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The thermal decomposition of oxalates. 
Part 26. A kinetic study of the thermal decomposition 
of manganese(I1) oxalate dihydrate 
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(Received 22 June 1992) 

Abstract 

The determination of the most probable mechanism function and calculation of the 
kinetic parameters of decomposition of manganese oxalate have been achieved by a new 
kinetic analysis procedure under nonisothermal conditions in both dry and wet N,. The 
isothermal kinetic analysis has also been performed in each atmosphere. Both the 
isothermal and nonisothermal analyses showed the most probable mechanism function is 
first order (Fl). The coincidence of results obtained by isothermal and nonisothermal 
analysis supports the idea that the proposed analysis procedure for nonisothermal 
conditions is a promising one. 

INTRODUCTION 

There is a considerable literature devoted to the investigation of the 
thermal decomposition of manganese(I1) oxalate dihydrate. Kinetic 
studies have been concerned with both dehydration [l, 21 and 
the subsequent decomposition of the anhydrous oxalate in various 
atmospheres [3-131 with TG, DSC and DTA. Detailed reaction mechan- 
isms for the latter reaction in inert and oxidizing atmospheres have been 
proposed [9]. Further, DSC has been used to determine the enthalpy of 
dehydration of MnGO, * 2H20 and the enthalpies of decomposition of the 
anhydrous oxalate in N, and in 0,. 

The thermal decompositon of manganese(I1) oxalate dihydrate can be 
considered as occurring in two steps in oxidizing atmosphere or in 
vacuum, but in three steps in nitrogen followed by admission of air at high 
temperature. In an oxidizing atmospheres such as air or oxygen, the first 
step is the endothermic dehydration of manganese(I1) oxalate dihydrate, 
which loses its two water molecules in the temperature range lOO-200°C 
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[9]; the second step is an exothermic decomposition to MnO, in the 
temperature range 230-330°C [5-71. In vacuum, the first step is the same 
as in oxygen, but the temperature range is 100-280°C; the second step is 
an endothermic decomposition to MnO in the temperature range 300- 
480°C. In nitrogen, the first and second steps are the same as in vacuum 
with the same temperature ranges, but at high temperature there is an 
exothermic oxidation of MnO to MnO, with the admission of air [6,7]. 
These stages may be represented by the sequence of reactions shown in 
Table 1. 

The surface area has also been measured for the products of different 
steps using the volumetric adsorption Brunauer-Emmet-Teller (BET) 
method [3,6]. The results were used to work out the mechanism and 
to find out the conditions of temperature treatment for the creation 
of the maximum surface area. The mechanism of decomposition of 
manganese(I1) oxalate dihydrate was proposed to be as follows: the 
reaction first undergoes nucleation, followed by growth of particles of 
product phase, so that it obeys a power law and this is followed by a 
contracting sphere equation [9]. One point to be noted is that the 
decomposition of air-dehydrated salt was initiated on all external surface, 
whereas the vacuum-dehydrated salt showed markedly less change in 
surface textures when a < 0.3 [7]. The activation energies are 70- 
100 kJ mol-’ for dehydration and 86-185 kJ mol-’ for decomposition. 

TABLE 1 

Possible reactions of manganese(I1) oxalate a 

Dehydration 

MnC204. 2H,O(s) + MnCXh(s) + 2HzO(g) (1) 

Decomposition 

MnC,O,(s)+ MnO(s) + CO(g) + CO&) 

MnC,O,(s) + 4Mn304(s) + %0(g) f %0,(g) 

MnC,O,(s) -+ aMn,O,(s) + %CO(g) f $CO,(g) 

(2) 

(3) 

(4) 

Oxidation 

MnO(s) + :0,(g) + &In,O,(s) 

MnO(s) + aO,(g) + $4n,O,(s) 

fMn,O&) + ho,(g) -+ tMn,O,(s) 

MnGO,(s) + SO,(g) -+ kMn,O,(s) f 2COdg) 

MnGO,(s) + O,(g) + MnO,(s) + XX%(g) 

(5) 

(6) 

(7) 

(8) 

(9) 

a Ref. 13. 
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TABLE 2 

Experimentally measured data for reactions of manganese(I1) oxalate dihydrate: en- 
tahalpies (from DSC data) and weight loss a 

Reaction AH (kJ mol-‘) b Loss (mass%) 

Dehydration 130*5 19.5 f 0.2 
Decomposition 250 f 25 58.5 f 0.5 
Oxidation -300 f 10 52.0 f 0.5 

a Ref. 13. b Per mole of dihydrate. 

Table 2 shows the enthalpies of the various stages in the dehydration 
and decomposition of manganese oxalate dihydrate. 

This present detailed study allows the determination of the kinetic 
process of decomposition of MnGO, - 2H,O for both identification of 
mechanism functions and calculation of kinetic parameters. 

EXPERIMENTAL 

Materials 

Manganese oxalate dihydrate was supplied commercially (Johnson 
Matthey Electronics). The salt is a fine white powder, chemically pure, 
and was used without further purification. 

Techniques 

Decomposition experiments were carried out in both dry nitrogen 
atmosphere and nitrogen atmosphere with water vapor, using the Du Pont 
1090 thermogravimetric analyzer, which has a temperature heating rate 
from 1 to 100°C min-’ and an isothermal control between 0 and 1200°C 
with an accuracy of O.l”C. All experiments were carried out with a sample 
size of 16.5 + 0.3 mg. 

Isothermal experiment were carried out at 385.5,399.0,410.5,418.0 and 
426.O”C in dry N2 and 370.0, 388.0, 402.5, 409.7 and 417.5”C in wet N, for 
the decomposition. Nonisothermal decompositions were carried out with 
heating rates of 4.88, 10.0, 17.3, 25.2 and 53.2”C min-‘. 

METHODOLOGY 

Integral and differential methods were used in analyzing the data to 
identify the reaction kinetic mechanism and calculate the kinetic para- 
meters for both isothermal and nonisothermal conditions. 
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For isothermal conditions, the rate expression can be written as 

G(a) = kt (integral form) (10) 

(daldt) = kf(cr) (differential form) (11) 

where (Y is the fraction decomposed. 
For a given isothermal run at T, the constant k(TJ can be calculated 

from the TG curve using either of these two equations. Normally 
experiments are performed at five or more isothermal temperatures. 
There is a certain k(ZJ and certain f(a) or G(a) for each z. If f(a) or 
G(a) are all the same for each z, then 

ln[k(TJ] = In A - E/RT (12) 

and eqn. (12) can be used to obtain the kinetic parameters E and A. 
For nonisothermal conditions, a differential rate expression [14] can be 

written 

ln[(da/dt)/f(a)] = In A - E/RT (differential form) (13) 

where 

E = slope X R (14) 

and 

A = exp(intercept) (15) 

Alternatively, an integral approach might be used to give the equation 

P51 

ln[G(a)/1.921503T] = ln(AE/BR) + 3.7720501 

- 1.921503 In E - EIRT (integral form) (16) 

where 

E=slopeXR 

and 

(17) 

A = exp(intercept - 3.772051+ 1.9215031 In E) X BRIE (18) 

where E = activation energy, B = heating rate, A = frequency factor, and 
daldt = the rate of conversion, (Y = fraction of conversion, G(a) and f(a) 
are the most probable mechanism functions. Table 3 shows the most 
common forms of G(a) and f(a). We want to identify the most probable 
mechanism functions among these forms with eqns. (lo), (ll), (13) and 
(16), each of which has the form of Y = aX + b. We can therefore obtain 
data from the single TG curve to test the functions G(cr) and f(a) listed 
in Table 3, the one which has the best linearity would be considered as the 
most probable mechanism function. 
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The correlation coefficient r, standard derivation S,, and standard 
derivation of slope S,, are used to test linearity. The nearer r approaches 
unity, and the smaller S,, and S, are, the better the linearity. 

It has been pointed out that the most probable mechanism may be 
altered at different heating rates [16]. Because the heating rate only affects 
the heat conduction of the sample, the same most probable mechanism 
should be obtained at different heating rates. It is logical to think that the 
kinetic parameter should be almost the same at different heating rates if 
the mechanism is correct. Based on such an assumption, we use a 
nonisothermal analysis procedure in this study to identify the most 
probable mechanism of the thermal decomposition of MnC,O, - 2H20. 
The procedure is as follows: first select the several mechanisms which have 
comparable values of r, S,, and S, at different heating rates; then the 
mechanism which has the smallest deviation of E and A can be considered 
as the most probable mechanism. To make sure, we have also tested the 
equality of the mean values of E and A at different heating rates obtained 
by two nonisothermal methods (differential and integral) using the 
statistical analysis. 

RESULTS AND DISCUSSIONS 

Figures 1 and 2 show the experimental TG curves obtained at the five 
temperatures mentioned above, in dry N, and wet N, respectively. Tables 
4 and 5 give the regression results for the isothermal decomposition of 
manganese oxalate dihydrate in both dry N, and wet N, respectively. 
From Tables 4 and 5, A1.5, Fl and D3 are the most probable mechanism 
functions for each single TG curve in dry N2; and Al.5 Fl and R3 for 

10000 . . . 
; 6SBSK 

9000- 
. 

i 61215K 
; - 

8000- ; L%s,IK 
__. 

; .w.bSK 
7000. ,i - 

:.' ssl.lBK 
6000. / 

z ,.. 

g 5000- 
;i' 

'k= 
4000- 

3000. 

2000. 

' 
0 0.1 0.2 0.3 0.4 0.5 016 017 0.8 0.9 1 

conversion 

Fig. 1. Experimental TG curves for the isothermal decomposition of MnC204. 2H20 in 
dry NZ. 
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Fig. 2. Experimental TG curves for the isothermal decomposition of MnC,O, * 2H,O in 
wet N,. 

each single TG curve in wet N,. However, the regression factor is the 
largest, and S,,, S, are smallest for Fl mechanisms both in dry N2 and wet 
N2 when we calculated E and A using eqn. (12), so Fl is chosen as the 
most probable mechanism function both in dry and wet N2. 

Figures 3 and 4 give the experimental TG and DTG curves of 
MnC,O, - 2H,O decomposed under rising temperature conditions in dry 

110 : : ! : : : : : : : : : : : : : : : : : : : 

40 

L:::::::::~::::::::::::1 
0 100 200 300 400 506 600 700 em 900 1000 1100 

Tampm-aturr (-0 

Fig. 3. Experimental TG curves for the nonisothermal decomposition of MnGO, * 2H20 
in dry N2. 
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TABLE 4 

The regression results for the isothermal decomposition of MnC20Z .2H,O in wet N, 

Most probable mechanism Isothermal temperature (K) 

643.15 661.15 675.65 

r s r s r s 

Al.5 0.999 0.044 0.999 0.055 0.987 0.137 
0.995 0.032 0.997 0.031 0.993 0.031 

Fl 0.998 0.186 0.994 0.053 0.997 0.102 
0.995 0.032 0.989 0.031 0.987 0.030 

R3 0.996 0.038 0.991 0.051 0.979 0.067 
0.995 0.032 0.995 0.031 0.994 0.030 

Nz; Figs. 5 and 6 give the experimental TG and DTG curves of the 
substances under rising temperature conditions in wet N2. 

Tables 6 and 7 are the regression results for nonisothermal conditions in 
both dry and wet Nz. From Tables 6 and 7, the most probable mechanism 
functions are Fl and D3 for both dry and wet N2. Figures 7 and 8 show 
the degree of linearity which exists between the experimental data and the 
Fl and D3 functions in dry N, when the heating rate is 25.2”C min-l, as do 
Figs. 9 and 10 for the same experiments in wet N2. From a single curve 
one cannot tell which one is better. From Tables 6 and 7, we find that the 
linearity of Fl is better than that of D3 using the integral method by 
comparing the three parameters r, S,,, &; but D3 is better than Fl using 
the differential method. The problem is to determine which is the most 
probable mechanism function. We found that the E and A values are 

TABLE 5 

The regression results for the isothermal decomposition of Mn&04 .2H,O in dry N, 

Most probable mechanism 

Al.5 

Fl 

D3 

Isothermal temperature (K) 

658.5 672.15 

r s r 

0.998 0.071 0.999 
0.998 0.015 0.998 
0.996 0.136 0.993 
0.994 0.028 0.993 
0.993 0.041 0.986 
0.974 0.029 0.974 

683.65 

S r S 

0.051 0.998 0.061 
0.035 0.994 0.029 
0.182 0.991 0.220 
0.036 0.992 0.029 
0.045 0.987 0.041 
0.036 0.938 0.024 
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Activation Frequency r 

energy (kJ) factor 
682.85 690.65 

r S r S 

0.990 0.141 0.977 0.203 107.5 2.04 x 104 0.917 

0.990 0.035 0.978 0.006 145.7 2.56 x 10’ 0.982 

0.998 0.114 0.993 0.203 130.2 1.78 x 10’ 0.993 

0.956 0.035 0.953 0.023 176.4 6.67 x 10” 0.995 

0.974 0.072 0.955 0.091 101.4 2.07 x lo4 0.922 

0.955 0.035 0.951 0.019 160.0 1.21 x 109 0.989 

much closer for Fl at different heating rates than are those for D3. 
Furthermore, if the mechanism is correct, the E and A values calculated 
from the differential and integral methods should also be the same. Table 
8 gives an estimate of the difference between the two mean values of E 
and A obtained by the differential and integral methods. From Table 8 it 
is found that there is a good probability of agreement for the two mean 
values of E and A being equal with the integral and differential methods 
for the Fl mechanism, but this is not the case for the D3 mechanism. 
Comparison of the E and A values obtained by the isothermal and 
nonisothermal methods, also tells us that the E and A values are much 
closer for Fl than for D3 (see Table 9). Logicially, it is concluded that Fl 
is the most probable mechanism for the decomposition of MnGO, - 2Hz0, 
in both dry and wet N,. 

691.15 699.15 

Activation 
energy (kJ) 

Frequency r 
factor 

r S r S 

0.973 0.127 0.987 0.042 149.1 2.01 x 108 0.970 

0.991 0.028 0.989 0.029 165.5 4.56 x lo9 0.970 
0.987 0.264 0.998 0.013 155.3 1.08 x lo9 0.979 
0.983 0.028 0.997 0.029 180.3 7.41 x 10’0 0.975 

0.981 0.059 0.990 0.052 153.8 1.21 x 108 0.975 
0.901 0.028 0.955 0.029 239.6 3.17 x lOI 0.949 
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Fig. 6. Experimental DTG curves for the nonisothermal decomposition of MnC,O, .2H,O 
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Fig. 7. Regression plot for the decomposition of MnC,O, .2H,O in dry N,; heating 
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TABLE 8 

Estimated difference between two mean values (confidence interval 95%) 

Mechanism Integral 

method 

Differential 

method 

Difference between two 

mean values 

Fl 

D3 

Wet N2 
Fl 

D3 

E, = 176.38 kJ 

S, = 14.69 

In A, = 23.65 

S, = 2.4633 

El = 328.04 kJ 

S, = 27.09 

In A, = 45.58 

S, = 4.12 

E, = 222.41 kJ 

s, = 9.344 

In A, = 31.03 

S, = 0.8995 

El =404.7kJ 

S, = 18.36 

In A, = 59.59 

S , = 3.797 

E2 = 156.84 kJ 

S* = 10.53 

In A, = 20.25 

sz = 1.643 

E, = 387.21 kJ 

sz = 23.1 

In A, = 55.61 

sz = 3.249 

E, = 207.20 kJ 

s2 = 10.79 

In A, = 29.21 

S* = 1.5 

E2 = 499.39 kJ 

.s2 = 27.075 

In A, = 76.32 

s2 = 4.216 

-0.2947 < E, - E, < 39.32 

-0.3464 < In A, - In A, < 6.4535 

22.45 < E, - E, < 95.89 

4.6189 < In A, - In A, < 15.44 

-0.5321< E, - E, < 29.01 

-0.0163< In A, - InA, <3.601 

60.95 <E, - E, < 128.42 

10.88 < In A2 - In Al < 22.58 

TABLE 9 

Comparison of E and A values obtained from different methods 

Isothermal methods 

E @J) A 

Nonisothermal methods 

E @J) A 

Fl (dry N2) 
155.3 
180.3 

Fl (wet NJ 
130.2 
176.4 

03 WY N2) 
153.8 
239.6 

Fl (dry N2) 
1.08 X 10’ 176.38 1.87 x 10” 
7.41 x 1o’O 156.84 5.14 x lo8 

Fl (wet NJ 
1.78 X 10’ 222.41 4.78 x lOI 
6.67 X 20” 207.20 4.87 x lOI 

03 (dry W 
1.21 x lo8 328.36 6.22 x lOI 
3.17 X lOI 387.21 1.05 x 1o24 

CONCLUSIONS 

(1) The most probable kinetic mechanism function is Fl in both wet 
and dry N, in the heating rate range 5.0-50.O”Cmin-‘. The activation 
energy E = 156.84-176.39 kJ and the frequency factor A = 5.14 X 10’ to 
1.87 X lOlo in dry NZ; E = 207.20-222.41 kJ and A = 4.87 X 10” to 
4.78 X 1013 in wet N,. 
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(2) Using both integral and differential methods at different heating 
rates to calculate the kinetic parameters and for determination of the 
kinetic mechanism function is much better than using only one heating 
rate. This approach can identify a mechanism which is not really the most 
probable mechanism but may appear to be so based on a single heating 
rate. 

(3) The study of the isothermal decomposition and the nonisothermal 
decomposition of manganese oxalate dihydrate shows the same most 
probable mechanism and closer value of E and A, which supports the use 
of the proposed method as a promising one. 
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APPENDIX 

(1) For testing linearity, the regression equation is used in the form 

Y=a+bX (Al) 

where 

b = [C xiY,- (C Xi)(C x)/n]/[C Xf _ (C xi)‘ln] 642) 
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and 

a=Y-bX 

and 

( w 

Y’C K/t-Z 

x = 2 Xi/II 

W) 

WI 

The statistical parameters used here are r, S,,, S,; their definitions have 
been mentioned previously. Their mathematical expressions are 

r= [C (xi-X>(K- Y)]/[C (Xi-X)2C (x- y)2]1’2 

S,, = (2 [x - (bXi + a)12/(n - 2))“’ 

(A61 

(47) 

(A8) 

where Xi and y are the ith experimental data and II is the number of 
experimental data. 

(2) The statistic estimation of the difference between the mean 
activated energy, mean frequency factor of different kinetic methods with 
the same mechanism. 

Confidence Interval for p1 - p2; a: = as but unknown: 
if X1 and X2 are the means of independent random samples of size ~1~ and 
yt2, respectively, from approximate normal populations with unknown but 
equal variances, a (1 - cr)lOO% confidence interval for p1 - pz is given by 

where S, is the pooled estimate of the population standard deviation and 
ta,2 is the t-value with u = n1 + y12 - 2 degrees of freedom, leaving an area 
of a/2 to the right. 


