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A comparative study of the isothermal and non-isothermal decompositions of malonic acid 
has been carried out using the gasometric technique at atmospheric pressure. Under isothermal 
conditions, the results indicate two different mechanisms. At lower operating temperatures the 
decomposition process is governed by first-order kinetics, while at higher ~temperatures it is 
controlled by the random nucleation Erofeev equation. Analysis of the non-isothermal TG 
curves proved the advantageous use of this technique. It provides quick and valid information 
about the the r~nal decomposition kinetics of malonic acid, both in the pure state and when 
catalysed by solid 12-molybdophosphoric acid and its bismuth salts. Via the applicability of a 
non-isothermal kihetic equation, it was demonstrated that the factor causing the enhancemen! 
effect of these catalysts is mainly electronic in nature. 

The kinetics of thermal decomposition of solids has attracted the interest of 
investigators under both isothermal and non-isothermal conditions. It has been 
reported [1, 2] that the kinetic analysis of thermogravimetric data obtained under 
isothermal conditions is preferable, with the integral kinetic equation 

g(a) = Kt 

where ~ is the fraction of solid decomposed after time t, K is the constant rate, 
which is related with temperature by the Arrhenius equation 

K = Ae  -E/Rr 

and g(~) is a function depending on the decomposition mechanism. On the other 
hand, several examples have demonstrated [3, 4a] that non-isothermal kinetic 
measurements may give information about the kinetics of a decomposition process 
that is equivalent to the information resulting from isothermal studies, especially 
when the latter demand additional experimental data associated with the unwanted 
decomposition of the reactant during the heating period. In such a case, there are 
advantages to using the non-isothermal method, which supplies the fraction 
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decomposed and the corresponding sample temperature throughout the studied 
process, as a property sufficiently sensitive to represent the course of the 
decomposition [4b]. 

In the present paper, we attempt first a comparative kinetic analysis of 
thermogravimetric data onmalonic acid decomposition under isothermal and non- 
isothermal conditions. Next, we examine earlier conclusions relating to this thermal 
decomposition [5] with bifunctional heteropoly compounds as solid catalysts [6]. 

Experimental 

Reagent grade chemicals were used. The decomposition of malonic acid at 
atmospheric pressure was followed by using the gasometric technique [7]. A trap 
was inserted to allow measurement only of the CO2 gas evolved during the thermal 
decomposition. The heating rate was 7 deg/min. A Gallenkamp NiCr/NiA1 BS 
4937 temperature controller was used in the isothermal decomposition kinetics 
studies. The fraction decomposed (~t), or the ratio between the volume of evolved 
CO2 and the total volume evolved at complete decomposition, was represented as a 
function of  time or temperature for the iso- and non-isothermal conditions, 
respectively. The total volume of CO2 that could be liberated was checked 
theoretically from the known amount ofmalonic acid. and was finally corrected to 
room temperature to correspond to ~t = 1. 

Catalysts were prepared and used in the catalytic thermal decomposition of 
malonic acid as described previously [6, 8]. 

Results and discussion 

Figure 1 shows the ~t vs.  t curves for the isothermal decomposition of malonic 
acid. These curves, obtained in the temperature range 418-521 K, reveal that an 
initial period sets in when the sample has reached the furnace temperature. The 
isothermal data for the main process beginning after this initial period were 
analysed according to the various kinetic equations [9] given in Table 1. 

The results showed that the first-order kinetic equation (F1) gives the best fit to 
the data obtained at lower temperatures, while at higher operating temperatures the 
random nucleation Er0fee~' equatio n (A3) appears to be the most valid to yield good 
straight lines (Fig. 2). Application of the Arrhenius equation (Eq. (1)) provides 
different values for the kinetic parameters, depending on the operating 
temperatures: 

K = A exp ~-E~/Rr) (1) 
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where K = decomposit ion rate, A = pre-exponential factor, and Eo = activation 
energy. 

The obtained values (calculated by the least square method)  are 
Eo = 1 8 . 3 7 + 0 . 2 9  K c a l  m o 1 - 1  w i t h  In A = 1 9 . 0 5 + 0 . 6 8 ,  a n d  
Ea = 9.4 + 0.37 Kcal m o l - 1  with In A = 9.04-0.56, at lower and higher operating 
temperatures, respectively. 
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Fig. 1 ~ vs. t curves  for  the i so thermal  decompos i t ion  o f  malon ic  acid 

Table 1 Kinet ic  equa t ions  examined  in this  work  

Reac t ion  mode l  g(~) = Kt Func t ion  symbol  

One-d imens iona l  diffusion ct 2 D 1 

Two-d imens iona l  diffusion ~ + (1 - ~t) In (1 - a) D 2 

Jander  equa t ion ,  
th ree-d imens iona l  diffusion { 1 - ( 1  _~)tf3}2 D3 

G ins t l i ng -Brounsh t e in  equa t ion ,  

th ree-d imens iona l  diffusion ( i  ,2 \ 23 - ~ )  - ( 1 - ~ )  ~ D, 
\ / 

Two-d imens iona l  phase  
b o u n d a r y  react ion { 1 - (1 - ~t) ]/2} R 2 

Three -d imens iona l  phase  

b o u n d a r y  react ion {1 - (1 - ct) 1/3} R 3 
Firs t -order  kinetics - In (I - ~t) F1 

R a n d o m  nucleat ion:  
Avrami  equa t ion  { - In (1 - u)}1/2 A2 

R a n d o m  nucleat ion:  
Erofeev equa t ion  { - In (! - ct) }1/3 A 3 
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Fig. 2 Isothermal decomposition of malonic acid according to Ft and A3 mechanisms 
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Fig. 3 Arrhenius plot for the isothermal decomposition of malonic acid 

From the above findings, it appears that the isothermal data may lead to a wrong 
conclusion about the decomposition mechanism. This emerges from the ob- 
servation that malonic acid decomposes according to the following equation [10]: 

CHz(COOH)2 ~ CO 2 + CH3COOH (2) 

which cannot be plausibly described by the nucleation mechanism. Therefore, we 
believe that the non-isothermal measurement may be recommended to give more 
reliable kinetic information during the entire decomposition process. 
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A series of characteristic non-isothermal curves for malonic acid decomposition 
are shown in Fig. 4. They were recorded at constant heating rate, constant particle 
size and constant shape of the sample holder; the only difference relates to the 
sample weight. This difference can be well seen in the case of the TG values, as a shift 
to higher temperature with increasing sample weight. Such an observation can be 
interpreted if we accept the physical concept that two processes take place in the 
sample [11]: 

(i) heat transport towards the interior of the sample, 
(ii) outward transport of products from the sample. 
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Fig. 4 ~t vs. temperature curves for the non-isothermal decomposition of malonic acid in weights of 300, 
400, 200 and 100 mg ( a - d ,  respectively) 
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Fig. 5 Plots of log m o vs. I /T  at fixed values of ~t 
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The liberation and diffusion of  gaseous product (CO2) is more hindered in larger 
samples than in smaller ones. This conception was checked by plotting log m o (mo is 
the initial mass in mg) vs. 1/Tat  a fixed value of  0t as obtaineed from Fig. 5. Straight 
lines were obtained at each value of  ~t, in good agreement with 'the Pokol 
equation [12] 

log m o = ( C -  D/1 - B ) l / T  (3) 
(C and D are Constants) 
From Eq. (3) two cases were distinguished: B = 1 when the decomposition reaction 
goes on the same time, and B < 1 when there is a moving reacting zone in the sample. 
The slopes of  the straight lines in Fig. 5 show that B differs from 1, so the second 
case is the valid one. In this case, the rate depends mainly on the transport processes, 
and probably on the outward transport of  CO2 from the sample, as suggested 
earlier. 

In order to evaluate the kinetic parameters from the non-isothermal T G  curve, 
the following equation was used [12, 13]: 

A R  
In c t -  2 In T = In ~ - E , / R T  (4) 
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Fig. 6 (In ~ - 2  In T)vs. 1/T for calculation of the E a value from a single TO curve for pure malomc 
acid and for malonic acid mixed with 10% (wt/wt) catalyst. Catalysts used: HaP, Bi(H2P)3, 
Bi2(HP)3 and BiP (a-d, respectively) 
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(where B is the heating rate and the other terms have their usual meanings). The 
activation energy value (Eo) and the pre-exponential factor (A) were determined 
from the fact that the slope of the straight line plot of(In at- 2 In T) vs. the inverse of 
the absolute temperature is proportional to Eo, while the intercept is equal to 
In AR/E=fl. The values obtained were 35.03 4- 0.41 Kcal mol- ~ and 2.75 x 10 ~ for 
E= and A, respectively. 
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Fig. 7 TG curves characteristic o f  the catalyscd thermal decomposition of  malonic acid (symbols as m 
Fig. 6) 

The applicability of the above equation proved the advantageous use of a non- 
isothermal TG curve to obtain quick and valid information about the kinetics of 
thermal decomposition of malonic acid. This was used to reveal the effectiveness of 
some catalysts in our decomposition process. Two factors are known to influence 
the homogeneous decomposition of malonic acid [14]: the presence of reducible 
cations and the concentration of H § ions in the medium. Therefore, it was of 
interest to examine the decomposition heterogeneously in the presence of a solid 
catalyst with a bifunctional nature (acidic and oxidizing). 12-Molybdophosphoric 
acid (H3PMo12040) and its bismuth salts offer good examples of such catalysts. 

The TG curves characteristic of these catalysed thermal decompositions (Fig. 7) 
demonstrated a significant effect on the decomposition process, which appears as a 
shift in the TG curves to lower temperatures. This shift increased in the following 
sequence: BiP> Bi2(HP)3 > Bi(H2P)a > H3P (where P denotes PMo1204o ). This 
situation leads to the concept that the factor responsible for the enhancement effect 
in this case is mairily electronic in nature (this concept finds support from the 
observed higher activity of the neutral catalyst BiP). 
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In order to relate this enhancement effect to a parameter indicative of the 
electrical property change of the various catalysts, it must be mentioned that the 
molybdenum is the active element in these catalysts and the electronic property 
changes with the electronegativity of its environment. Therefore, an estimate of the 
fractional charge on molybdenum, 6MO, may suffice for our purpose [15]. The 
results showed that the enhancement effect, as detected from the shift in the TG 
curves to lower temperatures, runs parallel with the increase in 6Mo, i.e. an increase 
in the electron affinity of  molybdenum tends to enhance the decomposition process 
through the ease of electron-donation from the malonic acid molecule. 
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Fig. 8 Variation of Eo and In A for the catalysed thermal decomposition ofmalonic acid with the partial 
charge value on molybdenum in these catalysts (3Mo) (symbols as in Fig. 6) 

The above concept was supported by the application of the non-isothermal 
kinetic equation (Eq. (4)) to evaluate the values of Ea and A for the studied catalysed 
thermal decomposition process. The obtained values (as seen in Fig. 8) lie in the 
sequence BiP < Bi-2(HP)3 < Bi(H2P)a < HaP < pure malonic acid, i.e. the same 
sequence as for the decrease in 3Mo, This allows the inference that the activation 
energy decrease runs parallel to the accelerating effect of the different catalysts, 
which is proportional to 6Mo. 
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Zusammenfasseag - -  Mittels Gasometertechnik bei atmosph/irischem Druck wurde eine vergleiehende 
Betrachtung der isothermen und nichtisothermen Zersetzung yon Malons/iure durchgeffahrt. Die 
Ergebnisse zeigen unter isothermen Bedingungen zwei verschiedene Mechanismen. W/ihrend die 
Zersetzungsprozesse bei niedrigeren Temperaturen dutch eine Reaktionskinetik erster Ordnung 
bestimmt werden, findet bei h6heren Temperaturen die Randomkeimbildungsgleichung yon Erofeev 
Anwendung. Diese Technik konnte bei tier Auswertung der nichtisothermen TG-Kurven vorteilhaft 
angewendet werden. Sie liefert schnelle und stichhaltige Informationen fiber die thermische 
Zersetzungkinetik yon Malons/iure sowohl rein a!s aueh in Gegenwart eines Katalysators, der in Form 
yon 12-Molybdatophosphors~iure oder deren Bismutsalzen als Feststoflkatalysator beigemischt wird. 
Aufder Basis tier Anwendbarkeit der nichtisothermen Kinetikgleichung konnte gezeigt werden, daft der 
Verst/irkungseffekt dieser Katalysatoren haupts~chlieh auf Faktoren elektroniseher Natur 
zurfickgeffihrt werden kann. 

Pe3xoMe - -  C nOMOIJJ~lO Fa3OMeTpHH npH aTMOO~pHOM ,~IaB.rleHHH npoBe~leHO cpaBHHTe.rlIbHOe 

H3yqeHHe H3oTepMH~IeCXOrO H HeH3OTepMHqeCXOFO pa3~oxerms MaJIOHOBOH IfflCJIOTM. Pe3yJn, TaTta, 
noJ]y~eHHbIe B H3oTepMHqeCXOM peXHMe, noKa3aym ~Iea paa~H~mHx MexaltH3Ma. l'IpH 60.rice HII31:HX 

TeMrlepaTypax iipolleoe pa3JIoxeHn~l OnHCblaaeTC~l XHHeTHqeCIglIM yplIHeHHeM rlepBoro IIOpK/lKa, TOl',/la 

KaK rlpH 60.TIee BbICOXHX TeMnepaTypax OH KOHTDO.rIHpTeTCil HpOH3BOJIb~ o6pa3OBaHHeM LIeHTpOB 

XpHCTaJUIH3aILtlH coLrIaCHO ypaBHeHmo EpoqbceBa. AHaJIH3 HeH3OTepMHqeCXHX KpHBblX TI" HoKa3a.rI 

rlpenMytlle~'TBO ~aHHOFO MeTO~a. 3TOT MeTO~] ~aeT 6~aerpyio • T0'my~o HH~OpMaIIHIO O XHHeTHXe 

TepMHqeCXOFO pa3JmXeHHS MaJIOHOBOfi KHC.riOTbI, KaK ~tCTOH, Tax H B HpHCTTCI'BHH TatJtX Taep/IldX 

xaTa~n3aTopoB, r a t  cMeeb 12-MOYIH6~leHOdpO~OpHOfi KHC.,.IIOTM H ee BHCMyTOBIaIX Cd3.11efi. Hcxo,/I, Ii H3 

HpHMeHHMOCTH HeH3OTepMHtIeCKOI'O KHHeTHqecKoFo ypaBHeHH~, 6bLrIO noKa3aHO, qTO ycHJiHBaJotuee 

BYlHIIHHe 3THX xaTa.rm3aTopoB HOCHT 3JIeXTpOHHHfi xapaxTep, 
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