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Abstract

Thermal decomposition of thorium oxalate hexahydrate was investigated under nonisothermal and isothermal

conditions in moist argon by using simultaneous thermogravimetric±di�erential thermal analyser. Nonisothermal ex-

periments were carried out at various linear heating rates. Intermediates formed in each stage of the thermal decom-

position of thorium oxalate hexahydrate were deduced. Kinetics of decomposition in each stage were evaluated from

the dynamic TGA±DTA data by means of Coats and Redfern equation. The values of the activation energy �E� and the

pre-exponential factor �A� of each stage of the thermal decomposition at various linear heating rates were calculated.

These kinetic parameters were evaluated from isothermal experiments also and probable decomposition mechanism is

proposed. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Thoria is generally produced by a process involving

calcination of thorium oxalate. Although several studies

have been carried out on the decomposition of thorium

oxalate and its hydrates [1±5], there is disagreement re-

garding the nature of the intermediates formed during

the decomposition and in decomposition temperatures.

Kinetic parameters for all the decomposition stages have

also not been reported so far. In the present work, ex-

periments were carried out to deduce the decomposition

pattern of thorium oxalate hexahydrate under well-

controlled conditions by TGA±DTA techniques. Kinetic

parameters for di�erent decomposition stages are de-

rived from the results and conclusions drawn from them

are presented.

2. Literature data on decomposition of thorium oxalates

Thorium oxalate is known to form three hydrates,

namely mono-, di-, and hexahydrates. In addition to these

hydrates, possible existence of thorium oxalate penta-

hydrate was proposed earlier [1]. When precipitation from

an aqueous solution is adopted for preparation of thori-

um oxalate, it is obtained in hexahydrate form. In some of

the earlier works, drying of samples at some stage of

preparation could have resulted in formation of a mixture

of hydrates leading to the proposal of pentahydrate.

Decomposition of hydrates of thorium oxalates are

reported in [1±5]. DÕEye and Sellman [1], Padmanabhan

et al. [2] and Aybers [5] employed dihydrates as their

starting oxalate, while Wendlandt et al. [3] and Subra-

manian et al. [4] used hexahydrate. Salient aspects of

these studies are summarised in Table 1. It is seen from

the table that DÕEye and Sellman, Wendlandt et al. and

Subramanian et al. have not reported the formation of

thorium oxalate monohydrate during the decomposition

process, whereas the other two groups of workers have

deduced the formation of this compound as the inter-

mediate. DÕEye and Sellman reported formation of

carbonate as intermediate in the decomposition process

while Aybers proposed formation of carbonate and

oxycarbonate as intermediates. Further, the decompo-

sition temperature of dihydrate to form the mono-

hydrate reported in [2,5] are widely di�erent. Except in

the work of Aybers, the starting compounds and the

di�erent intermediate products were not characterised

by other instrumental techniques. All these information

emphasize the need for decomposition studies on

well-characterised thorium oxalate hydrate and charac-

terisation of intermediates in order to deduce a self-

consistent sequence for the decomposition reaction.
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3. Experimental

Thorium oxalate hexahydrate was precipitated by

adding 0.5 M oxalic acid solution to 0.5 M thorium

nitrate solution while stirring. The precipitate was di-

gested for 1 h, ®ltered, washed and dried for 24 h at

room temperature.

A Rheometric Scienti®c STA 1500 instrument was

used for simultaneous TGA±DTA studies on this sys-

tem. The sensitivity of the thermobalance in the range of

operation was 1 lg. The temperature calibration was

done by the method of ®xed melting points by using

ICTAC recommended standards like indium, tin and

gold. Approximately 15 mg of thorium oxalate hexa-

hydrate sample was taken for each experiment. Sintered

high-density alumina crucibles were used as sample and

reference holders, and a-alumina powder was used as

reference material. Moist argon was used as ambient to

ensure the starting compound as hexahydrate. Argon

¯owing through a leak tight container that held water at

room temperature was used for this purpose and ¯ow

rate was maintained at 50 ml/min. Experiments were

performed under non-isothermal conditions at pro-

grammed linear heating rates of 1, 2, 5 K/min. Experi-

ments were carried out in duplicate and the agreement

between them was excellent. TGA±DTA experiments

were also performed with higher sample mass (85 mg)

and at di�erent heating rates (5 and 10 K/min) to sim-

ulate conditions used by earlier workers and compare

the results. Experiments were also carried out in dry

argon and in air at a heating rate of 5 K/min to study the

e�ect of other ambients.

The starting compound and intermediate products

were analysed by X-ray analysis by employing Siemens

800 X-ray di�ractometer with Cu Ka radiation. With a

view to characterise the intermediate products of de-

composition, thermal runs of hexahydrate samples were

interrupted in the TGA±DTA system (heating rate

5 K/min, cooling rate 60 K/min) at eight temperatures

namely, 348, 473, 513, 583, 628, 643, 661, and 873 K

and the products were analysed by XRD. Adequate

care was taken to avoid moisture pick up before the

XRD analysis.

The carbon analysis of intermediate products were

carried out by oxidising the product into carbondioxide,

and then estimating CO2 quantitatively by using IR

detector.

4. Results and discussion

XRD pattern of the starting compound is

shown in Fig. 1 and con®rms its stoichiometry as

Th(C2O4)2�6H2O (JCPDS 22-1485). Fig. 2 shows the

simultaneous TGA and DTA curves of thorium oxalate

hexahydrate (solid and broken lines, respectively)

obtained at a heating rate of 5 K/min under moist argon

atmosphere. The decomposition pattern obtained under

other heating rates was similar except for the usual in-

crease in the observed decomposition temperatures with

increase in heating rate. The TGA and DTA curves

under air and dry argon ambients are similar in pattern

to that obtained in moist argon except special features at

around 800 K. DTG results of experiments carried out

under air and dry argon by using 15 mg of the sample is

shown in Fig. 3 along with the results obtained in moist

argon. The TGA±DTA pattern obtained with higher

sample mass (85 mg) is shown in Fig. 4.

The ®rst weight loss commencing at 350 K (Fig. 2)

corresponds to the loss of four moles of water, and

appears as an endothermic peak in the DTA curve.

There is good agreement between the expected and ob-

served weight loss for the loss of four moles of water as

shown in Table 2. XRD pattern of the intermediate after

heating up to 348 K and held at that temperature for 17 h

is shown in Fig. 5(a). The pattern shows the product

formed as thorium oxalate dihydrate (JCPDS 18-1365).

The decomposition temperature obtained from 1 K/min

heating rate was 343 K. This temperature obtained from

the present work with low mass and low heating rate can

Fig. 1. XRD pattern of Th(C2O4)2�6H2O (JCPDS 22-1485).

Fig. 2. TGA±DTA plots of decomposition of Th(C2O4)2�6H2O

at 5 K/min in moist argon atmosphere (sample mass � 14 mg).

132 K. Joseph et al. / Journal of Nuclear Materials 281 (2000) 129±139



be taken as the decomposition temperature of hexa-

hydrate of thorium oxalate to the dihydrate

Th�C2O4�2 � 6H2O !343 K
Th�C2O4�2 � 2H2O� 4H2O �1�

This decomposition temperature derived from the work

of Wendlandt et al. [3] is �373 K (see Table 1). As seen

from Table 1, Wendlandt et al. employed high-sample

mass and heating rates. Our TGA±DTA results with

similar conditions (85 mg, 10 K/min) showed the de-

composition temperature to be 374 K.

The observed second mass loss step in Fig. 2 corre-

sponds to loss of one mole of water yielding thorium

oxalate monohydrate. The mass loss is also in good

agreement with the expected value as represented in

Table 2. Endothermic peak corresponding to this step is

also seen in DTA curve. XRD pattern of the product

formed after heating up to 473 K shows the presence of

both dihydrate and monohydrate of thorium oxalate

(Fig. 5(b)). The product obtained after heating up to

513 K was found to be only monohydrate (Fig. 5(c)).

The dehydration temperature deduced from DTA re-

sults (heating rate � 1 K/min) is 453 K. Padmanabhan

et al. [2] reported this dehydration temperature as 393 K

which is lower by 60 K. Padmanabhan et al. reportedly

prepared the starting oxalate by precipitating it from

Table 2

Comparison of the expected and observed weight loss for the decomposition of Th�C2O4�2 � 6H2O at 5 K/min in ¯owing moist argon

atmosphere

Assumed reactions Cumulative weight loss (%)

Expected Observed

Th�C2O4�2 � 6H2O! Th�C2O4�2 � 2H2O� 4H2O 13.953 13.948

Th�C2O4�2 � 2H2O! Th�C2O4�2 �H2O�H2O 17.442 17.424

Th�C2O4�2 �H2O! Th�C2O4�2 20.930 23.104a

ThOCO3 ! ThO2 � CO2 48.837 47.233b

After carbon loss 48.837 48.539

a At temperature 615 K.
b Calculated from mass loss observed at 710 K.

Fig. 3. DTG curve of Th�C2O4�2�6H2O in di�erent atmo-

spheres: (a) argon; (b) moist argon; (c) air; sample size: 15 mg;

heating rate: 5 K/min.

Fig. 5. XRD pattern of intermediates obtained at di�erent

temperatures: (a) 348 K; (b) 473 K; (c) 513 K.

Fig. 4. TGA±DTA curve of Th�C2O4�2�6H2O in moist argon

atmosphere; sample mass: 85 mg; heating rate: 5 K/min.

K. Joseph et al. / Journal of Nuclear Materials 281 (2000) 129±139 133



aqueous thorium nitrate solution followed by drying

over concentration H2SO4. This preparation is likely to

result in formation of mixture of hydrates. Further, they

had not characterised the starting compound by other

instrumental techniques. Hence it is not appropriate to

correlate mass loss obtained from the thermogravimetric

analysis with exact stoichiometry of the intermediate

product and also deduce decomposition temperatures.

Wendlandt et al. [3] observed the dehydration of di-

hydrate to commence at 523 K. However, the authors

deduced from the subsequent mass loss data that the

anhydrous oxalate is formed directly from the dihydrate

and not through the formation of the monohydrate.

DÕEye and Sellman [1] also reported that the anhydrous

oxalate is formed directly from the dihydrate based

on their isothermal dehydration/decomposition studies.

The temperature chosen for the isothermal heating in

their work was 543 K, which is much higher than the

temperature for the conversion of dihydrate to mono-

hydrate. However, in both these works the intermediates

were not structurally characterised. Thermogravimetric

and X-ray analysis data of the present work clearly in-

dicate that only thorium oxalate monohydrate is formed

from the dihydrate and not the anhydrous salt. The re-

action at this stage is represented as

Th�C2O4�2 � 2H2O !453 K
Th�C2O4�2 �H2O�H2O �2�

Fig. 2 shows that a third mass loss occurs between 570

and 635 K. From Table 2, it is seen that the observed

weight loss in the third step is more than that expected

when anhydrous thorium oxalate alone is assumed to be

formed. XRD pattern of the intermediate obtained at

583 K is given in Fig. 6(a) and shows the presence of

thorium oxalate monohydrate (JCPDS 28-1367) and

anhydrous thorium oxalate (JCPDS 22-1478). In addi-

tion, broad peaks indicating the formation of an

amorphous phase are observed in the 2h range of 25±35°
and 40±50°. XRD pattern of the intermediate obtained

after heating the sample up to 628 K (Fig. 6(b)) shows

only a mixture of anhydrous oxalate and the amorphous

phase to be present. XRD pattern of the product ob-

tained after heating the sample up to 643 K showed the

presence of substantial quantities of the amorphous

phase (Fig. 6(c)). These evidences indicate that thorium

oxalate monohydrate decomposes to give two products,

namely anhydrous oxalate and an amorphous com-

pound within a narrow range of temperature. Conse-

quently the mass loss associated in this stage cannot be

correlated to ®x the stoichiometry of the intermediate

products. The amorphous phase could be a carbonate of

thorium, as is reported in literature [1,5]. In order to

prepare thorium carbonate independently, equimolar

quantities of sodium carbonate and thorium nitrate so-

lutions were mixed and treated. Thermogravimetric

analysis of this compound was carried out by heating the

sample up to 850°C whereupon the ®nal product ob-

tained was thorium oxide as con®rmed by XRD. From

the mass loss during this ignition to form the oxide, the

stoichiometry was obtained as that of thorium oxycar-

bonate, ThOCO3. Carbon analysis of the compound

showed the carbon content to be 4.1% (theoretical value

3.9%) and thus con®rming the stoichiometry as ThO-

CO3. XRD pattern of this compound, shown in Fig. 7,

indicates it to be amorphous in nature and this pattern

closely resembles the pattern of the amorphous phase

(Fig. 6(c)) obtained in TGA±DTA analysis. Formation

of this oxycarbonate in addition to anhydrous oxalate

leads to higher observed mass loss than expected by

assuming the formation of anhydrous oxalate (Table 2).

From the mass loss data, the amount of ThOCO3 pre-

sent at 615 K was found to be 11.2% and the remaining

amount to be Th(C2O4)2. The DTA curve in Fig. 2

shows the corresponding endotherm, which represents

the resultant heat e�ect of these simultaneous processes.

DTA curve obtained with 1 K/min indicates the process

Fig. 6. XRD pattern of the intermediates obtained at di�erent

temperatures: (a) 583 K; (b) 628 K; (c) 643 K. Fig. 7. XRD pattern of the prepared ThOCO3.

134 K. Joseph et al. / Journal of Nuclear Materials 281 (2000) 129±139



to initiate at 570 K and extend up to 600 K. The pro-

cesses that occur in this temperature range can be

represented as

�3�

Fig. 2 shows that a substantial mass loss occurs in the

temperature range of 635±675 K. While continuous

weight loss is observed in TGA curve, signi®cant heat

e�ect was not observed in the temperature range 635±

650 K in DTA curve. An exothermic peak is observed

beyond this temperature range. XRD pattern of inter-

mediate product obtained after heating the sample up to

661 K indicated the presence of thoria (Fig. 8(a)). XRD

pattern of the product formed after heating up to 873 K

shows the presence of well-crystalline thoria (Fig. 8(b)).

Based on this X-ray data, the exothermic process can be

attributed to decomposition of amorphous thorium

oxycarbonate to yield thoria. The onset temperature for

decomposition of ThOCO3 deduced from the (exother-

mic) DTA peak that when sample heated at 1 K/min is

625 K, which is to be considered as the upper limit only.

Although the endo and exo peaks are apparently well

resolved it is not appropriate to deduce onset tempera-

ture for decomposition of ThOCO3 from the exothermic

peak alone since endo and exothermic processes occur

simultaneously in the temperature range of relevance.

The fourth stage is represented as

ThOCO3 ! ThO2 � CO2 �4�

Since the reaction temperature for the formation of in-

termediates and ®nal product are very close, a clear

separation of steps is not observed in the TGA curve

between third and fourth mass loss steps. A comparison

of total weight loss from thorium oxalate hexahydrate to

thoria was evaluated at 710 K and is shown in Table 2.

This shows that the observed weight loss is less than that

of the expected value. Since free carbon is known to be

formed during low temperature ignition of thorium ox-

alate to thoria [1,6], products formed by heating the

sample up to 773 and 823 K were analysed for their

carbon contents and were found to be 2.502% and

60 ppm, respectively. The presence of free carbon in the

product results in the lower than expected mass loss in

the temperature range considered. The presence of free

carbon in the product is also shown by the small but

de®nite mass loss in TGA curve above 800 K. This is

distinctly seen in the TGA±DTA curve with high-mass

sample in moist argon ambient (Fig. 4). An additional

exothermic DTA peak observed in this high-mass ex-

periment corresponds to the ignition of free carbon to

carbondioxide. DTG curve of the thorium oxalate

hexahydrate under dry argon ambient was carried out

(Fig. 3) and this does not show the mass loss in this

temperature range hereby con®rming the conclusions

arrived at.

From all these discussions, the scheme of decompo-

sition of thorium oxalate hexahydrate to form thoria can

be summarised as follows:

Th�C2O4�2 � 6H2O !343 K
Th�C2O4�2 � 2H2O� 4H2O; �1�

Th�C2O4�2 � 2H2O !453 K
Th�C2O4�2 �H2O�H2O; �2�

�3�
ThOCO3 ! ThO2 � CO2: �4�

It is to be pointed out that Aybers proposed formation

of Th(CO3)2 and ThOCO3 as intermediate products in

the decomposition sequence and this was based on DTA

and surface area measurements. Aybers observed two

close and unresolved exothermic peaks in the tempera-

ture range of ca. 573±683 K and this was attributed to

formation of Th(CO3)2 from Th(C2O4)2 followed by

formation of ThOCO3. Increase in surface area (due to

evolution of gas and formation of pores) during for-

mation of intermediates followed by decrease in surface

area (due to sintering) after the intermediate was formed

was also taken as supporting evidence. In the present

work, DTA results with high-sample mass and with low

heating rate (1 K/min) did not show double exothermic

peak in the temperature region of relevance. Based

on the DTA and XRD studies, it is evident that the
Fig. 8. XRD data of the product obtained at: (a) 661 K and

(b) 873 K.
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intermediate product formed is ThOCO3. The increase

in surface area observed by Aybers may be due to the

loss of free carbon. The dispersed carbon on reaction

with moisture or O2 releases CO2. The evolution of CO2

increases the probability of pore formation during the

course of the reaction. Increase in porosity would

increase the surface area of the resultant powder.

Further increase in temperature would cause sintering,

thus reduce the surface area of the powder.

5. Dissociation mechanism and kinetic parameters

Kinetic analysis of the thermal data obtained for all

the stages of decomposition was done in order to arrive

at the mechanism of dissociation processes and to de-

duce the kinetic parameters. Kinetic parameters can be

obtained employing either a physical model dependent

method or a physical model independent method. The

former method is found to be better one compared to

that of the physical model independent method [7] be-

cause the latter method employs very generalised rate

expression and cannot predict the mechanism of the

process. In the present study, kinetic parameters were

evaluated employing physical model dependent method.

The rate of the reaction under nonisothermal condi-

tion can be expressed by the following relation [8]:

da
dT
� k�T �

b
f �a�; �5�

where a is the fraction reacted at temperature T, f(a) the

conversion function which is dependent on the mecha-

nism of the reaction, b the rate of heating employed in

the experiment and k(T) is the rate constant as a func-

tion of temperature. Eq. (5) can be represented by its

integral form as follows:

g�a� �
Z a

0

da
f �a� �

Z T

0

A
b

� �
exp

ÿE
RT

� �
dT ; �6�

where A is the pre-exponential factor, E the activation

energy and R is the gas constant. The algebraic expres-

sion of the integral g(a) functions that are tested in this

work are listed in Table 3. These expressions are applied

for the kinetic analysis of solid state reactions and en-

compass most common mechanisms.

Both TGA and DTA experimental data were used to

evaluate kinetic parameters and arrive at the mechanism

of the reaction of the ®rst two steps. For the third and

fourth steps, kinetic parameters were evaluated using

only DTA data. This is because of the di�culty in re-

solving these two steps in the TGA curve. From the mass

loss and DTA experiments, a, the fraction reacted was

evaluated as a function of temperature. A typical plot of

a versus temperature for stage 1 is shown in Fig. 9.

Similar plots were made for other stages also. The a range

of 0.10±0.92 were used for the kinetic analysis of the ®rst

and second stages and a range of 0.16±0.88 were utilised

for the third and fourth steps. The kinetics of the di�erent

stages of the thermal decomposition of thorium oxalate

hexahydrate was followed by employing the Coats and

Redfern approximation [9] which gives the expression

ln
g�a�
T 2

� �
� ln

AR
bE

1

��
ÿ 2RT

E

��
ÿ E

RT
: �7�

A plot of ln�g�a�=T 2� versus 1=T gives a straight line

when the correct g�a� function is used in the equation.

The g�a� function describes the mechanism of the reac-

tion. Straight lines with high-correlation coe�cient and

low standard deviation were selected to represent the

possible controlling mechanism. The corresponding ki-

netic parameters were then calculated and are shown in

Table 3

List of solid state rate equations used in the present study

Rate controlling mechanism g(a)

P1 power law a1=n

E1 exponential law lna
A2 Avrami±ErofeÕev equation 1 �ÿ ln�1ÿ a��1=2

A3 Avrami±ErofeÕev equation 2 �ÿ ln�1ÿ a��1=3

A4 Avrami±ErofeÕev equation 3 �ÿ ln�1ÿ a��1=4

B1 Prout±Tompkins ln �a=�1ÿ a��
R2 contracting area 1ÿ �1ÿ a�1=2

R3 contracting volume 1ÿ �1ÿ a�1=3

D1 one-dimensional di�usion a2

D2 two-dimensional di�usion �1ÿ a� ln�1ÿ a� � a
D3 three-dimensional di�usion, JanderÕs �1ÿ �1ÿ a�1=3�2
D4 three-dimensional di�usion, Ginstling Brounshtein �1ÿ 2a=3� ÿ �1ÿ a�2=3

F1 ®rst order ÿ ln�1ÿ a�
F2 second order 1=�1ÿ a�
F3 third order �1=�1ÿ a��2
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Table 4. The best ®t for the ®rst and second dehydration

steps of Th(C2O4)2�6H2O is obtained using D3, Janders

di�usion model. The third step also gives best ®t with

JanderÕs D3 di�usion model. The activation energy ob-

tained for the third step was found to be much higher

than the values obtained for the earlier dehydration

steps. This is attributed to the occurrence of simulta-

neous reactions mentioned earlier in the temperature

range of relevance. For the fourth step, best ®t was

obtained with A2, two-dimensional Avrami±ErofeÕev

model which corresponds to nucleation and growth

mechanism. Plots of ln�g�a�=T 2� versus 1=T for the ®rst

and fourth decomposition step are shown in Figs. 10±12.

Theoretically the activation energy of a process is ex-

pected not to change with change in heating rate. But

the activation energy is found to decrease with increase

in heating rate and this has been reported in literature,

for e.g. [10±12]. Similarly pre-exponential factor was

also found to change with heating rate. The real acti-

vation energy for each decomposition step would be the

one obtained under lowest heating rate. The kinetic

parameters obtained from TGA and DTA data are in

good agreement.

Fig. 9. Plot of fraction reacted g(a) versus temperature for the

stage 1.

Table 4

Kinetic parameters and possible rate controlling processes of decomposition of Th�C2O4�2 � 6H2O (nonisothermal conditions)

Mech b (K/min) E (kJ/mol) log A/min

DTA TGA DTA TGA

Stage 1 D3 1 391� 2 399� 2 55:1� 4:9 56:2� 1:9
2 270� 1 260� 1 37:2� 4:9 36:0� 4:9

5 210� 1 198� 1 27:8� 5:2 26:3� 5:2

Stage 2 D3 1 413� 3 412� 2 41:2� 5:0 43:8� 4:8

2 351� 1 367� 2 33:9� 5:0 38:9� 5:1
5 278� 3 284� 2 28:4� 5:5 29:4� 5:4

Stage 3 D3 1 872� 6 ± 75:4� 5:5 ±

2 816� 6 ± 71:6� 5:4 ±

5 711� 3 ± 60:8� 5:8 ±

Stage 4 A2 1 492� 2 ± 39:5� 4:8 ±

2 417� 1 ± 33:0� 5:0 ±

5 282� 1 ± 21:8� 5:3 ±

Fig. 10. Plot of �g�a�=T 2� versus 1=T for stage 1 using DTA

data; g�a� � �1ÿ �1ÿ a�1=3�2.

Fig. 11. Plot of �g�a�=T 2� versus 1=T for stage 4 using DTA

data; g�a� � �ÿ ln�1ÿ a��1=2
.
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In order to validate the reaction mechanism deduced

from non-isothermal experiments and the evaluated ki-

netic parameters, isothermal experiments were carried

out at di�erent temperatures in each decomposition step.

From the mass loss measured, the fraction reacted (a)

was evaluated as a function of time. A typical a versus

time plot is shown for stage 1 in Fig. 13. Similar plots

were made for other stages also. The integral form of the

isothermal kinetic equation is represented as

g�a� � kt; �8�

where k is the rate constant at the chosen temperature

and t is the time. As in non-isothermal experiments, best

®t for ®rst three stages is obtained only with D3 Janders

three-dimensional di�usion model. Di�usion mechanism

suggests that evolved species (like H2O, CO2, CO) are

accommodated within the channels of the lattice from

which it escapes [13]. The Avrami±ErofeÕev A2 nucle-

ation and growth model gives the best ®t for the for-

mation of thoria in the fourth stage as observed in

non-isothermal kinetics. The values of the rate constant

and the corresponding temperatures are listed in Table 5.

Using Arrhenius equation, the activation energy, E, and

pre-exponential factor, A, for each process was evalu-

ated and shown in Table 6. The Arrhenius plot for dif-

ferent stages are shown in Fig. 14. The activation

Fig. 13. Plot of fraction reacted g(a) versus time at di�erent

isothermal conditions for the stage1.

Table 5

Values of the rate constants as a function of temperature for

each decomposition stage

Mechanism T/K Rate constant

(k/min)

Stage 1 D3 343 3:230� 10ÿ4

348 2:440� 10ÿ3

353 1:319� 10ÿ2

358 1:030� 10ÿ1

Stage 2 D3 458 7:780� 10ÿ3

463 2:751� 10ÿ2

468 6:414� 10ÿ2

473 2:520� 10ÿ1

Stage 3 D3 543 1:205� 10ÿ6

553 6:611� 10ÿ5

568 4:430� 10ÿ3

573 2:858� 10ÿ2

578 9:405� 10ÿ2

Stage 4 A2 618 2:453� 10ÿ2

628 7:368� 10ÿ2

638 3:607� 10ÿ1

643 5:596� 10ÿ1

Table 6

Calculated activation energy (E) and pre-exponential factor (A)

under isothermal conditions

Mechanism Activation

energy E

(kJ/mol)

Pre-exponen-

tial factor

log A (min)

Stage 1 D3 387� 11 55:5� 1:6

Stage 2 D3 406� 25 44:2� 2:8
Stage 3 D3 828� 29 74:1� 2:6

Stage 4 A2 428� 28 34:5� 2:3

Fig. 14. Arrhenius plot of di�erent stages.

Fig. 12. Plot of �g�a�=T 2� versus 1=T for stage 1 using TGA

data g�a� � �1ÿ �1ÿ a�1=3�2.
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energies derived from both nonisothermal experiments

at the lowest heating rate, and isothermal conditions

were found to be in good agreement with each other and

this con®rms the validity of the reaction mechanism

deduced for each stage.

6. Conclusions

The thermal decomposition of thorium oxalate

hexahydrate occurs in four steps. The ®rst and second

dehydrations occur at 343 and 453 K. This dehydration

is governed by D3 Janders di�usion mechanism. In the

temperature range of 570±600 K, the third dehydration

and further decomposition to form thorium oxycar-

bonate occur. The above step also corresponds to D3

di�usion mechanism. The fourth step corresponds to

formation of thoria from amorphous thorium oxycar-

bonate. Kinetic parameters were deduced at each stage

under both nonisothermal and isothermal conditions.

The kinetic parameters obtained from isothermal ex-

periments are in good agreement with those of the

nonisothermal experiments carried out at the lowest

heating rate.
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