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The thermal decomposition of K2C204 in a current of dry nitrogen according to the reac- 
tion 

K2C204 "* K2CO3 + CO (1) 

is shown to be influenced profoundly by the sample particle size and the heating rate. For 
finely ground samples, a lower activation energy (Ea = 255.15+ 5 kJ mo1-1) is obtained as 
compared with the 312.6 -4-6 kJ mo1-1 observed for crystal chips weighing 30-40 rag. The 
characteristic temperatures (the reaction start, peak and end temperatures) are markedly 
reduced by fine grinding. High heating rates tend to separate the thermal decomposition 
process into two kinetic phases, shown by splitting of the DTG peak. The significance of 
these observations is discussed, and the results are theoretically accounted for. 

The thcrmogravimet r ic  decompos i t ion  of  K2C204 in a current  of  dry 
n i t rogen accord ing  to the reaction:  

K2C204 -~ K2CO3 + CO (1) 

was unde r t aken  in o rder  to explore the influence of the sample part icle size 

and heat ing rate.  These  variables were shown to exert p ro found  effects on 
the kinetics of (1). 

Experimental 

Crystal  aggregates  weighing 30-40 mg and fincly g round  powders  of  

reagent  grade  K 2 C 2 0 4 - H 2 0  were used. The powders  were obtained by 

John W'dey & Sons, Limited, Chichester 

Kiad6, Budapeat 
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grinding to paste potassium oxalate crystals and ethyl alcohol in a mortar 
and subsequently allowing the alcohol to evaporate. The thermal decom- 
position was carried out on the TG 50 thermal balance of a Mettler TA 3000 
thermal analysis system. An atmosphere of dry nitrogen flowing at 
100 ml/min was employed throughout. 

Results 

Behaviour o f  the powder 

The thermogravimetric curve of K 2 C 2 0 4 " H 2 0  at a heating rate of 
5 deg min -1 is shown in Fig. 1. The dehydration of K2C204-H20 starts at 
70 ~ and is complete at 126 ~ The onset temperature of reaction (1), at 
467.5 ~ agrees well with the predicted value Td = 473.6 ~ according to the 
Kahwa-Mulokozi relation: 

Td = 516 - 1.4006 IT (i) 

where IT = 30.27(IO mol-i)  ~ is the value of the ionization potential term [1- 

3]. 
The thermogravimetrie curves for fine powders of K2C204 at heating 

rates between 1 and 5 deg rain -1 are shown in Fig. 2. 
The kinetics of the reaction satisfy the mathematical model of a phase 

boundary reaction: 

da/dt  = k(1 - or) n (i.i) 

where k is the rate constant, a is the degree of conversion, and n is the reac- 
tion order. This allows derivation of the activation parameters according to 
the multiple linear equation: 

In (da/dt)  - In ko + E a ( 1 / - R T  + n In (1 - a)  (iii) 

by the multiple linear regression analysis proposed by Widmann [4], employ- 
ing the built-in software of the TA 3000 thermal analysis system. 

The results summarized in Table 1 give a range of activation energies 

from 246.41 to 259.67 kJ tool -1 with an average of 255.15 • 5 kJ tool -1. The 

J. Therma/AnaL, 37, 1991 
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reaction order varies from n = 0.3 at low heating rates to 0.6 at high heating 
rates. 

The value of  the activation energy was confirmed by an alternative 
evaluation of the data according to the isoconversional method of Ozawa 
[5], in which the reaction order and the preexponential factor are not as- 

U 

2 0 0  

_k 

Temperature,'C 
400 60O 

I 

Fig. I The TG of K2C204 "H20, heating rate: 5 deg.min -1 

A o{ 

1.00 - 
7"7-/-- 

1.5 ~~l~eg rn in4 
0.75 

O.50 

0.25 

0 J. ,,--._.._L__~ 
440 480 520 560 600 

Temperature,'(:: 

Fig. 2 The temperature displacement of the TG curves for (1) depending on the heating rate 
from I to 5 deg.min -1 

J.. Thermal AnaL, 37, 1991 
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sumed. The relevant Ozawa plots and a summary of the results are shown in 
Fig. 3 and Table 2, respectively. 

0.8 

0.6 

0 . 4 -  

0.2 

I 
1.18 

I 
1.20 

i 

1 .22  1.24 1.26 1.28 
1/T ,xlO-3K 

Fig. 3 The Ozawa plots for the thermal decomposition of finely powdered K2CzO4 at various 
heating rates from 1.5 to 6 deg. rain -1 

44o 

i 

Temper(at u re,'C 
480 520 560 600 

I i I ="  

Fig. 4 The DTG curves for (1) showing the complexity of the thermal decomposition process. 
At high heating rates the powders exhibit the resolution of the peaks to reveal two 
kinetic phases of the thermal decomposition process 

1. Thermal Anal., 37, 1991 
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The kinetic uniformity of the thermal decomposition process appears to 
be disturbed by high heating rates, as shown by the increasing variance of 
the kinetic parameters at degrees of conversion greater than a =0.6. The 
DTG curves (Fig. 4) demonstrate the effect best, showing a deceleration in- 
terval at about a -- 0.6, because of the subsequent acceleration, this cul- 
minates in splitting of the DTG peak. The activation energies from the 
Ozawa plots are given after the correction proposed by Flynn [6]. 

Behaviour of compact crystals 
/ 

The reaction temperatures for compact crystals each Weighing between 
26 and 36 mg are considerably higher, as shown in Fig. 5, where the TG and 
DTG curves obtained at a heating rate of 6 deg rain -1 can be compared for a 
finely ground sample and a compact crystal weighing 35.64 rag. 

The average activation energy obtained according to (iii) for heating 

44( 
0 - -  . . . . . . . .  ; t  . . . .  

0.25 

0,50 

0.75 

1.00 

Temperature,'C 
480 520 560 600 640 

; % ....... powder 
compact crystal " i" ; 

',, o 

el~ 
tt~ 

-0.010 ~" 

Fftg. 5 TG and DTG of powdered K2C204 . . . . .  and compact crystal (35.645 rag) - -  ; heating 
rate 6 deg.min -1 

rates of from fl = 5 deg rain -1 to 12 deg rain -1 was 312.6 El tool -1 (Table 3), 
in good agreement with the results of the evaluation method according to 
Ozawa (Table 4 and Fig. 6). The results showed good consistency up to a de- 
gree of conversion or<0.7, which is the upper limit before the kinetic 
parameters for fast heating rates show significant variance. 

1.. Thermal AnaL, 37, 1991 
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1.0 

0.9 

0.8 

I 
0"71.14 136 

v 

1.18 1.20 1.22 1.24 
l /T ,  x 10-3K 

Fig. 6 The Ozawa plots for compact crystals 

Discussion 

Our mechanistic interpretation of the thermal decomposition of the oxa- 
late is based on the expression [2, 3, 7] 

Ea = 127 + 1 . 4 8 5 3 . 1 0 - 6 ( I ~ "  - 9800) 2 

where the ionization potential term IT = ~(Y-d) V2 is defined by Pauling's 

covalent radius re, the ionic radius ri in hexacoordination and ~/, the sum of 
the ionization potentials of the metal atom. On the basis of (ii), theactiva- 
tion energy of (1) is theoretically predictable. 

The restriction of the diffusion of a gaseous product from the sample 
reaction zone is known to influence the thermal decomposition kinetics [8, 
9]. When the kinetics is increasingly determined by the rate at which CO dif- 
fuses from the reaction zone, the activation energy is no longer predictable 
according to (ii), and Ea obtained experimentally will be at variance with the 
value predicted according to (ii). The value of the ionization potential term 

is IT = 30.25 (kJ tool-l) ~/z for potassium, and hence an activation energy 

Ea = 244.25 kJ tool -1 is obtained according to (ii). This agrees reasonably 

J. Thermal AnaL, 37, 1991 
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with the experimental values for the powdered samples. We may therefore 
assume that (1) is diffusion-controlled only in the crystal chips. Indeed, the 
precision of the activation energy predicted according to (ii) can be in- 
creased if we realize that (ii) overestimates the interaction of potassium and 
oxalate ions. When the correct ion is made, an activation energy 

Ea = 256.09 El mo1-1 is obtained, in excellent agreement with the experi- 
ment. 

The cation-oxalate interaction 

We previously p roposed  a mechanism for oxalate thermal decomposition, 
in which breaking of the C-O bond is considered to be the rate-determining 
step [3, 7]. Since the multiplicity of the C-O bond decreases with increasing 
interact ion between the metal and oxalate ions, the activation energy will 

decrease with increasing interaction, to a minimum at 1~" = 9800. The activa- 

t ion energy minimum Ea = 127 El mo1-1 is the turning point, after which the 
activation energy starts to increase. The increase in the activation energy 
suggests an added  new factor for the rate-determining step, most probably 
the breaking of the M - O  bond, which, at the prevailing value of the ioniza- 
tion potential  term, is now appreciably covalent. 

For Nd2(C204)3, the activation energy is Ea = 127 kJ tool -1 (I~" ~ 9800) 
[3, 7], and hence (I) was proposed  as mechanism: 

CI) 

O / M \ O  

- MCO - CO . . . .  

For a free oxalate ion (11) 
0 .0 

d' 
(l l) 

(2) 

mechanism (2) can apply with an increased activation energy, since the 
restraining resonance energy is increased by 1~ ER to ER, i.e. all the C = O 
bonds of (II) must first be reduced to single bonds. We may assume (I) and 
(II) to be in vibrational motion,  and therefore the activation energies are 
lowered by the vibrational energy E~, of the symmetric C-O stretching fre- 
quencies. 

Z Ti, m, mal  AnaL, 37, 1991 
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A generakexpression for the activation energy in terms of the resonance 
energy is 

Ea = E R -  Ei - Ev (iii) 

where Ei is the interaction energy. For (I), Ea = 127 10 tool -1 (M = Nd) 
and the interaction energy Ei is 

Ei (I) = 1.4853. 10-6(0 - 9800) 2 (iv) 

giving Ei = 142.65 kJ mo1-1. The C-O and M-O stretching frequencies are 
observed in the infrared spectrum at 1320 and 494 cm -1, respectively, for 
neodymium oxalate [7], giving 

Ev = Iv(C-O)+2v(M-O)] = 15.79 + 11.84 = 27.63 kJ tool -1. 

The resonance energy is therefore 297.28 kJ mo1-1. It should be noted 
that ER is also accessible from the relation 

Ea(I) = 1/2ER - Ev ( M - O )  - Ev (C-O)  (v) 

Since neodymium oxalate is the reference (I~" = 9800 in expression (ii), 

the expression overestimates the interaction energy Ei for K2C204 by an 

amount equal to 11.84 kJ mo1-1, the contribution of the M-O vibration, 

which on correction raises the activation energy Ea = 244.25 kJ tool -1 "calcu- 

lated according to (ii) to 256.09 kJ tool -1 in excellent agreement with the ex- 
periment. 

Thus, in K2C204 the interaction is ionic and the contribution from 
v(M-O) vanishes. We may use the experimental activation energy 

Ea = 255.03 kJ tool -1 for (1) to derive the resonance energy, if we take into 
consideration the absence of the v(M-O) contribution. The interaction for 

K2C204 is Ei = 142.65- 1.4853r 10-6(I{~ - 9800) 2 for IT = 30.27, giving the 

uncorrected value of 25.4 kJmo1-1. The corrected value is therefore 

25.4 - 11.84 = 13.56 kJ tool -1. 

J. Thermal AnaL, 37, 1991 
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Putting this value in (iii) and the value of E ~ , = 2 E v ( C - O ) =  

= 31.33 kJ tool -1 from the stretching frequency of C-O at 1310 cm -1, we ob- 

tain ER = 299.9 kJ tool -1, in good agreement with the previously derived 
value. The value is also in excellent agreement with Pauling's estimate of the 

resonance energy V2ER = 150.6 kJ tool -1 for a single carboxylate ion [10]. 
These calculations confirm our mechanism for the thermal decomposi- 

tion of the oxalate, which, by means of (ii), links the activation energy to the 
interaction between the metal and oxalate ions [2, 3, 7]. 

The influence of  CO diffusion 

Diffusion should limit the reaction rate when the removal of a vapour 
phase reaction product from the reaction zone in the sample grains is a slow 
process as compared to the unrestrained reaction rate of the decomposition 
process at the given temperature.  On increase of the thickness to be 
penetrated by the generated vapour phase, a significant variation in the 
reaction kinetics should be a good indication of the appearance of a dif- 
fusion factor in the reaction kinetics. 

The large increase observed in the activation energy for (1) when the fine 
sample powder is replaced by a compact crystal is therefore attributable to 
the restricted diffusion of CO, which becomes important in the rate-limiting 
step. When high heating rates are employed, the observed deceleration 
phase at about a = 0.6 in the DTG curve is therefore explained by the ad- 
justment of the reaction rate to the diffusion rate of CO. Considering the 
packing geometry of the oxalate ions, the lattice dislocation may be a sig- 
nificant determinant of the nucleation process, by creating the escape routes 
of CO. The results of the present study show that the kinetic parameters of 
reaction (1) are consistent with the usual energy barrier model as en- 
countered in homogeneous systems, when the obscuring kinetic processes 
are contained. There is increasing evidence of the energy barrier model for 
reactions of condensed phases when a vapour phase is one of the reaction 
products, Depar ture  from this model can be accounted for by the kinetic 
factors which influence the diffusion rate of the vapour phase, such as 
sample weight [11]. 

The obtained activation energy (255 kJ tool -1) for (1) is in excellent 
agreement with the value previously obtained from isothermal studies, in- 
volving infrared spectroscopy of K2C204 decomposing in a KBr matrix [12]. 

ca ~ 

z Thermal Anal., 37, 1991 
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Z u s a m m e n f a s s u n g  - Die thermischer Zersetzung yon K2C204 (entsprechend tier Reaktion 
K2C204K2CO3 + CO) in einem Strom yon trockenem Stickstoff wird dutch Partikelgr6Be 
und Aufheizgeschwindigkeit wesentlich beeinfluBt. Fiir fein zermahlene Proben wird eine 
niedrigere Aktivierungsenergie (Ea = 255.15 5 kJ/mol) gefunden als ffir Kristallchips mit 
einer Masse yon 30-40 mg (Ea = 312.6 6 kJ/mol). Die charakteristischen Temperaturen (flit 
Reaktionsstart,  Peak und Endtemperatur)  werden dutch feines Zermahlen deutlich gesenkt. 
GroBe Aufheizgeschwindigkeiten neigen zu einer Separierung der  thermischen Zerset-  
zungsprozesse in zwei kinetische Phasen, was durch eine Aufspaltung des DTG-Peaks deut- 
lich wird. Die Bedeutung dieser Beobachtungen wird diskutiert und die Ergebnisse 
theoretisch erkliirt. 

J. Thermal AnaL, 37, 1991 


