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ABSTRACT 

The mechanisms of the first two stages of the thermal decomposition of calcium oxalate 
monohydrate have been established from isothermal mass-loss studies. For both stages, the 
rate-controlling process is phase boundary reaction with cylindrical symmetry. The isothermal 
kinetic parameters computed from the mechanism-based equation show the same trend as 
those from the mechanism-non-invoking approach. For the decomposition of calcium oxalate 
to calcium carbonate and carbon monoxide, the kinetic constants are not appreciably affected 
by sample mass, while for the dehydration of calcium oxalate monohydrate, they show a 
systematic decrease with increase in sample mass. The bestfit correlations have been repre- 
sented as: 

E (or log A) = C, - C,m + C,m2 

INTRODUCTION 

In an earlier publication [l], the kinetic parameters (E and A) for the 
dehydration of calcium oxalate monohydrate and for the decomposition of 
the resultant calcium oxalate to calcium carbonate and carbon monoxide 
were evaluated from isothermal mass-loss measurements using the general 
mechanism-non-invoking integral equation. The isothermal experiments were 
carried out with seven sample masses. It was observed that the kinetic 
parameters were not appreciably affected for the decomposition of calcium 
oxalate; whereas for the dehydration reaction, they showed a systematic 
decrease with increasing sample mass and the values of E and log A were 
mathematically correlated to sample mass. 

In another publication [2] it was pointed out that the mechanism of a 
thermal decomposition reaction cannot be evaluated by curve-fitting the TG 
data alone, since almost all the mechanism-based equations, which were tried 
out, gave linear plots for the first two stages of thermal decomposition of 
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calcium oxalate monohydrate. From a theoretical analysis using the 
Avrami-Erofeev equation, Criado and Morales [3] came to the same conclu- 
sion and pointed out that at least one isothermal experiment is required to 
assign the proper reaction mechanism. This was later proven experimentally 
by Dharwadkar et al. [4] from a study of the thermal decomposition of 
cadmium carbonate. It was therefore also considered worthwhile to analyse 
the isothermal mass-loss data [l] using mechanism-based equations. The 
results obtained are presented in this communication which forms the last 
part of one aspect of these studies using the model compound, calcium 
oxalate monohydrate. The concluding remarks given in this paper also cover 
certain aspects of earlier publications [1,2,5,6]. 

EXPERIMENTAL DATA 

Details regarding the sample, instruments and experimental procedure are 
given in an earlier publication [l]. Seven sample masses (1.1, 2.5, 5.0, 
7.5, 10, 15 and 20 f 0.1 mg) were employed in the study and a total of 67 
mass-loss curves were recorded for the first two stages of isothermal decom- 
position of calcium oxalate monohydrate (33 for the dehydration step and 34 
for the decomposition of the resultant calcium oxalate to calcium carbonate 
and carbon monoxide in a nitrogen atmosphere). The a-t values obtained 
from those curves are used for the present calculations. 

MATHEMATICAL TREATMENT OF DATA 

The basic kinetic equation for isothermal experiments is given by: 

dcr 

fo=kdr 

the integrated form of which can be represented as: 

g(a) = kt 

Mechanism-based kinetic studies are based on the assumption that the form 
of f(a) or g(a) depends on the reaction mechanism. The g(a) forms 
corresponding to nine probable reaction mechanisms have been proposed [7] 
and the mechanism is obtained from that which gives the best representation 
of the experimental data. The forms of g( cu) corresponding to the rate-con- 
trolling processes for the nine reaction mechanisms (numbered 1 to 9) are 
given in Table 1. 

Using the 69 sets of a-t values corresponding to the first two stages of 
thermal decomposition of calcium oxalate monohydrate, linear plots of the 
nine forms of g(a) versus t were made by the method of least squares, and 
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TABLE 1 

Mechanism-based equations 

Eqn. 
No. 

Form of g(a) Rate-controlling process 

1 
2 
3 

aL 

a + (1 - a) ln(1 - a) 

[1-(1-a)“3]2 

(l- :a)-(l- a) 213 

- ln(l - a) 
[ - In(l - CY)]‘/~ 
[ - ln(l - a)]‘j3 
1 - (1 - a)“2 
1 - (1 - a)"3 

One-dimensional diffusion 
Two-dimensional diffusion 
Three-dimensional diffusion, spherical symmetry, 
Jander equation 
Three-dimensional diffusion, spherical symmetry, 
Ginstling-Brounshtein equation 
Random nucleation, one nucleus on each particle 
Random nucleation, Avrami eqn. I 
Random nucleation, Avrami eqn. II 
Phase boundary reaction, cylindrical symmetry 
Phase boundary reaction, spherical symmetry 

the corresponding correlation coefficients were also calculated. The rate 
constant, k, was calculated from the slope in each case. From the Arrhenius 
equation: 

In k = In A - $T 

the plot of In k versus l/T gives a straight line with a slope of -E/R and 
intercept of In A. 

RESULTS AND DISCUSSION 

For the dehydration step (Stage I) there are a total of 33 x 9 = 297 linear 
plots of g(a) versus t. The values of rate constant, k, and correlation 
coefficient, T, for these plots are given in Tables 2-8 (corresponding to the 
seven sample masses). Similarly, for the decomposition of calcium oxalate to 
calcium carbonate and carbon monoxide (Stage II), there are 34 x 9 = 306 
linear plots of g( cz) versus t, and the computed values of k and Y for these 
plots are given in Tables 9-15. 

Choice of reaction mechanism 

Since the reaction mechanism has to be inferred from the best linear 
curves of g(a) versus t, the 297 curves obtained with the nine mechanism- 
based equations for Stage I and the 306 corresponding curves for Stage II 
have been classified on the basis of their correlation coefficients and are 
tabulated in Table 16. The curves have been classified into three categories 
having correlation coefficients above 0.999, between 0.999 and 0.990, and 
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TABLE 10 

Rate constants at different temperatures for decomposition of CaC,O, with mechanism-based 
equations (original sample mass = 2.5 mg) 

Eqn. 
No. 

694 K 706 K 

k (s-l) r k (s-l) r 

0.2325 x 1O-3 0.9945 0.3212~10-~ 0.9955 
o.1974x1o-3 0.9945 O.2696x1O-3 0.9933 
0.8833 x 1O-4 0.9677 0.1185 x 1O-3 0.9670 
0.5513x 1o-4 0.9890 0.7485 x 1O-4 0.9876 
0.6519~10-~ 0.9931 0.8855 x 1O-3 0.9927 
O.329Ox1O-3 0.9927 0.4548 x 10 - 3 0.9936 
0.2273 x 1O-3 0.9788 0.3162 x 1O-3 0.9804 
0.1775 x 1o-3 0.9955 0.2455 x 1O-3 0.9971 
0.1432~10-~ 0.9993 O.1968x1O-3 0.9998 

716 K 

k (s-l) r 

0.6434 x 10 - 3 0.9937 
0.5432 x 1O-3 0.9913 
0.2440x 1O-3 0.9624 
0.1517x 10-s 0.9852 
0.1823 x 1O-2 0.9905 
0.9325 x lo- 3 0.9956 
0.6494~10-~ 0.9833 
0.4980~10-~ 0.9975 
0.4006 x 10 - 3 0.9997 

Eqn. 
No. 

725 K 735 K 750 K 

k (s-l) 

0.1327x10-* 
0.1134x 1o-2 
0.5150 x 1o-3 
0.3181 x 1O-3 
0.3758 x lo-* 
0.1839x10-* 
0.1251 x10-* 
0.1003 x lo-* 
0.8136 x 1O-3 

r 

0.9937 
0.9864 
0.9515 
0.9780 
0.9820 
0.9998 
0.9963 
0.9991 
0.9980 

k (s-l) 

0.1721 x 1O-2 
0.1443 x 1o-2 
0.6349 x lo- 3 
0.4006 x 10 - 3 
o.4739x1o-2 
0.2419 x lo-’ 
0.1675 x lo-* 
0.1311 x10-2 
0.1052 x lo-’ 

r 

0.9941 
0.9881 
0.9558 
0.9804 
0.9879 
0.9975 
0.9878 
0.9986 
0.9995 

k (s-l) 

0.3552x10-’ 
0.3079x10-” 
0.1437x lo-” 
0.8709~10-~ 
0.1035 x10-’ 
0.4936x 10m2 
0.3325 x lo-* 
0.2685 x 1O-2 
0.2197~10-~ 

r 

0.9956 
0.9868 
0.9471 
0.9770 
0.9775 
0.9994 
0.9971 
0.9997 
0.9975 

below 0.990. Equations which gave correlation coefficients below 0.990 were 
discarded, and the one which gave a maximum number of curves with 
correlation coefficient above 0.999 was chosen. 

Stage I 

Referring to Table 16, eqns. (l)-(5) can be directly discarded. Of the 
remaining four equations, eqn. (8) has given the maximum number of good 
linear curves (Y of 10 curves has a value above 0.999 and of 22 curves is 
between 0.999 and 0.990) and, therefore, this equation represents the mecha- 
nism of the reaction. Thus, the dehydration of calcium oxalate monohydrate 
is a phase boundary reaction with cylindrical symmetry, following the 
equation: 

1 - (1 - (~)r’* = kt 

This is contrary to the deductions made from our TG studies [2], from 
which it was inferred that the reaction mechanism is a phase boundary 
reaction with spherical symmetry (eqn. 9). However, this inference was 
arbitrary, i.e., by comparison with a mechanism-non-invoking equation. 
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TABLE 11 

Rate constants at different temperatures for decomposition of CaC,O, with mechanism-based 
equations (original sample mass = 5 mg) 

Eqn. 
No. 

1 

2 
3 
4 
5 
6 
7 
8 
9 

Eqn. 
No. 

695 K 706K 713 K 

k (s-l) r k (s-l) r k (s-l) r 

0.1784 x 10-3 0.9937 0.3403 x 10-3 0.9908 0.4521 x 1O-3 0.9935 
0.1482~10-~ 0.9908 0.2671 x 1O-3 0.9782 0.3656x10-’ 0.9806 
0.6357 x 1O-4 0.9672 0.1048~10-~ 0.9469 0.1499 x 10-3 0.9473 
0.4084 x 1O-4 0.9854 0.7151 x 10-4 0.9695 0.9931 x10-* 0.9713 
0.4783 x lo- 3 0.9935 0.8492 x 1O-3 0.9877 0.1161 x lo--’ 0.9852 
0.2486~10-~ 0.9951 0.4856 x 10 - 3 0.9978 0.6255 x lo- 3 0.9990 
0.1730x10-3 0.9844 0.3490x10-3 0.9889 0.4393x10-3 0.9929 
0.1354x 10-3 0.9967 0.2627x10-’ 0.9995 0.3428~10-~ 0.9998 
0.1080~10-~ 0.9991 0.2039~10-~ 0.9983 0.2700~10-~ 0.9980 

725 K 736 K 750 K 

k (s-l) r k (s-l) r k (s-l) r 

0.8446 x 1O-3 0.9941 0.1924x10-* 0.9942 0.3044x10-* 0.9884 
0,6923x10-’ 0.9847 0.1581 x lo-* 0.9827 0.2430x10-* 0.9729 
0.2900x10-3 0.9544 o.6618x1o-3 0.9515 0.9780 x 10 - 3 0.9366 
0.1894 x 1O-3 0.9768 0.4325 x lo-’ 0.9740 0.6561 x 1O-3 0.9626 
0.2220 x 1o-2 0.9878 0.5027 x 1O-2 0.9849 0.7751 x 1o-2 0.9795 
0.1190x 1o-2 0.9977 0.2649 x 1O-2 0.9994 0.4323 x lo-* 0.9998 
0.8398x10- 0.9883 0.1847 x 1O-2 0.9949 0.3082~10-~ 0.9965 
0.6442 x 1O-3 0.9996 0.1452 x lo-* 0.9997 0.2341 x lo--’ 0.9984 
0.5099 x 1o-3 0.9990 0.1152 x 1O-2 0.9977 0.1830~10-~ 0.9951 

Thus, the present studies confirm the views of earlier workers [3,4] that the 
appropriate reaction mechanism can be inferred only from isothermal stud- 
ies. 

Stage II 

Referring to Table 16, eqns. (2)-(5) can be directly discarded. Equations 
(1) and (7) are also of secondary importance. Out of the remaining three 
equations, eqn. (8) has given the maximum number of good linear curves (Y 
of 20 curves has a value above 0.999, and of 14 curves is between 0.999 and 
O-990), and, therefore, this equation should represent the reaction mecha- 
nism. Thus, the decomposition of CaC,O, to CaCO, and CO is a phase 
boundary reaction with cylindrical symmetry, following the equation: 

1 - (1 - 01)1’2 = kt 

The same inference was made from our TG studies [2]. 

E and A values 

Stage II 
From Tables 2-8, seven sets of values of T and k were taken and, using a 
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TABLE 16 

Classification of mechanism based kinetic curves on the basis of the correlation coefficients 

Eqn. 
No. 

Stage I: No. of curves with correlation Stage II: No. of curves with correlation 
coefficients coefficients 

Above 0.999-0.990 Below Above 0.999-0.990 Below 
0.999 0.990 0.999 0.990 

_ 13 20 
_ _ 33 
_ _ 33 
_ _ 33 
_ 2 31 
2 30 1 
_ 29 4 

10 22 1 
3 19 11 

- 31 3 
_ 8 26 
_ - 34 
_ - 34 
_ 7 27 

14 20 _ 

1 22 11 
20 14 _ 
13 21 - 

TABLE 17 

Kinetic parameters for different sample masses for dehydration of CaC,O,.H,O with eqn. (8) 

Sample E A r 

mass (kJ mol-‘) (s-l) 

(mg) 
1.1 142.9 2.346 x 10” 0.9971 
2.5 136.5 1.878 x 1014 0.9901 
5.0 118.6 9.468 x 10” 0.9917 
7.5 112.4 9.404 x 1o’O 0.9976 

10.0 97.42 1.055 x lo9 0.9975 
15.0 90.94 9.072 x 10’ 0.9999 
20.0 81.42 8.158 x lo6 0.9814 

TABLE 18 

Kinetic parameters for different sample masses for decomposition of CaC,O, with eqn. (8) 

Original 
sample 
mass (mg) 

1.1 
2.5 
5.0 
7.5 

10.0 
15.0 
20.0 

mol-‘) 

222.0 
220.8 
229.9 
249.4 
239.1 
196.9 
251.8 

A r 

(s-l) 

3.193 x lOI 0.9938 
6.664 x 10” 0.9903 
2.561 x lOI 0.9962 
7.643 x lOI 0.9998 
1.183 x lOI 0.9793 
9.713 x 1o’O 0.9955 
8.635 x 1014 0.9995 
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computer, linear plots of In k versus l/T were made. E and A, calculated 
from the slope and intercept of these curves, respectively, along with the 
corresponding correlation coefficients, are given in Table 17. Comparing this 
with earlier results [l], it can be seen that E and A values calculated from 
the mechanism-based equation are very close to those obtained from the 
mechanism-non-invoking method. Here again, E and A are not greatly 
affected by sample mass, they fluctuate randomly in the range 197-2.52 kJ 
mol- ’ for E and in the range of 1 x 10” to 9 x lOI s- ’ for A. 

120 

7 

T 
E 110 

f; 

w 

100 

a0 

2 4 6 a IO 12 14 16 18 20 

SAMPLE MASS (mg f 

Fig. 1. Piots of E and log A versus sample mass. 
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Stage I 

The seven sets of values of rate constants, calculated with eqn. (8) and the 
corresponding values of T were taken from Tables 9-15. From linear plots 
of In k versus l/T, E and A were calculated. These values, along with the 
correlation coefficients, are given in Table 18. Comparing the data with an 
earlier publication [l], it can be observed that the kinetic parameters calcu- 
lated using the mechanism-based equation are very close to those from the 
mechanism-non-invoking equation. Here again, the kinetic constants show 
the same trend, i.e., they decrease systematically with increase in sample 
mass. 

As done earlier [l], a statistical analysis was carried out to establish the 
correlation of the kinetic parameters with sample mass. Figure 1 shows plots 
of E and log A versus sample mass. By trying out various curve-fits, using a 
computer, it was found that the best-fit curves of the kinetic parameters 
versus sample mass could be represented as: 

E = 150.0 - 6.488m + 0.1560~~ 

log A = 16.32 - 0.9247m + 0.02301~~ 

The reliability of the fits was evaluated by the F-test [8] and the Fisher 
constants were found to be 162.3 and 275.5, respectively, corresponding to a 
confidence level of above 99% in both cases. (The critical value of the Fisher 
constant for the system at 99% confidence level is 18.) Similar equations 
correlating the kinetic parameters with sample mass were also obtained in 
the case of the mechanism-non-invoking method [l]. 

SOME CONCLUDING REMARKS 

The more important conclusions that can be drawn from the present study 
and our earlier studies [1,2,5,6,] on the first two stages of the thermal 
decomposition of calcium oxalate monohydrate can be summarised as fol- 
lows: 

(1) The mechanism of a thermal decomposition reaction cannot be as- 
signed unequivocally from the mathematical curve fitting of the TG data 
alone, whereas from isothermal mass-loss data, one can find the reaction 
mechanism. In this regard, the isothermal method is superior to the non-iso- 
thermal method. 

(2) So far as the values of the kinetic parameters are concerned, there is 
no significant difference between isothermal and non-isothermal methods or 
between mechanism-based and mechanism-non-invoking approaches, in the 
sense that they show the same degree of fluctuation and the same trend, as 
the case may be. Thus, for the purpose of calculating the kinetic constants, 
the TG method (which has the advantage of simplicity) can be used, after 
ascertaining the effect of procedural factors on the kinetic parameters. 
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(3) The values of the kinetic parameters are not appreciably affected by 
heating rate or sample mass in the case of the decomposition of calcium 
oxalate. However, in the case of the dehydration of calcium oxalate monohy- 
drate, they decrease systematically with increasing heating rate or sample 
mass. 

Calcium oxalate decomposition is an irreversible reaction and is, there- 
fore, not appreciably affected by the concentration of the reaction products 
in the gas phase. Thus, procedural factors, within certain limits, exert a very 
minor influence on the reaction [9]. 

The dehydration of calcium oxalate monohydrate is an easily reversible 
reaction. Thus, any increase in partial pressure of H,O will increase the 
reaction temperature. The larger the sample, the longer is the diffusion path 
for H,O and, consequently, the partial pressure is more likely to build up. In 
dynamic TG experiments, the effect of time and temperature are superim- 
posed which may be manifested as a systematic increase in Tf (temperature 
of completion of reaction) with increasing heating rate. For higher heating 
rates, the thermal inertia of the sample and the diffusion rate of the gaseous 
products play opposing roles. The overall effect of all these factors results in 
an enlarged temperature interval of the reaction and a reduced slope of the 
TG curve. In terms of kinetic parameters, this means a decreasing activation 
energy [lo]. Since E and log A are linearly related by the kinetic compensa- 
tion effect [ll], there will also be an equivalent effect of heating rate and 
sample mass on log A. In such cases it is not sufficient to calculate E and A 
from a single TG curve. 

(4) The effect of the individual procedural factors on E or log A may be 
superimposed to get multiple correlations which would enable one to predict 
the kinetic parameters for any combination of the procedural factors. 
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LIST OF SYMBOLS 

A pre-exponental factor (s-l) 
(Y fraction decomposed 
C constant 
E energy of activation (kJ mol- ‘) 
k rate constant 
m sample mass (mg) 
R gas constant 
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Y correlation coefficient 
T temperature (K) 
t time (s) 
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