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ABSTRACT 

Both thermogravimetric analysis (TG) and constant rate thermal analysis (CRTA) 
under high vacuum were applied to the study of the mechanism of thermal decomposi- 
tion of alkaline-earth carbonates. Proper experimental conditions were used in order to 
avoid heat and mass transfer phenomena_ The kinetic analysis of TG and CRTA curves 
was carried out taking into account the kinetic laws of the mechanisms of solid state reac- 
tions most commonly used in the literature. Good agreement between the activation 
energy and the Arrhenius pre-exponential factor calculated from both techniques is only 
obtained when considering that the decomposition of alkaline-earth carbonates follows 
first-order kinetics. 

A compensation effect was found for the above reactions between the logarithm of the 
Arrhenius pre-exponential factor and the activation energy. This behaviour was inter- 
preted by a correlation between the stability of the salts and the mobility of the CO:- ion 
present in the activated complex. 

INTRODUCTION 

It has been shown in previous papers [1,2] that the kinetic analysis of a 
single TG trace does not allow the discrimination between Avrami-Erofeev, 
“n order” and diffusion controlled reactions although, on the other hand, it 
is theoretically possible [3] to distinguish them using the constant decom- 
position rate thermal analysis technique (CRTA) [4]. However, the latter 
procedure (use of one CRTA curve) has the limitation that solid state reac- 
tions following nl-order kinetics (n f 0) with an activation energy .E, neces- 
sarily fit any kinetic law of n order giving an activation energy E = (n/nl) El. 
This means that one “standard” CRTA curve does not supply enough infor- 
mation for calculating n when it is different from 0. There are two possible 
ways of providing the missing information: either to carry out a special 
CRTA experiment, with alternative control at two different rates of decom- 
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position (this single esperiment leading unambiguously to the energy of acti- 
vation without the need of assuming any order of reaction [4]), or to carry 
out an estra TG esperiment. It seems, from a former work [3], that the 
simultaneous kinetic analysis of thermogravimetric diagrams obtained under 
a linear heating program and a constant rate of thermal decomposition, 
respectively, provides an excellent procedure for discerning the proper mech- 
anism of solid state reactions. 

The scope of the present work, therefore, is to apply both TG and CRTA 
techniques to the study of the mechanism of thermal decomposition of 
alkaline-earth carbonates. 

ESPERIIIENTAL 

Calcium, strontium and barium carbonates from d’Hermio (A.R. grade) 
and magnesite from Navarra (Spain) were used. The composition of the 
magnesite was: MgO 45.35%; Si02 1.76%; Fe,03 1.12%; A.1203 0.32%; CaO 
0.98%; loss on ignition 50.50%. 

A Mettler thermoanalyzer with a platinum crucible of 16 mm diameter 
was employed. The apparatus has been modified in order to monitor the 
furnace temperature in such a way that the total decomposition rate remains 
constant over the decomposition range. This has been attained both by con- 
trolling the residual pressure in the close vicinity of the sample and by main- 
taining a constant value of the pumping rate which can be selected by means 
of a butterfly valve. 

It is worth pointing out that the thermoanalyzer was modified without 
losing its original performance from the suppliers. Therefore, it is also pos- 
sible to record TG diagrams at linear heating rate ranging from 0.5 K min-’ 
to 25 K mill-‘. 

The CRTA diagrams of alkaline-earth carbonates were recorded using a 
constant CO-, residual pressure of 4 X 10d5 torr and a constant specific 
decomposition rate of about 5 X lo-” mg of vapour lost per min and per mg 
of starting sample, i.e. of about 5 X lo--’ min-‘. The sample sizes ranged from 
20 to 32 mg. Under these esperimental conditions mass and heat transfer 
effects seem to be avoided, as shown elsewhere [ 51. 

In order to obtain the TG diagrams the samples were previously outgassed 
at room temperature down to the best vacuum available (2 X 10m6 torr). A 
heating rate of 0.5 K min-’ and sample sizes as small as l-3 mg were used in 
order to avoid heat and mass transfer problems. In this way, the pressure 
recorded throughout the esperiment did not exceed 2 X low6 torr. 

RESULTS AND DISCUSSION 

Figures l-4 show the TG and CRTA curves obtained for MgC03, CaC03, 
SrC03, and BaC03, respectively_ In order to perform the kinetic analysis of 
these diagrams, it is necessary to take into account that the general espres- 
sion of the reaction rate of the thermal decomposition of a solid is 
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Fig. 1. Thermoanalytical curves for MgCOJ. a, TG; b, CRTA. 

Fig. 2. Thermoanalytical curves for CaCOJ. a, TG: b, CRT-A. 

&LA e-‘ 

dt 
&‘HTf(Q) (1) 

where LY is the molar extent of reaction referred to 1 mole of starting material, 
f(cu) is a function depending on the reaction mechanism, and the other letters 
have their usual meaning. 

If we bear in mind that CRTA diagrams are obtained at a constant decom- 
position rate, C = dcr/dt, eqn. (1) becomes 

lot----- 
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Fig. 3. Thermoanalytical curves for SrCOa. a, TG; b, CRTA. 

Fig. 4. Thermoanalytical curves for BaCO3. a, TG; b, CRTA. 
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1 
lnA 

E -= --_ 
In f(a) C RT (2) 

Therefore, the kinetic parameters of the reaction can be obtained from the 
plot of the left-hand side of eqn. (2) against the reciprocal of the temperature. 

Analysis of the TG diagrams has been carried out by the method of Coats 
and Redfem 161. 

ln t3(4 --alnT=lng-& (3) 

where 0 is the heating rate, and g(a) is a function depending on the reaction 
mechanism and connected with the function f(ol) through the expression 

Et(a) = p f& dcr 
0 

(4) 

The plot of the left-hand side of eqn. (3), after selecting the proper func- 
tion g(cr), vs. the reciprocal of the temperature should be a straight line from 
whose slope and intercept the kinetic parameters would be obtained. 

The kinetic analysis of the CRTA and TG curves included in Figs. l-4 has 
been performed by means of eqns. (1) and (3), respectively, after 
introducing the f(a) and g(cr) functions of the mechanisms of solid state reac- 
tions more usuaI.Iy employed in the literature. As an example, the results 
obtained from the kinetic analysis of the thermal decomposition of C&O3 
are included in Table 1. We can see that good agreement between the kinetic 
parameters caIculated from TG and CRTA diagrams is only obtained if we 
assume that the reaction follows either first-order kinetics (F,) or an 
Avrami-Erofeev mechanism with m = 2 (A*). However, a very poor regres- 
sion coefficient is obtained from the kinetic analysis of the CRTA curve 
assuming that the reaction obeys the A2 mechanism. This means that the 
experimental data fit the F1 mechanism much better, as Fig. 5 clearly shows. 
Accordingly, we conclude that the thermal decomposition of CaC03 is here 
following first-order kinetics. 

Similar results were obtained from the kinetic analysis of all the alkaline- 
earth carbonates, as shown in Table 2 which collects the activation energies 
and Arrhenius preexponential factors calculated from both TG and CRTA 
curves assuming an F1 mechanism. 

The data of Tables 1 and 2 show that the analysis of both a TG and a 
CRTA curve supply an interesting procedure for determining, simply by 
means of kinetic methods, the actual mechanism of the thermal decomposi- 
tion of solids, as suggested in a previous paper [ 31. 

Figure 6 indicates that a compensation effect exists between the activa- 
tion energy and the Arrhenius pre-exponential factor of the thermal decom- 
position of alkaline-earth carbonates. This fact may be explained assuming 
that the reaction takes place through an activated complex of similar struc- 
ture. Thus, the higher the stability of the carbonate, the lower the mobility 
of CO:- ion involved in the activated complex, so increasing the activation 
entropy, AS*, and, therefore, ln A in agreement with the absolute reaction 
rate theory. This interpretation [7] may be supported by the fact that both 
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Fig. 5. Kinetic analysis of CRTA curve of Fig. 2. (0) Fr mechanism (slope proportional to 
E/R; (21) A2 mechanism (slope proportional to E/2R). 

Fig. 6. Compansation effect between the activation energy and the logarithm of the 
Arrhenius prc-esponantial factor of the alkaline-earth carbonates_ 

the activation energies of thermolysis and the standard enthalpies of forma- 
tion from CO2 and from the oxide roughly follow a similar trend. 

It is necessary to point that the thermal decomposition of alkaline-earth 
carbonates was also studied previously [8] under vacuum using the same 
samples as used here. The activation energies varied in the same way, 
although the values reported here are, in general, somewhat lower than those 

TABLE 2 

Kinetic analysis of TG and CRTA curves of alkaline-earth carbonates assuming a first- 
order law 

Sample TG (p = 0.5OC min-‘) CRTA (C = 5 x 10S3 min-‘) 

E A E A 
( kcJ mole-’ ) -1 (min ) (kcal mole-’ ) (min-l ) 

MgC03 23.2 5.3 x 10s 27.0 1.4 x 105 
CaCOa 35.0 8.0 x 106 34.0 5.0 x 106 
SrC03 42.3 1.3 x 10’ 45.1 4.8 x 10’ 
BaCO3 65.2 3.7 x 10’ ’ 65.9 1.0 x 10’ ’ 
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given in ref. 8. On the other hand, a “sphere-contracting” Hume-Colvin 
mechanism was reported [S] for the thermal decomposition of the salts. This 
disagreement may perhaps find an explanation in the fact that these previous 
experiments were carried out (i) with larger samples (20-40 mg), (ii) with 
higher heating rates (5-12 K mm-‘), and (iii) without the efficient pressure 
control of the environment which we were able to achieve in the present 
work. We have proved in other works [ 51 that even under a dynamic vacuum 
it is very important to monitor the actual pressure in the close vicinity of the 
sample in order to obtain reliable kinetic data. 
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