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The decomposition of azodicarbonamide (Genitron AC-2) in the solid state was investi- 
gated by DSC. It was fotJnd that the decomposition under non-isothermal conditions can be 
described by the autocatalytic reaction scheme 

k 1 k~ 
X .'* Y, X +  Y--.----,2Y 

where the following dependences hold for the rate constants: 

k I ----4.8 X 1019e-243600/RTs-I 

and 

k~ = 1.0 X 1013e-133500/RTs - 1  

The first pre-exponential factor includes the thermal history of the sample, especially the 
quick heating to a certain temperature, from which normal slow heating starts. 

Due to this fast heating, the decomposition reaction of AZDA may be understood as the 
collapse of its crystal lattice into nucleation centres with critical dimensions. 

Though azodicarbonamide (AZDA) is ut i l ized as a blowing agent for  rubber and 

plastics, the kinetics o f  its decomposit ion is far f rom understood [ 1 - 4 ] .  Since the de- 
composit ion of pure A Z D A  in the solid state proceeds w i thou t  observable melting, 

a suitable kinetic model for  the description of  the process is required. 
Waki and Yamashita [1], for  example, used the P rou t -Tompk ins  equation [5]: 

P 
log P=o - P = k t  + const. (1) 

where P is the pressure in the reactor at t ime t, Po= is the pressure at the end of the 
reaction, and k is the rate constant. The kinetics of  A Z D A  decomposit ion was studied 
volumetr ical ly at various temperatures and it was found that the observed course can 
be divided into 3 stages of d i f ferent kinetic behaviour. From the first stage an activa- 
t ion  energy E =  132 k J/ tool  and pre-exponential factor A = 1  X 1012 s - 1  were 
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determined for the rate constant k. An unusually high value of the activation energy 
(736 kJ/mol) was found when AZDA decomposition was studied by the dynamic DSC 
method [6], and a first-order reaction scheme was used to evaluate the rate constant. 
The high activation energy was compensated by the high pre-exponential factor 
(1070 s - l ) .  

In the present paper the decomposition of AZDA of Genitron AC-2 type was 
studied by DSC under isothermal conditions and also with programmed heating. Some 
of the most common schemes utilized for the description of the course of reactions in 
the solid state [7] were applied in an attempt to fit the experimentally-determined 
kinetics of AZDA decomposition. From the non-isothermal measurements the activa- 
tion energies and pre-exponential factors of the rate constants of the autocatalytic 
reaction scheme were determined by an optimalization procedure and the importance 
of the proper choice of the kinetic model was shown. 

Experimental 

Genitron AC-2 (azodicarbonamide, NH2-CO-N=N-CO-NH2) ,  a product of 
Fisons Chemicals Ltd., was used in the powdered form without further purification. 

The decomposition of AZDA was measured on a Perkin-Elmer DSC-2 apparatus, 
which records the rate of the released reaction heat d(AH)/dt in mcal/s. Samples of 
pure AZDA weighing 0.15-0.20 mg were placed in the gas-tight, closed aluminium 
pans, and nitrogen at a flow rate of 20 cm3/min was passed continuously into the 
measuring cell of the apparatus. 

In the isothermal measurements, the sample was heated to the required temperature 
at the maximum possible rate of 160~ and the changes of d(z~/)/dt with time 
were then registered. 

In the dynamic experiments, the sample was heated from room temperature at a 
rate of 160~ to 460 K, and the rate of heating was then decreased to 5~ 

The exotherms of the dependence of d(~-I) /dt  on temperature T could thus easily 
be recorded. If the heating from room temperature was not sufficiently quick, no 
exotherm was registered. 

The reproducibility of the DSC measurements of Genitron AC-2 decomposition was 
satisfactory. However, it is necessary to maintain carefully the uniform method of 
closing the aluminium pans containing the sample, and the loading of the sample 
powder, and to reproduce as faithfully as possible the conditions of heat transfer 
from the apparatus to the sample. 

Results and discussion 

The reaction of AZDA decomposition is exothermic. The dependence of the rate of 
heat release on time for the isothermal DSC measurements in the temperature interval 

J. Thermal Anal, 29, 1984 



RYCHLA et ah: DECOMPOSITION OF AZODICARBONAMIDE 79 

470-479 K is illustrated in Fig. 1. The values of x = 1 - (~, where a is the degree of 
conversion in the reaction, were calculated by numerical integration of the curves in 
Fig. 1. The maximum values of the rate of heat release, together wi th the times at 
which these maximum rates were reached, are given in Table 1. in this table the values 
of the overall reaction heat ~ for individual temperatures may also be seen. Their 
average value is 

= 270 cal/g "~ 131 kJ/mol 

t 5 
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Fig. 1 Isotherms of the decomposition of AZDA (Genitron AC-2). Curve 1 - 4 7 0  K ,  2 - -  4 7 2  K ,  

3- -475K,4- -477 K a n d 5 - 4 7 9 K  

Table 1 Parameters characterizing the isothermal de- 
composition of Genitron AC-2 

~d~H 
--7"-__ rmax, AH, 

T,K ~ at "max' min cal/g 
cat/g s 

470 1.2642 11.7 278.1 
472 2.0397 9.65 278~ 
475 2.8011 7.4 277~ 
477 3.3624 6.3 254.2 
479 4.2851 5.35 261.7 

Table 2 gives a survey of the evaluation of the isothermal curves by means of the most 
common schemes for heterogeneous reactions, as reported in [7]. We denote them as 
schemes N1-NC2,  G1-G7,  D1 -D6  and R2-R3;  the conversion ~ is replaced by a 
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residual value to 1, denoted asx = 1 - e. The suitability of the given model was tested 
via the value of the correlation coefficient r for the assumed dependence 

G(x)  = f(t)  (2) 

where f(t)  is a linear function of time such that 

f ( t )  = a t  + b or f ( t )  = a In t + b (3) 

and a and b are constants. 

Table 2 Survey of evaluation of the results of AZDA decomposition (Genitron AC-2) obtained by DSC by means of a ~Bt of models proposed 
in [7| (x = 1 - ~, where ~ is the conversion, and �9 is the absolute value of the correlation coefficient) 

Symbol 
of g(x) f i t )  470 472 

model a b r a b �9 

Temperature, K 

475 477 
a b �9 a b r 

N1 1 - x at  + b 0.9403 0.8995 0.9129 0.8973 

N2 2(1 -- x) 2 0.8350 0,7694 0,8039 0.7868 

N3 3(1 - x) 3 0.7369 0,6936 0,7500 0.7388 

NL in (1 - x) 0.678 - 7.54 0,9652 0.727 - 7,01 0,9901 0.9991 - 7.31 0,8979 1,076 - 6.56 0,9959 

NM I n ( l - x )  a i n t + b  5.15 - -12.53 0.9934 4.32 - 1 0 . 0 7  0.99884.72 - 9 . 7 1  0,9982 3.92 - 7 . 4 2  0.9967 

NC! In 1 - x  a t + b  1.062 - 9 . 8 1  0.9753 1.098 - 9 . 7 6  0,9622 1.240 - 8 . 1 9  0,9978 1 . 4 2 9 - 7 . 5 5  0.9913 
lX_x 

NC 2 In - - - -  a In t + b 0.9552 0,9316 0.9843 0.9666 
x 

G I - In x at  + b 0.7602 0.7311 0,8653 0.8287 

1 G2 ~ ( -  In x)  t /~ 0,9107 0.9790 0.9619 0,9287 

1 G3 ~ - ( -  In x) 1/3 0,9601 0.9347 0.9770 0,9627 

1 G4 ~ - ( -  In x)  1/4 0.9799 0.9587 0,9868 0,9769 

G5 5 ( -  In x) I/S 0,9~70 0.9709 0.9916 0,9840 

G6 2 ( _  in x)  213 0,8564 0.8228 0.9229 0~8924 

G7 2 ( _  in x)  21S 0.9417 0,9131 0.9677 0.9498 

DI  x In x + 1 -, x 0,7812 0,7181 0,7883 0.7679 

0 2  2 (~ _ x t l 3 ) ~  0.6885 0.6544 0,7728 0.7499 

03  2 [1 _ 2 ( 1 - x ) - x  +13] a t + b  0.7539 0,6982 0+7873 0.7646 

[:)4 2 [(2 - x)  l /3 _ 1 ] 2 0,8854 0.8286 0.8403 0.8269 

D5 2 (x 1/3 _ 1 ) 2 0.6885 0.6544 0,7728 0.7499 

D6 2 1 1 - 2 ( 1 - x ) 2 / 3 |  a l n t + b  0.6631 0,59g0 0.7122 0;6691 

R2 1(1  - x  1/2) e t + b  0.8787 0.8287 0.8899 0.8638 

R3 1 ( 1  - x ] /3 )  0.8450 0.7978 0.8818 0.8521 

It may be seen from Table 2 that models NL, NM and NC1, for which the chemical 
reaction in a surface of the newly-formed phase is the rate-determining factor of the 
growth of the nucleation centres, are the most suitable for the obtained results. 

The nucleation centre should be understood as a microheterogeneous area of the 
system, in which the reaction started as a result of, for instance, the defects in the 
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crystal lattice, and propagates from there as a reaction microfronto At  the same time, 
nucleation proceeds according to a power (NL), exponential (NM) or autocatalytic 
(NC 1 ) scheme. For the schemes wi th absolute values of correlation coefficient close to 
1, we also give in Table 2 the slope a and intercept b of dependence (2). 

The values of constants a for scheme NC 1, which is an analog of the Prou t -  
Tompkins scheme, are connected with the constants of Eq. (1) by the relation 

a = k In 10 (4) 

and are about 3 times greater than those found by Waki [1]. Moreover, we did not 
observe the 3 stages reported in the kinetics of AZDA decomposition [1]. This dis- 
crepancy is probably due to the difference in the initial weight of the sample used 
in the volumetric measurements of paper [1] (30 mg). 

Under non-isothermal conditions (heating rate 5~ from 460 K), the decom- 
position of AZDA takes place in a relatively narrow temperature interval of ca 10 ~ 
(Table 3). The relatively best description of the given course can be obtained by using 
scheme G1, which formally corresponds to a first-order reaction scheme. Schemes 
NL and NC1, which under isothermal conditions gave a good correlation with the 
experimental results, give under non-isothermal conditions values of constant a which 
decrease with increasing temperature. The temperature coefficient of the reaction, E 0 
(apparent activation energy), and also the pre-exponential factor A 0 obtained with 
scheme G1, are unusually high, in accordance with paper [6]: E 0 = 1566 kJ/mol, 
In A 0 = 377.9, wi th the correlation coefficient r 0 = 0.9978. 

Table3 Values d ~ H / d t  and x for the 
non-isothermal decomposition of 
AZDA (Genitron AC-2) sample; 
AH = 133.5 kJ/mol 

dAH 
T, K x , cal/g s 

dt 

485 0.996 o. 108 
486 0.989 0.215 
487 0.974 0.466 
488 0.946 0.933 
489 0.889 1.722 
490 0.774 3.767 
491 0.547 7.17 
492 0.154 9.72 
493 0.002 0.251 

The explanation of the validity of different schemes for the isothermal and non- 
isothermal conditions probably lies in the temperature-dependence of both a and b 
for isothermal schemes NL, NM and NC 1. If this is the case, then the original formal 
kinetic scheme replacing the individual model must be treated under non-isothermal 
conditions. 
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Models NL, NC 1 and NC 2, in fact, simplify the autocatalytic process 

kl  
X ) Y  

k2 
X + Y  >2Y 

(5) 

(6) 

described for non-isothermal conditions by a differential equation 

dx dT 
dT dt - kl (T)x + k~x(1 - x )  (7) 

where x = X/X  O, k~ = k2X O, dT/dt =/~ is the rate of heating, X 0 is the initial con- 
centration of the reaction component X, and k 1 and k 2 are the corresponding rate 
constants. 

While temperature is a variable instead of time, it is necessary to integrate the 
differential equation (7) numerically according to, for example, the Runge-Kutta 
procedure. The values of k 1 (T) and k~(T) are assumed to depend on temperature as 
Arrhenius functions: 

kl = A1 e-EI/RT (8) 

k~ = A2e -E2/RT (9) 

with corresponding doublets of parameters A1, E1 and A 2, E 2. By the optimalization 
procedure for Eqs (7-9) we have found that the experimentally-determined curve 
may be fitted well by parameters 

A 1 = 4 . 8 X  1019s-1,  A 2 = 1 X 1 0 1 3 s  - 1 ,  

E 1 = 243.6 kJ/mol, E 2 = 133.5 kJ/mol 

(the minimum sum of the squares of deviations was ~ A  2 = 0.019). The theoretical 
course corresponding to these parameters is shown in Fig. 2 by individual points, 
which correspond for experimental line 5 to x ~ 0.15. 

Figure 2 also gives the theoretical courses of the non-isothermal solution of Eq. (7) 
for the constant parameters A 2, E 1 and E 2 corresponding to the above values and 
varying parameters A 1 . It may be seen that with increasing A 1 the theoretical courses 
are shifted to lower temperatures, and at the same time the slope corresponding to 
the maximum rate decreases. On the back-evaluation of these theoretical courses for 
0.5 < x  < 1 by means of scheme G1, adapted to the non-isothermal conditions ac- 
cording to Coats-Redfern [8], we obtain a set of doublets E 0 and InA 0 (Table 4). 

With decreasing values of A1, the values of E 0 increase. This increase is compen- 
sated by the increase of the pre-exponential factor A O. The correlation coefficients 
close to I indicate that a first-order reaction scheme fits well to the given theoretical 
course derived from the non-isothermal autocatalytic reaction. It is of importance 
that, depending on the factor A 1, various values of the apparent activation energy E 0 

J. Thermal Anal. 29, 1984 



RYCHLP, et al.: DECOMPOSITION OF AZODICARBONAMIDE 83 

can be obtained for the same compound f rom evaluation of  the non-isothemal ex- 
periment. 

Since reaction (6) for  E 1 > E 2 can proceed in an accelerating manner on ly  i f  a 
suff icient amount of Y accumulates, the values of A1 found by opt imal izat ion wi l l  
include the rate of heating at which the init ial  temperature (460 K) o f  the dynamic 
experiment was reached. 

X �84 

.... ~"~'x:3~.~ 4 

08 

00 i ! i '  

k . , ,  \ "I" 
450 460 470 480 490 500 

Tempereture~ K 

Fig. 2 Non-isothermal courses of AZDA decomposition. Curves 1,2, 3, 4 and points in the environ- 
k l  

ment of curve 5 (experimental course) are the theoretical courses for the scheme X -+ Y, 
k2 

X + Y L~ 2Y where the activation energies E 1 and E 2 and pre-exponential factors A ]  
and A 2 of the rate constants k 1 and k 2 are as follows: E 1 =243.6 kJ/mol, E 2 = 133.5 
kJ/mol, A 2 = 1 X 10 13 s -1  and/11 = 4.8 X 10 19 (points on line 5), 4.8 X 1020 (line 4), 
4.8 X 1021 (line 3), 4.8 X 10 22 (line 2) and 4.8 X 10 23 s -1  (line 1) 

The opt imal izat ion procedure of Eq. (7) was carried out  assuming a uni form rate 

of heating of 5~ starting from room temperature, 293 K. No exotherm can be 

traced experimental ly, however, under such conditions. If satisfactory agreement is 
obtained in the experiment in which the sample was heated to 460 K at a rate of  
160~ this means that the values o f A  1 was adapted in such a way that it includes 

the thermat history of the sample. 
By heating the sample from room temperature at on ly  5~ instead of 

160~ we have thus decreased the sensitivity of  the measurements by 160:5 = 32 

times, which explains the negative result in the former case. 
In isothermal experiments, the sharp decrease in the reaction rate after the maxi- 

mum corresponds to the posit ion o f  inf lex ion points in the dependence of x on t, 

at about Xinfl = 0 .2-0 .3 ,  which is unusually low for autocatalyt ic nucleation. The fact 
that the observed kinetics depends strongly on the thermal history of the sample led 
us to consider the decomposit ion of  A Z D A  as being governed by "col lapse" of  its 
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crystal latt ice to nucleation centres w i th  certain "c r i t i ca l "  dimensions. The rate of  

this "col lapse" is determined by the surface o f  the growing nucleat ion centres. Taking 

into consideration the spherical shape of  the nucleation centres, i t  is possible to  wr i te  

the equation 

(1 - - x )  1/3 = K ( t -  t o ) + (1 - x 0 ) 1 / 3  (10) 

where K is the rate constant o f  the propagat ion of  nucleat ion centres, and xo  and t O 

represent the state of  the system under the ini t ial  condi t ions of  the measurements, 

including the rate of  heating to a given temperature in the isothermal exper iment.  

Table 4 Dependence of the values E 0 and InA 0 for 
scheme G1 on parameter A 1 of the auto- 
catalytic reaction scheme for the kinetic 
courses of Fig. 2; r is the correlation coef- 
ficient of E 0 and In A 0 determination 

A 1 s - 1  E o, kJ/mol InA 0 r 

4.8 X 10 23 387.1 42.7 -- 0.9978 
4.8 X 10 22 570.1 137.2 -- 0.9969 
4.8 X 10 21 841.8 203.3 -- 0.9980 
4.8 X 10 20 1095.4 264.2 -- 019949 
4.8 X 1019 1428.2 344.2 - 0.9988 

T a b l e  5 Values of the intercepts q and the slopes K for 
dependence 10 of the decomposition of AZDA 
under isothermal conditions 

T, K q K, m in -  1 K'  = 1/tmax,mi n r 

470 - 0.294 0.109 0.085 0.9997 
472 - 0.181 0.110 0.104 0.9939 
475 - 0.279 0.159 0.135 0.9923 
477 - 0.165 0.175 0.154 0.9902 
479 - 0.155 0.197 0.187 0.9873 

The slopes K and intercepts q = ( 1 - x o ) l / 3 - K t o  of  the dependence of  
(1 - x )  1/3 v~ t ime are given in Table 5. The values of the correlat ion coeff icients r 

(Table 5) indicate that  the chosen approach f i ts the exper imental  data well .  I t  is of  

interest that  the values of  K '  = 1/ tmax,  where tma x is the t ime of max imum reaction 
rate, correspond approx imate ly  to  the values of  K (Table 6). The abrupt end of  the 

reaction thus corresponds much better  to  scheme (10) than to schemes NL, NM or 
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NC 1, since, neglect ing the i n te rcep t  in Eq. (10) ,  and f o r  smal l  values o f  X in f l ,  w h e n  

(1 - Xin f l )  1/3 ---> 1, we  f i nd  tma x = 1/1(. 
The  col lapse o f  the  crysta l  la t t ice  is thus  a man i f es ta t i on  o f  its chemica l  and 

phys ica l  iner t ia  w i t h  respect t o  the  fast hea t ing  o f  t he  sample.  Th is  fact  shou ld  be 

bo rne  in m i n d  when  eva lua t ing  the  ef fects o f  d i f f e r e n t  add i t i ves  on  the  t he rma l  de- 

c o m p o s i t i o n  o f  A Z D A .  
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Zusammenfassung - Die Zersetzung yon Azidocarbonamid (Genitron AC-2) in fester Phase wurde 
mittels DSC untersucht. Es wurde festgestellt, dass die Zersetzung unter nichtisothermen Bedin- 
gungen durch das autokatalytische Reaktionsschema 

k ]  k~ 
X '~Y, X + Y  . >2Y  

beschrieben werden kann, wobei die folgenden Beziehungen for die Geschwindigkeitskonstanten 
gelten: 

k l  = 4.8 • 1019e-243600/RTs-] und k~ = 1.0 • 1013e-133500/RTs -1.  

Der erste pr~exponentielle Faktor schliesst die thermische Vorvergangenheit der Probe in sich ein, 
insbesondere die schnelle Erw~;rmung auf eine bestimmte Temperatur, v o n d e r  aus die normale 
langsame Aufheizung einsetzt. Bedingt durch diese schnelle Erhitzung kann die Zersetzungsreak- 
t ion von AZDA als der Zusammenbruch der Kristallstruktur in Keime mit kritischan Dimensionen 
verstanden werden. 

Pe31oMe - -  MeTO/:I.OM ~ ,CK H3yqeHO TepMHqeCKOe pa3no>KeHHe TBep~oro a3o,QHKap6oaMHAa 
( A 3 ~ A ) .  Ha~AeHO, qTO pa3no~KeHHe B HeH3OTepMHqeCKHX yCJ1OBHRX MO>KeT 6blTl= ORHCaHO 

aBTOKaTaJ1HTH4eCKOVl CXeMO~ peaKU, HH THna 

k~ k~ 
X " ,Y,  X +  Y k~2Y 

co CRe~,ylOUJ, HM Bblpa>KeHHeM /~J1R KOHCTaHT CKOpOCTH peaKu, H~t : 

k l  = 4 . 8 X  1019e-243600/RTs-Z H k ~ = l . 0 •  1013e-133SOO/RTs - I  

I'lepBbl~ npeA3KCnOHeHu, HanbHt=l~l C~aKTOp BKnIoqaeT TepMHqeCKyK) HCTOpMIo oTpa3u, a H OCO- 
6eHHO ero 6blCTpOro HarpeBa Ao onpe/~,eneHHO~ TeMnepaTypbl, c KOTOpO~ HaqHHaeTCR HOpManb- 
Hbl~ MeAneHHbIGI HarpeB. BcneAcTBHH TaKOrO 6blCTpOro HarpeBa, peaKt~HH pa3no)KeHHR A 3 ~ A  
MO)KeT ~ lTb  nOHRTa KaK pa3pyLgeHHe ero KpHCTaJlnHqeCKOgl peuJeTKH C o6pa3OBaHMeM U, eHT- 

pOB KpHcTaJlflH3au,14H KpHTHHeCKHX pa3MepoB. 
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