(7 = 1 �9 f C ( a ) da (29) 
~ 2  - -  ~ 1  a l  

Z Thermal Anal, 38,1992 
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in which the in tegra t ion  was pe r fo rmed  graphically for 0.04 _< a --- 0.98. It  

should be  no t iced  that  the ra te  is constant  only for 0.4 _< a < 0.9. Actually, 

the exper imenta l  curve consists of  three  regions, namely 

I. 0.04 _< a _< 0.4; region of l inear heating; 

dT  _ 3 deg'rnin -1, 0 < da  < 6.4.10_ 2 rain_ 1 
dt - d r -  

II. 0.4 _< a _< 0.9; isokinetic region with variable heating rate; 

0 < d T  < 3 K .  rain -1" da , -~- = 6.4" 10 -2 mln -1 

III. 0.9 -< a _< 1; region of l inear heating; 

dot 0 -< ~ -< 6.4" 10 -2 mln-1; -~-dT = 3 deg-min-1; 

The  three  above ment ioned  regions can be approximated  using one quasi- 
isokinetic theore t ica l  curve which corresponds  to a constant  decomposi t ion  
rate  for  the whole time interval. 

tL'c) 

200 

180, 

160 

1400 I 

0.1 03 0.5 0.7 C~ 0.9 

Fig. 4 The change of the shape and position of the experimental quasi-isokinetic curves with 
the decomposition rate for dehydration of Ca(C204)2 �9 H20 1. ~' = 5.9" 10-2min-1; 2. 
~7 = 8.6.10-2rain -1 

To est imate the kinetic parameters ,  it is necessary to record  at least two 
isokinet ie  curves. Such curves for  ealciumoxalate  dehydrat ion are given in 
Fig. 4. The  co r respond ing  values of half  the conversion t empera tu re  are, 
respectively;  t = 180 ~ and t = 186 ~ 
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The decomposition rate cannot be changed in large limits to get a family 
of isokinetic curves due to the inertia of the thermoregulator as well as to the 
mass and heat transfer phenomena which give rise to deformations of the ex- 
perimental curves. 

As the experimental curves a v s .  T do not exhibit a minimum and their 
slope is positive it follows that rn = 0 a n d f  (a) = ( l - a )  n. The processing of the 
experimental data from the middle region of the isokinetic curves using 
relationships (5), (17) and (25) leads to the following values of the kinetic 
parameters, which are compared with those obtained by using other methods. 

Isokinetie method 

n ffi 1.15 

E = 26 kcal 'mole -1 

A = 7.5.109s -1 

Hyperbolic heating method 13] 

n =  1 

E = 23.5 keal .mole -1 

A = 8"106 s -1 

D T A  method [10] 

n = l  

E = 21.8 keal .mole -1 

A = 6.23"106s -1 

The inspection of these results show that the isokinetic method leads to 
slightly higher values of the kinetic parameters. It is interesting to notice that 
for a sample with a rather high weight (m = 300 rag) in the usual crucible for 
derivatograph, the partial pressure of water being more close to the atmos- 
pheric pressure, the experimental value obtained for the activation energy is 
E = 97 kcal/mol. Due to the fact that the dehydration rate is constant and the 
conversion function at the half conversion point cannot vary in large limits it 
turns out that according to Eq. (4) the increase of the activation energy is 
going to be compensated mainly by the increase of the preexponential factor 
(A = 2.8.103s s -1) and to a smaller extent by the decrease of n (n = 0.2). When 
using a labyrinth type crucible a trend to zero in the slope of the T v s .  a curves 
has been noticed and their position is not influenced by the reaction rate 
value any more. From a kinetic standpoint according to relationship (24) in 
such conditions the value of a E and n are as followes E ~ oo and n ~ 0. 

The increase of the apparent activation energy values with the partial 
pressure of the volatile component reported long time ago for the isothermal 
decomposition of some carbonates is known as the Zawadski-Bretszneider 
effect [11, 12]. 

A sample of KMnO4 with rn = 0.2194 g was submitted to decomposition in 
the same operating conditions. The only difference was that a covered 
crucible (to avoid weight losses due to decrepancies of KMnO4 crystal) was 
used. The curve t ~ v s .  a is given in Fig. 5. 

The minimum point exhibited by the curve t ~ v s .  a indicates the auto- 
catalytic character of the reaction, its kinetic is described by Eq. (6) with 

J.. Thermal AnaL, 38, 1992 
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m ~ 0 and n ;e 0 in agreement with literature data for the isothermal decom- 
position [13-15]. 

The curve given in Fig. 5 is distorted due to the inertia of the ther- 
moregttlator as well as the mass and heat transfer phenomena so that the con- 

da 
dition ~ = C  is fulfilled only in a narrow range of conversion 

(0.42 _< a < 0.69). In such conditions the kinetic parameters cannot be deter- 
mined and we have to be satisfied only with a qualitative result. 

t(*c) 

290 

270 

250 
0 

r -  s 

0.25 0.50 0.75 (X 

Fig. 5 The quasiisokinetie experimental curve for the decomposition of KMnO4 

W 

I IEI '~ !C 

25 r i r m r f  900 "1"1,%) 

Fig. 6 The characteristic temperatures of the TG curves and the areas necessary to evaluate 
the correct temperature index ( W -  weight of the sample, T - temperature) 

As a conclusion concerning the isokinetic curves method one has to say 
that it is a promising method mainly for the possibilities to establish the form 
of the conversion function from its shape and to evaluate the activation ener- 
gy no matter the analytical form of the conversion function. 

]. Thermal Anal., 38, 1992 
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Another topic discussed in the lecture is that of kinetic thermal stability 
indexes [16]. Special emphasis is given on the temperature corresponding to 
the beginning of the reaction, Tj, to a corrected temperature, To, quite insen- 
sitive to the change of the heating rate and to the reciprocal value of the rate 
constant, k(Ti) (see Table 1). 

The final question discussed in the lecture is a theoretical one, dedicated 
to the isothermal kinetic equations which admit a classical nonisothermal 
change (CNC). Such equations have been called primary. Some nonisother- 
real kinetic equations obtained through CNC of primary equations are also 
analysed. The details concerning such problems are given in the references 
[17-21]. 
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Zusammenfassung A Es werden einige, in den vergangenen Jahren entwickelte experimen- 
telle und theoretische Beitr~ige zur niehtisothermen Kinetik dargestellt. Besonders betont 
werden heterogene Kinetik mittels Q-Derivatografie, kinetischer Index der thermischen 
Stabilitfit sowie klassisehe nichtisotherme Umwandlungen (CNC). 
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