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The thermal  decomposit ion of malonic acid was investigated with a derivatograph. 
Values of activation energy, frequency factor and reaction order were determined 
from thermal  decomposit ion curves employing different calculation methods. Equations 
derived for the calculation of kinetic data of inorganic thermal reactions were also 
found to be suitable in the case of organic reactions. Convenient  methods were devel- 
oped for the calculation of the activation energy, using the D T G  curve. 

The importance of the science dealing with chemical reactions oceurring in 
inorganic solids on heating has grown steadily in the last decade. Several industrial 
processes are based on such reactions. The general trend to control them has 
resulted in extensive studies of their mechanisms, and kinetic and thermodynamic 
characters [1 ]. 

In general, transformations of organic solids are not considered very important 
and only few data are available [2] e.g. for ammonium mucate [3] and L-glutamic 
acid [4] which form well-defined intermediates during their pyrolysis. 

In spite of the fact that the number of described organic thermal reactions is 
small, they can afford new preparative possibilities. We have examined thermal 
transformations occurring in organic solids, and the mechanism and kinetics 
of such reactions, assuming that this will lead to further results. 

During the last two decades a number of methods have been developed for 
studying the isothermal and non-isothermal decomposition of inorganic solids. 
Results with organic compounds are smaller in number, thus further investigation 
is required involving the solution of methodological problems. 

Within the range of investigation of the non-isothermal decomposition of 
crystalline malonic acid, we deal with methodological problems such as the cal- 
culation of reaction kinetic data. Equations derived for the description of the 
thermal reactions of inorganic solids have been employed for this. Considering 
the possibilities offered by the derivatograph we attempted to simplify the equa- 
tions. 

By investigating simple reactions we tried to find an answer to the following 
questions: 

a) Can the kinetic equations for inorganic solid-phase reactions be applied to 
organic substances ? 
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b) In what manner can comparisons be made between the kinetic data for iso- 
thermal and non-isothermal thermal reactions? 

Characteristics of the thermal transformation of organic solids 

The thermal reactions of solid-state organic and inorganic substances are essen- 
tially different due to the quantitative and qualitative differences in their atomic 
relations and in the characteristic cohesive forces acting between their crystals [2]. 
In general, the decomposition of organic substances is characterized by the forma- 
tion of a liquid phase and gaseous decomposition products. 

In the course of reaction kinetic measurements carried out under isothermal 
conditions no methodological differences are caused by liquefaction. In the evalua- 
tion of kinetic data, however, it is an important factor. For reactions occurring 
in both the liquid and solid phase, the transformation rate is generally higher 
in the liquid phase, and lower energy input is required. 

Literature data for the thermal transformations of malonic acid 

Malonic acid melts around 134 ~ and then decomposes [5] according to the 
equation: 

H O O C -  CH2-  COOH -----~ CHaCOOH + CO 2 

At the decomposition temperature both products are in the gaseous state. 
The process is relatively simple. The products formed during decomposition 

escape and their effect on the reaction may be neglected under suitable experi- 
mental conditions. The kinetics on the decomposition occurring under isothermal 
conditions in the solid and supercooled liquid states have been studied by Hinshel- 
wood [6]. He assumed first order reactions in both cases. For kinetic calculations 
he measured the pressure of gas generated during decomposition, and plotted it 
as a function of time. He found activation energies of 60.4 kcal mole -1 and 
32.4 kcal mole -1 for the solid state and liquid-state reactions, respectively. 

Kinetic methods for transformations under non-isothermal conditions 

The kinetic calculation methods based on thermoanalytical measurements 
can be divided into three main groups: 

1. Methods based on thermogravimetric (TG) curves. 
2. Methods based on differential thermoanalytical (DTA) curves. 
3. Methods based on the modifications of thermoanalytical curves due to 

different heating rates. 
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The literature also mentions combining the fundamental methods. We attempted 
to investigate the kinetic character of thermal reactions of organic solids with 
one of  the above methods, relying on the fact that pressure vs. time functions, 
characterizing the isothermal decomposition of inorganic substances, may be 
conveniently applied to the transformation of organic compounds [2]. 

Equations employed for the kinetic description of the decomposition of malonie acid 

From the methods based on the TG curve we chose the Horov i t z -Metzge r  
equation [7]. For  monomolecular reactions, the following relationship is valid: 

lnln W~ - EA 0 
W R T ~  

where E A -- activation energy 
R = gas constant 
Wo = initial weight of substance 
W -- residual weight of substance 
0 = T - T  s 

T s -- reference temperature at which 

T = absolute temperature. 

(1) 

W 1 

Wo e 

If  lnln W~ is plotted against O, a straight line is obtained its slope tg c~ = 
W 

EA 
- -  R T ~  ' from which the value of EA may be calculated. 

From T s and E A knowing the heating rate (r the frequency factor of the Arrhe, 
nius equation may be calculated from the equation: 

where 

EA 
Z = q 9  ~ 2  . exp  RT-W 

Z = frequency factor 

(2) 

r = heating rate - 
dT  

(~ C rain-  1). 
dt 

From the different equations based on transformations occurring at different 
heating rates we selected the equations of Kissinger [8], and the method of Wiede- 
mann and co-workers [9]. 

Kissinger based his kinetic equation for the calculation of E A on the fact that 
the peak temperature (Tin) of the DTA curve is dependent on the heating rate 
(r The relationship is given by: 
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d I n - - - -  
TZm E A 

d T m  I R 
(3) 

Plotting In ~ -  in the function of Tm 1 a straight line is obtained of slope 
Tm 

- --EA. From this, the value of E A can be calculated. 
R 

Wiedemann and co-workers started from the Arrhenius equation: 

E A 
k = Z . e x p - -  (4) 

RT 

where k = Yelocity constant. 
They state that the relationship is also true in the form: 

d ~  
k = f(e)  - d~- (5) 

For a decomposition reaction of the nth order, f(c 0 is equal to (1 - e) ~. The 
reaction factor a is proportional to the weight loss of the sample, in the case of  

de 
complete decomposition e being unity. The term ~ represents the decomposi- 

tion rate of the sample; its value may be determined by the slope of the TG  curve 

at individual c~ values. If  c~ is inserted as a p a r a m e t e r [ e . g . e =  ~--], from the 

de 
relationship for k we obtain that the logarithm of ~ is a linear function of the 

de 
reciprocal of the absolute temperature; thus if log d r '  obtained from the 

T G  curve recorded with different heating rates, is plotted as a function of the re- 
ciprocal of the corresponding absolute temperature, a straight line is obtained of  
slope tgfi. The activation energy may be calculated from EA = 2.3 R.tgfi .  

The equations chosen for the calculation of kinetic decomposition data require 
a knowledge of the reaction order. This was calculated using the Kissinger method 
[81 based on the symmetry of the DTA curve. 

Kissinger proposed the employment of the correlation between the reaction 
order (n) and the form of the DTA curve for the determination of n. With decreas- 
ing n, the asymmetry of the curve increases, assuming measurements under 
identical conditions. For  its numerical characterization he introduced the shape 
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index (S). Starting from the analytical expression of S, 

[ dt2] 1 
S= - ~ x  ~ 2 

(dtZ] 

he established theoretically the following correlation between S and n: 

S = 0.63 �9 n 2, from which n = 1.26 x / S .  

(6) 

(7) 

Attempts to simplify the Wiedemann equation 

In order to reduce the Wiedemann equation we started from the fact that the 
D T G  curve is characteristic of  the rate of  loss of  weight of  the sample [10]. The 
derivatograph produces the D T G  curve instrumentally, but its graphical construc- 
tion is also possible. In this case we plot slopes of the tangent drawn to individual 
points of the T G  curve. It can be seen that in the Wiedemann method the step 

1 
involving the calculation of  the slope at point a = ~- on the T G  curve corre- 

sponds to the reading on the DTG curve at the same c~ value; thus at this poin 

dec dm 

dt dt 

d~  
Thus the term ~ - ,  the determination of which is rather difficult and inaccu- 

dm 
rate, may be substituted by the term ~ and the equation becomes: 

d m  

k = f(a)  dt (8) 

d i n  
The numerical value of ~ can be obtained precisely by a simple reading 

from the calibrated D T G  curve. For  the calculation of  the activation energy, 
dm 

log ~ -  values for identical points on the D TG  curves at different heating 

rates are plotted against the reciprocal of the corresponding absolute tempera- 
tures. From the slope (tg fl) of  the straight line obtained, the value of  E A can be 
calculated. 
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Experimental conditions 

Measurements were made with a MOM P a u l i k -  Pau l ik -Erdey  derivatograph. 
The DTA and DTG galvanometers of the instrument were calibrated as in 

[11 ], permitting the determination of temperature differences between the sample 
dm 

and the inert material, as well as the numerical value of ~ - ,  i.e. the decompo- 

sition rate. Recordings were made at different heating rates in argon of 99.96 
per cent purity and in air. Samples of about 50, 100, 200 and 500 mg were studied 
using platinum crucibles or a poly-plate sample holder [12]. 

Experimental conditions are summarized in Table 1. 

Table 1 

Experimental conditions 

Weight of Heating rate 
No. sample (mg) Atmosphere Sample holder ~ min - 1  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

48.0 
48.5 
99.0 

465.0 
195.0 
94.0 

191.0 
450.0 
453.0 
94.6 

183.0 
192.0 
188.0 

A r  

Ar 
Ar 
Ar 
Ar 
air 
air 
Ar 
Ar 
Ar 
Ar 
air 
air 

crucible 
poly-plate holder 

crucible 
poly-plate holder 

crucible 

0.8 
1.0 
2,9 
3.0 
3.3 
4.0 
6.1 
7.0 
7.3 
7.6 
8.0 
7.9 
8.4 

Experimental results 

The thermal decomposition curves of malonic acid produced under different 
experimental conditions are very similar. Consequently, in Fig. 1 only one curve 
(No. 3) is given. 

The first step on heating involves a modification of the crystal structure of ma- 
lonic acid. Ttis  occurs between 80 and 100 ~ DTA peak temperature 88 ~ (1 in 
the Figure). Melting is indicated on the DTA curve by a peak at 133 ~ [2]. Decom- 
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position starts after melting and takes place between 127 and 187 ~ , reaching its 
maximum rate at 165 ~ (DTG maximum). Our results are in agreement with the 
data published earlier by G~I and co-workers [5]. 

0 

-2 

-4 

o ~ -6 

~ 
51 

0 

2O 

60 

~ 80 

g loo 

DTA 

DT(3 

100 2OO 
I 

300 ~ 

Fig. 1. Thermal  decomposit ion of malonic acid 

Calculation of the kinetics of the decomposition reaction 

Using the Horovitz-Metzger method [Eq. (1)], as a first step we calculated the 
values of E A from the TG curve of the derivatograms. With a knowledge of EA, 
values of the frequency factor Z in the Arrhenius equation were obtained from 
Eq. (2). Values of E A and Z are given in Table 2. 

The straight line obtained from the DTA curves produced at different heating 
rate s using the equation of Kissinger is shown in Fig. 2; from this the slope cal- 
culated by the !east square s method and E A are -6.78 and 31.2 kcal mole -1, 
respectively. 

In calculating the E A value by the Wiedemann method [Eq. (5)], we also started 
from the thermal curves recorded at different heating rates. An essential part 
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Table 2 

Valaes of E A and Z calculated by means of Eqs (1) and (2) 

E A Z 
No. [kcat mole - t ]  [sec -1]  

1 37.9 3 • 10 la 
2 39.2 9.6 • I0 I8 
3 
4 
5 
6 
7 
8 
9 

10 
11 

40.4 6.5 X 10 x9 
40.9 1.2x 10 e~ 
40.6 6.7 x 10 l~ 
30.9 8.9 x 1014 
43.0 1.2X 10 -~1 
40.0 2.4X 1019 
40.2 7.5 X 1019 
36.6 9.6 X 101~ 
35.2 1.4• 1017 

1 
[ 

Y 

- 4  

o 

o o 

-4.5 o o o 

o o 

- 5  

5. i I [ I =_ 
L .15 2.20 2 25 2.30 2.35 

10~/T~A, OK-1 

Fig. 2. The straight line obtained by means of Eq. (3) 

o f  the numerical  calculat ions involves the p lot t ing o f  the slope relating to the value 

o f  �9 = 1/2. As a first step, the tangent  must  be drawn at the poin t  marked  on the 

T G  curve, as inaccurate  drawing  may result  in miscalculat ion o f  the slope value. 

Using the concept ion  o f  Hoa re  [13], a h o m e - m a d e  "s lope  ru ler"  was constructed 

which permits  the slopes to be drawn more  easily and with greater  precision. 

Polished plexiglass rods o f  6 mm and 20 m m  diameter  were fixed into a t ransparent  

ruler (Fig. 3) such that  the axes of  the rods were perpendicular  to the edge of  the 

ruler. 
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- ' ' l  ~ '  l 

/ 

Fig. 3. Sketch of "slope ruler" 

~ ~ - - - ~ ( .  ~ ~ ~ , . - ~ -  r / 

2.20 2.2b~ 2.30 2.35 ~''- 
lO~/To~/z, ~'K -~ 

Fig. 4. The straight line obtained by means of Eq. (5) 

i 
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Fig. 5. The straight line obtained by means of Eq. (6) 
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The slope is drawn as follows: the axis of the rod is placed at the designated 
point on the T G  curve and moved until, looking through the rod, a continuous 
curve is obtained. In this case the edge of the ruler marks the tangent relating to 
the point of the curve in question. 

The straight line obtained by plotting the data is given in Fig. 4; its slope is 
8.7, and EA is 40.0 kcal mole -1. 

Fig. 6. The construction of the shape index from the DTA curve 

Calculation of E A .from the calibrated DTG curve [simplified Wiedemann 
method, Eq. (8)] consists of the following operations for each recording: 

a) Reading in mm of the maximum deviation of the D T G  curve; its multi- 
( am l 

plication by the appropriate calibration factor value of - ~ -  . 

b) Reading of the peak temperature of the D T G  curve (TDTo). 

Table 3 

The values of reaction order 

No. nDT A 

1 0.77 
2 0.84 
3 0.77 
4 0.75 
5 0.74 
6 0.57 
7 0.67 
8 0.69 
9 0.72 

10 0.73 
11 0.84 
12 0.74 
13 0.68 
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dm 1 
c) Plotting log ~ -  against TDT------ ~- which results in a straight line (Fig. 5). 

d) Obtaining the slope of the straight line, from which 

E A = 2.3 R �9 tgfl = 39.8 kcal mole -~. 

Calculation of the reaction order (n) by the Kissinger shape index method consists 
in constructing the shape index S according to Fig. 6, and calculating the reaction 

t 

order n from the equation n = 1.26 I b "  Values of n calculated by means of the 

DTA curves produced at different heating rates are given in Table 3. 

Evaluat ion o f  the exper imenta l  results  

Malonic acid was chosen as the first model for the kinetic investigation of solid 
organic reactions because the mechanism of its thermal decomposition and the 
kinetic characteristics of the reaction under isothermal conditions are known [6]. 
The decomposition of malonic acid is of the type 

Asol i  d --* [Aliquid ] -+  Bgas + Cgas. 

For  the kinetic description of such reactions, Horovitz and Metzger have devel- 
oped calculation methods [7] from which, in principle, Eqs (1) and (2) are appli- 
cable to the thermal reactions of malonic acid. From the kinetic data it may be 
decided whether or not other kinetic equations may be applied, and in addition 
isothermal and non-isothermal measurement data may be compared. 

Kinetic data of the decomposition of malonic acid obtained by measurements 
under non-isothermal conditions and calculated by different methods are given 
in Table 4. 

Table 4 

Kinetic data for the decomposition of malonic acid calculated by different methods 

E~ [kcal mole -11 
Z [sec -11 
11 

Horovitz--  
Metzger Wiedemann 

40* 40.0 
10195:1. 

* Arithmetical mean values 
** Measured under isothermal conditions 

Kissinger Based on DTG ttinshelwood** 

31.2 

i 0.73* 

39.8 32.4 
1013.8 

r 1 
1 

The thermal decomposition curves of malonic acid obtained derivatographically 
proved to be suitable for kinetic calculations. Values of E A calculated by different 
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methods are higher compared with isothermal measurement results, with the ex- 
ception of those from the Kissinger method [8]. Deviations may be attributed 
to different measurement conditions in the first place, in consequence of which 
different calculation methods were employed. 

In the case of non-isothermal conditions the value of Z is five orders of magni- 
tude higher. Its magnitude is strongly influenced by the value of E A, as clearly 
shown in Eq. (2). On the other hand, several authors have stated [2] that the value 
of Z may change considerably. 

Our data obtained for the reaction order calculated by the Kissinger DTA 
shape index method differ by 27 per cent from the isothermal measurement result. 
The calculated values of n are independent of the heating rate within the accuracy 
of the calculation method. 

Application of the Horov i t z -Me tzge r  equations (1, 2) need one measurement 
only, but many numerical calculations. One measurement only does not give 
reliable enough results, and several measurements are rather time-consuming. 

The methods of Wiedemann and Kissinger, which permit the calculation of 
E A require more measurements but less numerical calculation. The accuracy of 
the data is strongly influenced by temperature readings. They have the advantage 
that the reaction mechanism need not be known. 

Calculation of the reaction order by the Kissinger shape-index method from 
the DTA curve has not proved to he reliable. 

With the calibrated D T G  curve the reduced Wiedemann equation (6) does 
lead to reliable results. The D T G  curve eliminates the difficult and uncertain con- 
struction of weight loss rates and reduces numerical calculation. The method 
seems to be convenient for the calculation of activation energy of transformations 
involving weight changes. 

It can be seen from kinetic data calculated from measurements carried out 
under different experimental conditions that true values can only be obtained 
from curves produced under identical conditions. Results are greatly influenced 
by the shape of the sample holder. 
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RI~SUMt~ - -  On a 6tudi6 la d6composition thermique de l'acide malonique b. l 'aide du "Deri- 
vatograph".  On a d6termin6 les valeurs de l'6nergie d'activation, du facteur de fr6quence et 
de l 'ordre de la r6action en se rapportant aux courbes de d6composition thermique et en 
utilisant diff6rentes m6thodes de calcul. On a trouv6 que les 6quations utilis6es pour le calcul 
des donn6es cin6tiques dans le cas des r6actions de la chimie min6rale s'appliquent 6galement 
aux r6actions de la chimie organique. En utilisant la courbe de thermogravim6trie d6riv6e, 
on a d6velopp6 des m6thodes appropri6es au calcul de l'6nergie d'activation et de l 'ordre de 
la r6action, avec une bonne applicabilit6 aux courbes obtenues ~t l'aide du "Derivatograph".  

ZUSAMMENFASSUNG - -  Es wurde die thermische Zersetzung der Malons/iure derivatogra- 
phisch untersucht. Aus den thermischen Zersetzungskurven konnten durch verschiedene 
Methoden die Werte der Aktivierungsenergie, des Frequenzfaktors und die Reaktionsordnung 
ermittelt werden. Die zur Berechnnng der kinetischen Daten yon anorganischen thermischen 
Reaktionen dienenden Gleichungen sind auch auf organische Reaktionen anwendbar. Es 
wurde eine Methode zur Berechnung der Aktivierungsenergie und der Reaktionsordnung, 
unter Verwendung der derivierten thermogravimetrischen Kurve entwickelt, die sich bei den 
derivatographischen Kurven ebenfalls gut bewfihrte. 

PC3IOMe, - -  C HOMOI~btO ~ep~BaTorpaqba klCCYle)IOBaH TepMopacna~ M0_fH)HOBO!7I KI,ICJIOTbI. Ha 
OCHOBaHI'IH KpHBO~ TepMopacna~a np~i I,IClIOYlI~3OBaHIelI,I pa3s~n~m,tx MeTO~I.OB pac'~era, orIpe~le- 
.;IeHt,I BeYlHq]~Ha 3HeprI, II/I aKTHBa~I/II,I, qbaKTOp qaCTOTbI !~I Hop~]IOK peaKtIm~i. YpaBH~HH~, BblBe- 
~eHn~ie ,~n  pac'~eTa KI/IHeTHHeCKI, IX ]IaHnblX HeopraHn~ecxHx TepMaqeCK~IX peaxua~ no~xojlaT 14 B 
r oprann'~ecKr~x peaKtirI[t. C npl~Me~eH~eM ,~TA-Kpl~BO~ pa3pa60TaH MeTo)I, KOTOpblfi 
~O~nO ncr~o~,3OBaTI, ~ pacqeTa 3neprrm aKTrIBaranrI n nopa)lra peai~nrL 
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