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A b s t r a c t  

The kinetics of the thermal decomposition of Co304 has been examined in the 1123-!200 K 
temperature and 2.66-20.73 kPa oxygen pressure range. The kinetics of this process has been 
described in terms of a mixed-control model of reaction. The values of activation energies of dif- 
fusion and chemical reaction as well as the observed activation energy have been given. The 
strong dependence of the decomposition rate on temperature and oxygen pressure has been ex- 
plained. 
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Introduction 

In our previous paper [1] the kinetics of the thermal decomposition of Co304 
single crystals and polycrystalline powder at an oxygen pressure of 0.67 Pa has 
been presented. It has been stated that the decomposition kinetics can be de- 
scribed in terms of the mixed-control model of the reaction, in which the as- 
sumption is made that simultaneously diffusion and chemical reaction are the 
rate limiting steps of the process. The kinetic Eq. (1) has been derived based on 
the mixed-control reaction model: 

1 - ~-a - (1 - or) '/3 + s[1 - (1 - a)'~l = k,t (1) 

2 VmzSp D (2) 
where: kr-  R~o 
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2D (3) 
s - Rok 

tx - degree of decomposition, D - diffusion coefficient, k - reaction rate con- 
stant, vm - molar volume, Ro - radius of grain, Ap = p~-po, po - external pres- 
sure, pr - equilibrium pressure. 

The activation energy of diffusion, Ed, and activation energy of chemical re- 
action, Er, have been determined: 

for single crystals: 

Ed = 11.8 kJ/mol; Er = 164.0 kJ/mol 

for polycrystalline powder: 

Ed = 22.8 kJ/mol; Er = 153.0 kJ/mol 

It has als0 been concluded that the rate of the process is directly dependent 
on the value of the observed activation energy, E ~ ,  which is a function of tem- 
perature, external oxygen pressure and conversion degree. For the mixed-con- 
trol kinetic model, the observed activation energy can be given by the following 
equation: 

RT2D d l ~  + Ro kftf~RT 2 d lnD 
Eo~ = dT + RT 2 d lnAp 

k R o f ~  + D dT 
(4) 

where: j~ = ( I  - o0 m, jS= 1-3'i 
For the thermal decomposition of Co304 at an oxygen pressure close to zero, 

Eq. 4 takes the form: 

Eob~ :SEr  + 2f~Ed + AH (5) 
2f& + S 

In the preliminary studies a very strong effect of external oxygen pressure on 
the rate of the thermal decomposition of Co304 has been noticed. In the present 
paper an attempt will be made to use the mixed-control kinetic model for the 
description of the effect of oxygen pressure on the kinetics of the thermal de- 
composition of Co304. 
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E x p e r i m e n t a l  

Co304 polycrystalline powder (99.95%, Cerac Inc.) was used in the experi- 
ments. The apparatus used to measure the kinetics of the thermal decomposi- 
tion of Co304 ensures a constant oxygen pressure and temperature during the 
measurement. A calibrated mercury buret allowed for expanding the system by 
definite increments of volume, while oxygen was evolved during the decompo- 
sition. 

During preliminary measurements it has been noticed that at constant oxy- 
gen pressure, temperatures of the minimum and maximum reaction rate differ 
by about 7 degrees. Additionally a small change of the oxygen pressure caused 
the range of temperature to move, that forced us to make experiments in a non- 
typical way. A series of measurements was made in the oxygen pressure range 
2.66-20.73 kPa, and for each oxygen pressure the temperature was chosen so 
as to provide the appropriate rate of the process (i.e. convenient for recording). 

The procedure was as follows: an accurately weighed sample (30-200 mg, 
depending on the oxygen pressure value) in a platinum crucible, hanging on the 
iron pin, was placed in the open end of the vertical quartz tube. The open end 
of the tube was mechanically connected with the apparatus (beyond reach of the 
high temperature, to avoid decomposition of the sample) and the other end was 
placed in the furnace. Then the system was evacuated to the pressure of about 
1 Pa and simultaneously the temperature of the furnace was raised to the re- 
quired value. After the temperature was fixed, the oxygen was let into the appa- 
ratus up to the definite pressure. At this moment the platinum crucible with the 
sample was moved down into the high temperature area. 

The temperature was controlled to within _+0.2~ by the programmable ther- 
moregulator using a Pt-PtRh-10 thermocouple. The constancy of the oxygen 
pressure was within +1 Pa. 

The changes of the system volume were recorded as function of the time, 
taking the moment when the sample was placed in the furnace as t=0 .  

The degree of decomposition ~, was defined as the ratio of the oxygen vol- 
ume evolved till the moment t, to the total oxygen volume, evolved after com- 
plete decomposition of the sample under the given conditions. 

R e s u l t s  a n d  d i s cus s ion  

A series of measurements was made at oxygen pressures between 2.66 and 
20.73 kPa and in the temperature range 1123-1200 K. 

Figure 1 shows several representative ~t(t) curves obtained in the measure- 
ments. The kinetic curves of the thermal decomposition of Co304 belong to the 
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Fig. 1 ct(t) curves of the thermal decomposition of C0304 (points - experimental data, lines 
- calculated curves) 

group of maximum initial rate of the reaction and their shape does not depend 
on the experimental temperature, oxygen pressure and weight of sample. 

On the basis of experimental data the parameters s and kr of Eq. (1) for each 
measurement  were determined, using a minimization procedure with the fol- 
lowing condition: 

n 

[F(oq,s)-  k~til 2 --~ min 
i=l 

(6) 

where F(oci,s) - the function on the left hand side of Eq. (1), of, i, ti - -  conversion 
degree and time of i point, n - number of experimental points. 

The quality of fitting Eq. (1) to experimental data is illustrated in Fig. 1 
(lines correspond to calculated curves, obtained by use of the determined pa- 
rameters s and kr in Eq. (I)). Standard deviations of ct calculated from the dif- 
ference ((x~tc-Ot~xp) were lower than 0.01 for each measurement (otc,~ - v a l u e  of 
ot calculated from Eq. (1), OCcxp - experimental value of or). 

The above results allowed to state that Eq. (1) describes the kinetics of 
Co304 thermal decomposit ion with a very high accuracy in the experimental 
temperature and oxygen pressure range. 
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Kinetic analysis 

It is possible to calculate the values of activation energies of the particular 
processes, e.g. diffusion and chemical reaction, since the determined parame- 
ters s and kr of Eq. (1) depend on E~ and Ed. 

It is known that: 

D =Do exp ( -  ~ )  (7) 

k = ko exp (E'--~TEd) (8) 

where: Do, ko -constants 
If we take this into account, expressions (2) and (3) will take the form: 

= s ~ e x p / ~  ) (9) S 

O O where s ,  k~ are constants. 
Figures 2 and 3 show the plots of In s and ln(k~/@) vs. lIT ~ values were 

calculated from the thermodynamic data presented in [21). 

-2.00 ~ 

-250 

-3.00 

-3.50 
8.30 9.00 

t,o 

t-- 

. f  

I I I I i I 

B40 B.60 870 890 

(1/TlxlO3(deg -11 
Fig. 2 Plot of  In s vs. 1 /T  
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Plots 2 and 3 are rectilinear; parameters of the straight lines are presented in 
Table  1 Parameters of  Eqs (9) and (10) 

F i g u r e 2  E , - E d  17.95_+0.42 K 
R 

In s ~ -18.252_+0.359 

0.9915 

Figure 3 Ed 1.28_+0.03 K 
R 

In k ~ -8.443_+0.028 

r 0.9898 

Table 1, together with the regression coefficients r. 
The values of E~ and Ed were determined using data from Table 1" 

Er = 160 +3.8 kJ/mol Ed = 10.7 _+0.27 kJ/mol 

The above values are comparable with those given in [1]. 
The values obtained for Er and E~ do not explain the experimentally ob- 

served strong dependence of the rate of the process on temperature and oxygen 
pressure. In fact, when the process rate is controlled both by chemical reaction 
and diffusion, it depends on the parameter called observed activation energy, 
Eobs. 

Eob~ is given by expression (4). Taking Eqs (7), (8) and (9) into account and 
the following one: 
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/ Pr = p~ exp - 

where: pO_ constant, AH - enthalpy of the reaction, we obtained the following 
equation for Eob,: 

Eob~ - sE,  + 2 f ~ E a  + 2 A H  p" (12) 
2 f ~  + s p ,  - P o 

As it results from Eq. (12), Eob, is a function of three independent variables: 
temperature T, external oxygen pressure po and degree of decomposition ct. The 
dependence of Eob, on T and Po is particularly strong as illustrated in Figs 4-6 
(for the experimental range of T and po). 

For experimental temperatures and oxygen pressures the Eob, value ranged 
from 635 to 1600 kJ/mol. 

Kinetic analysis based on the concept of observed activation energy explains 
the sudden increase of the reaction rate with increasing temperature, at constant 
oxygen pressure. A small increase in temperature causes a great decrease in the 
Eo~ value, which directly influences the rate of the process. For example, rais- 
ing Tby 5 degrees results in an increase in the rate of the Co304 decomposition 
by a factor of 7 (calculated for po=9.3 kPa, a=0 .5 ) .  

Almost analogous is the dependence of the rate on the oxygen pressure. For 
po close to the equilibrium oxygen pressure at a given temperature, Eo~ reaches 
a very high value and the process is kinetically inhibited. This is the explana- 
tion for the hysteresis of the reaction conditions noticed before [2]. It was found 
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that the temperature of thermal decomposition of Co304 to CoO is about 30 ~ 
higher than the temperature of oxidation of CoO to Co304 at atmospheric pres- 
sure. 
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The kinetic analysis presented also explains the great discrepancy between 
the values of activation energy of the thermal decomposition of Co304 given in 
other publications. 
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Zusammenfassung - -  Im Temperaturbereich 1123-1200 K und im Sauerstoffdruekbereich von 
2.66-20.73 kPa wurde die Kinetik der thermischen Zersetzung von Co304 untersucht. Die 
Kinetik wurde mit Hilfe eines Misch-Reaktionsmodelles beschrieben. Es wurden die Werte f/Jr 
die Aktivierungsenergie ffir Diffusion und ehemische Reaktion als auch die gemessene 
Aktivierungsenergie angegeben. Die starke Abh~ingigkeit der Zersetzungsgeschwindigkeit von 
Temperatur und Sauerstoffdruck wurde erkl/irt. 
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