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Shape and position parameters V, A and z are proposed for the characterization 
of TG curves and are defined by Eqs (6), (7) and (8), respectively. These parameters 
being reduced to the standard "conditions" n = 0 and q = 1/6 K sec -1, the nomogram 
given in Fig. 1 can be constructed by means fo Eqs (9), (11) and (12). An iteration 
method is proposed, allowing derivation of the kinetic parameters n, E and Z of simple 
thermal decomposition reaction s, fromthe parameters n, E and Z, by using the empirica 
formulae (9), (10), (11) and (12) and the nomogram. Table 3 contains data necessary 
to construct this nomogram. 

Kinetic analysis of  thermogravimetr ic  data  is frequently made on the basis o f  
the following hypotheses [1 ]: 

1. The reaction rate can be expressed as 

de 
d-~- = k(1 - a)n (1) 

where e is the conversion, i.e. the fraction o f  the initial compound  reacted, t is 
time, k the apparent  rate constant,  and n the apparent  reaction order. 

2. The apparent  rate constant  obeys the following Arrhenius law: 

k = z exp ( - E / R T )  (2) 

where R is the gas constant,  E the apparent  activation energy, T the absolute tem- 
perature, and Z will be referred to as the pre-exponential  factor. 

I f  T G  data are obtained under  dynamic temperature conditions, by the use o f  
a linear temperature program with a constant  heating rate dT/dt  = q, the equation 
o f  the T G  curve, derived by Doyle  [2] f rom Eqs (1) and (2), can be written as 

Z E  
Rq p(x) (3) g(e) = 

where g(e) is the conversion integral 

~ t  

g(a) = (1 - ~)n (4) 
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and p(x) the exponential integral 

x 
e _ i f  

p(x) = - ~ du (5) 
. j  u 
0 

with u = E/RT. 
Equation (3) allows the derivation of the kinetic parameters n, E and Z from 

experimental TG curves. 
In our previous paper [3] theoretical TG curves were constructed by using Eq. 

(3), and the influence of the heating rate and of  the kinetic parameters n, E and Z 
upon the shape and position of the T G  curves was studied. The main conclusions 
were as follows: 

1. Increasing q shifts the T G  curves towards higher temperatures and slightly 
reduces their slope. 

2. Increasing n does not affect the first portion of the T G  curve, but it reduces 
the slope of the curve, especially at higher e values. 

3. Increasing E shifts the TG curves towards higher temperatures and slightly 
reduces their slope. 

4. Increasing Z shifts the TG curves towards lower temperatures and increases 
their slope. 

As shown by Ozawa [4], by performing a graphical plot of (1 - ~) vs. 0 = l/T, 
the shifts of theoretical T G  curves due to the modification of q become perfectly 
parallel. Further, the analysis of theoretical T G  curves, constructed as functions 
of  0, has shown the possibility of deriving the apparent reaction order directly 
from the shape of the TG curve. For this purpose the following parameter was 
defined [5]: 

V -  00.5 - 00.9~ (6) 
0o. 1 - 00. 9 

where 0~ is the reciprocal temperature at which the conversion reaches the value e. 
By variation of E from 10 to 60 kcal/mole and of Z from 10 z to 1033 sec -1, the 
parameter V has been shown to depend to a first approximation only upon the 
apparent reaction order, viz. to be almost a linear function of n. 

Shape  and pasi t ion o f  T G  curves  

The shape of a T G  curve can be well characterized by means of the parameter V 
defined above, together with the width of the temperature interval in which the 
thermal decomposition occurs. We propose to characterize this width by means 
of the following parameter:  

A = 106(0o.1 - -  00.5) (7) 

which is not much affected by the apparent reaction order value. 
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As far as the position of the TG curves is concerned, this could be characterized, 
for example, by means of  the reciprocal temperature of  I0% conversion. Thus, 
we propose to take for this purpose the following parameter: 

= 10300.1. (8) 

In order to clarify the influence of the heating rate and of the kinetic parameters 
upon the shape and position of  TG curves, the parameters V, A and z have been 
calculated for a great number of theoretical TG curves. The region investigated 
can be given by the lower and upper limits of the parameters systematically varied 
during these calculations. These limits are the following: 

1/96Ksec - 1 <  q < 8 / 3 K s e c  -1 0 < _ n < _ 2  

7 kcal/mole < E < 400 kcal/mole 10 -~ sec -1 __< Z < 10800 sec -~ . 

Even in this region the restriction 0.5 < z _< 5 has been used, i.e. we considered 
only reactions reaching the 10% conversion in the temperature interval from 
200 K to 2000 K. 

Calculations have been made by means of Eq. (3). Since x > 1.75 in all cases 
considered in our calculations, the exponential integral values have been calculated 
by means of an empirical formula proposed in our previous paper [6], this approx- 
imation ensuring sufficient accuracy in the entire region investigated [7]. 

Results of these calculations are illustrated by Tables 1 and 2, containing a few 
examples. Table I shows the inf/uence of E and Z values upon the shape param- 

Table 1 

Influence of E and Z upon the parameters V, A and z. (n = 1, q = 8]3 K sec-1) 

E. kcal 

~ ole 

Ilo~ z \ /  

10 20 s 40 80 

0 
4 
8 

16 

0 
4 
8 

16 

0 
4 
8 

16 

0.3753 
0.3859 
0.3879 
0.3888 

279.5 
326.2 
342.9 
356.0 

1.1841 
2.7101 
4.3595 
7.7942 

0.3771 
0.3862 
0.3879 
0.3888 

142.7 
164.0 
171.9 
178.1 

0.6454 
1.4157 
2.2431 
3.9627 

0.3786 
0.3864 
0.3880 
0.3888 

72.7 
82.4 
86.1 
89.1 

0.3499 
0.7383 
1.1533 
2.0142 

0.3799 
0.3866 
0.3881 
0.3888 

37.0 
41.4 
43.2 
44.6 

0.1887 
0.3844 
0.5926 
1.0235 

160 

0.3810 
0.3868 
0.3881 
0.3888 

18.8 
20.8 
21.6 
22.3 

0.1013 
0.1999 
0.3042 
0.5200 
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Table 2 

Influence of n and q upon the parameters A, V and 

V 

A 

• = 10 kcal/mole, log Z = 0 E = 160 kcal/mole, log Z = 16 

0 1 2 2 

8/3 
1/6 
1/96 

8/3 
1/6 
1/96 

8/3 
7/6 
1/96 

0.2601 
0.2630 
0.2646 

240.3 
257.4 
268.9 

1.1920 
1.6299 
2.0894 

0.3753 
0.3810 
0.3839 

279.5 
300.1 
313.9 

1.1841 
1.6215 
2.0806 

0.4758 
0.4861 
0.4912 

323.6 
348.5 
365.1 

1.1760 
1.6128 
2.0716 

o 1 

0.2673 0.3888 
0.2673 0.3889 
0.2673 0.3889 

19.1 22.3 
19.1 22.4 
19.2 22,4 

0.5206 0.5200 
0.5535 0.5529 
0.5865 0.5859 

0.4994 
0.4995 
0.4995 

26.0 
26,1 
26.2 

0.5193 
0.5523 
0.5853 

eters V and A and upon the position parameter z in the case of first-order reac- 
tions, at a heating rate of q = 8/3 K sec-1. It is apparent that V is practically not 
influenced by either E or Z. In contrast, A is mainly determined by the E value 
and is relatively little influenced by Z. The position parameter z varies in parallel 
with A, but in this case the influence of Z is also very important. 

In Table 2 the influence of the apparent reaction order and of the heating rate 
is presented in the case of two E -  Z pairs, representing the extremities of the region 
covered by Table 1. In both cases, the shape parameters V and A are affected to the 
same extent by the variation of n, but the variation of the heating rate has a quite 
different influence upon the same V and A parameters in the two cases considered 
above. If  E and Z are large, the heating rate has practically no effect, but if E and 
Z are small, the effect of the heating rate cannot be neglected, especially in the 
case of A. As far as the position parameter z is concerned, it is practically not 
influenced by n, especially i f E  and Z are large, but it depends on the heating rate 
to an important extent, especially i f E  and Z have small values. 

R e d u c e d  c h a r a c t e r i s t i c s  o f  T G  c u r v e s  

Since, in the case of large E and Z values, the shape parameters are practically 
not influenced by the heating rate, and the position parameter has practically the 
same value, irrespective of the reaction order n, an attempt has been made to 
obtain some reduced characteristics of TG curves, by eliminating the influence of  
the heating rate and of certain kinetic parameters. 

Taking into account the almost constant value of V for a given reaction order, 
our first aim was to obtain a reduced parameter V*, depending exclusively on n and 

J. Thermal Anal. 15, 1979 
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independent of q, E and Z. The systematic study of the influence of q, E and Z 
upon the numerical value of V allowed us to obtain an empirical formula reducing 
V to a value depending exclusively on n, corresponding to the V value for very 
large E and Z parameters. The formula obtained can be written as follows: 

where 

a 
V* = V + 1.42~-  10 -z  (9) 

( 1 )  
a = ( 1  +0 .6n  +0.25n 2) 2 - ~ - l o g q  

b = [2.3 - log q + 0.15(log q)2] logE - 2 - ~ l o g  q 

[1 + 0.5 log Z + 7(log Z)~10-2]. 

This reduced, or corrected shape parameter depends only on n and enables us 
to obtain the apparent reaction order from this parameter, according to the follow- 
ing empirical formula: 

1.272 - x/1.618 - 2.2(V* - 0.2675) 
n = 0.11 (10) 

Further, an attempt has been made to obtain reduced ,4* and ~* values which 
would be independent ofn  and q. For this purpose the heating rate q = 1/6 K sec -1 
(10 K rain -1) and the reaction order n = 0 were chosen as standard "'conditions" 
and empirical formulae able to reduce all A and ~ values to these standard condi- 
tions were sought. 

Analysis of the calculated `4 values led us to the following expression: 

` 4 + c  
A* = (11) 

1 + 0.16n + O.011n 2 - d 
with 

[7.1 - 5(log E - 6)][2.443 + 3.473 log q + 0.428(1og q)~] 10' 
C =  

E[4 + 1.5 tog Z + 0.16(log Z) z] 

d = 12n(n + 3)[1.353 + 0.535 tog q + 0.103(log q)2]10-3 

(4 + 3 log Z)(log E - 1) 

In a similar way, from theoretical z values the following empirical formula has 
been derived: 

(4 + log Z)e - f 
z* = z + (4 + ~ o g  Z)E (12). 

e = 101n + 4550(Iog q + 0.778) 

f----- 16.6(1og q + 4.39)n + 300(log q + 0.778)(log q + 11.75). 

with 

J. Theemal Anal. 15. 1979 
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Both A* and ~* depend on E and Z, and an infinite number of  A* - ~* pairs 
belong to a constant E or Z value. Thus, a nomogram can be obtained, by giving 
in A* - z* co-ordinates a curve family corresponding to different E values, and 
another curve family corresponding to different Z values. The data presented in 
Table 3 enable us to construct this nomogram for the whole region investigated 
in this paper. Several curves of this nomogram are given in Fig. 1. 

0 E-400 L~ 

i 2 3 4 5 

Fig. I. Nomogram, representing E and log Z as a function of the reduced parameters 
~* and A*. (E values are given in kcal/mole-1 Z values in see-l) 

The nomogram method 

The nomogram given in Fig. 1 enables us to propose an iteration procedure of  
deriving kinetic parameters from the shape and position parameters of the TO  
curve. On the basis of  the TG curve, one can determine the 00.1, 0o. 5 and 00.9 values 
for  a given thermal decomposition step, i.e. for a portion of the TG  curve situated 
between two successive weight loss stops. Via these three reciprocal temperature 
values, parameters V, A and �9 can be calculated according to Eqs (6), (7) and (8). 

In the first iteration cycle the apparent reaction order nl is calculated by means 
o f  Eq. (10), by using the experimentally obtained V value instead of the reduced 
parameter V*. The reduced shape parameter A* is calculated by means of Eq. 
(11), by using the nt value obtained above, and by taking c = d = 0. As far as 
the position parameter is concerned, we take * * z~ = T. By using these A* and z 1 
values, by means of the nomogram given in Fig. 1, or constructed with more details 
on  the basis of the data given in Table 3, we obtain the first approximation of the 
kinetic parameters, viz. E1 and log Z1. 
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In a higher, e.g. the i-th iteration cycle, V* is calculated by means of Eq. (9). 
The constants a and b are calculated by using the beating rate q and the hi_l ,  
Ei_l, log Zi_ 1 values obtained in the (i - 1)-th iteration cycle. This V* value is 
used for the calculation of n i, by means of Eq. (10). A* and ~* are calculated by 
means of Eqs (11) and (12), by using the q, ni, El_ 1 and log Zi_ 1 values for the 
~calculation of the constants c, d, e and f.  

This iteration procedure is continued until the system of reduced parameters 
becomes self-consistent, i.e. until the k-th approximation of the reduced param- 
�9 eters (and I of the kinetic parameters) is equal to the (k - 1)-th approximation. 

Verification on theoretical TG curves 

The procedure given above is rapidly convergent and the second or third iter- 
ation cycle already gives a self-consistent system of V*, A*, z*, n, E and Z values. 

As an example, theoretical curves corresponding to n = 1, E = 20 kcal/mole, 
Z = 104 sec -1 and to different heating rates have been chosen. Their shape and 
position parameters, together with the reduced parameters and kinetic parameters 
~btained in the first three iteration cycles, are presented in Table 4. It is obvious 

Table 4 

Shape  and  position parameters  x0, reduced parameters  x* and kinetic parameters  Yi obtained 
in  the i-th i teration cycle. (n = 1, E = 20 kcal/mole, Z = 104 sec -1, heating rate q K see -x) 

V 

A 

813 
1/6 
8/3 

8/3 
1/6 
1/96 

8/3 
1/6 
1/96 

0.3862 
0.3870 
0.3875 

164.03 
167.09 
169.46 

1.4157 
1.6609 
1.9098 

0.3862 
0.3870 
0.3875 

140.63 
143.11 
145.05 

1.4157 
1.6609 
1.9098 

0.3902 
0.3888 
0.3884 

142.41 
142.89 
143.72 

1.6619 
1.6656 
1.6595 

0.3891 
0.3000 
0.3887 

142.41 
142.89 
143.38 

1.6668 
1.6656 
1.6610 

E 

log Z 

0.97 
0.98 
0.98 

20.0 
20.0 
20.0 

2.8 
4.0 
5.2 

1.01 
1.00 
0.99 

20.0 
20.0 
19.9 

4.0 
4.0 
3.9 

1.00 
1.00 
1,0 

20 0  oio 
4.0 
4.0 
4.0 

that  in the case of the standard heating rate q = 1]6 K sec -1, even the first iteration 
cycle practically gives the true values of the kinetic parameters. If  q is not the 
standard one, the first iteration cycle gives wrong Z values, but in the second or 
third cycle errors are already eliminated. 
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Verification on experimental TG curves 

The TG curve of Ca(COO)2 " H20 has been recorded by means of a MOM 
derivatograph; sample weight 750 rag; q = 10 K rain -1. Decomposition stages I ,  
II and III have been submitted to kinetic analysis by means of the nomogram meth- 
od proposed in the present paper. The results given in Table 5 are compared to 
the kinetic parameters derived from the same curve by means of the Co a t s -  Red- 
fern method [8], presented in the last column of the Table @ca). The log Z values. 
in this column have been obtained by means of the following relation [9]: 

flog Z = logg(~) - logp(x) + log R q  - l ogE  (13)o 

derived from Eq. (3). 
As seen from Table 5, the kinetic parameters derived by means of the nomogram 

and of the Coats -Readfern  method are sufficiently close to each other in the- 

Table 5 

Shape and position parameters x0, reduced parameters xT and kinetic 
parameters Yi corresponding to the i-th iteration cycle, derived from the experimental 

TG curve of Ca(COO).~ " H20 " q = I/6 K sec-1 

Reaction xo x~ x~ y, yCR 

II 

III 

V 
A 
T 

T 

T 

0.3555 
232.7 

2.279 

0.5722 
33.8 

1.396 

0.3293 
72.7 

0.9555 

0.3555 
207.9 

2.279 

0.5722 
22.3 

1.396 

0.3293 
67.1 
0.9555 

0.3573 
207.5 

2.284 

0.5723 
22.3 

1.398 

0.3301 
67.2 
0.9556 

Y Yl 

n 0.71 
/~ 13.7 

log Z 3.6 

n 2.71 

lo/gg Z 14040 

n 0.50 
oEg 43.3 

1 Z 5.6 
I 

0.73 
13.7 
3.6 

2.71 
140 
40 

0.50 
43.3 

5.6 

0.67 
13.3 
3.5 

1.00 
263.151 .0  

78.013.0 

0.50 
42.6 

5.5 

case of reactions I and III, which are simple endothermic decomposition reactions. 
In contrast, reaction II is an exothermic reaction and even the shapes of the DTA 
and DTG curves show it not to be a simple process. The Coats -Redfern  plot 
gives two intersecting straight lines for n = 1, corresponding to two kinetic stages 
with different E and Z values, given in Table 5. In this case V is quite large and 
generally a value of V > 0.4 might indicate the complex character of the process, 
i,e. the impossibility of characterizing the decomposition ~stage by means of a 
single E - Z pair. Thus, if V > 0.4 is found, the simple or complex character o f  
the process is to be tested, e.g. by performing a Coats -Redfern  linearization,, 
corresponding to the n value given by'Eq. (10). 
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fl/SUMg -- Pour caract6riser les courbes TG, on propose les param+tres de forme et de position 
V, A et z d6finis par  les 6quations (6), (7) et (8). En r6duisant ces param6tres aux "condi t ions"  
standards n = 0 et q ---- 1/6 K sec -1, ~t l 'aide des 6quations (9), (11) et (12), le nonaogrananae 
donn6 darts la figure 1 peut ~tre construit. On propose une na6thode d' i t6ration pour  d6duire 
les paranaStres cin6tiques n, E et Z ~t part ir  des parana6tres V, A et ~ dans le cas des r6actions 
~imples de d6conaposition thernaique, en utilisant les fornaules enapiriques (9), (10), (11) et (12) 
.ainsi que le nonaogrananae. Le tableau 3 contient  les donn6es n6cessaires pour  construire ce 
laonaograname. 

ZUSAMMENFASSUNG --  Die Gestalts- und Posit ionsparameter V, d und z werden zur Charak- 
terisierung yon TG-Kurven  vorgeschlagen, bzw. dutch die Gleichungen (6), (7) nnd  (8) 
definiert. Du tch  Redukt ion dieser Parameter  auf  die "Standardbedingungen"  n = 0 und 
q = 1/6 K sec -~ mit Hilfe der Gleichungen (9), (11) und  (12) kann  das Nonaogramm in Abb.  1 
konstruiert  werden. Eine Iterationsnaethode wird vorgeschlagen, welche die Ableitung der 
kinetischen Parameter,  n, E und Z einfacher thermischer Zersetzungsreaktionen aus den 
Parametern  V, d and z unter  Anwendung der empirischen Fornaeln (9), (10), (11) und (12) 
sowie des Nomogramms erna6glicht. Tabelle 3 enth/ilt die zur Kons t rukt ion  des Nonaogrananas 
nStigen Angaben. 

Pe3~oMe - -  Ilpe~aox~er~i IIapaMeTpa qbOpMbI ~ noaoz~enz~a V, A a v ~aa xapaKTepIlCTIIK~ KplI- 
BSIX TF ~I oupez~ert~eIvmix, COOTBeTcTBermo, ypaB~ean~rv~ (6), (7) n (8). 3Tn napaMeTpt, i npm3e- 
jlettbI K HOpMaYmrmIM (~ycnoBrt~IM~> n ---- 0 rI q ----- 1/6 K ce~ -1 ri HOMOrpaMMa, npr~Be~eni~aa i~a 
p~c. 1, MomeT 6~IT~, nOCTpoeaa nocpe~cTBOM ypaBnenrift (9), (11) r~ (12). Ilpez~aomeH aTepa- 
l/ttoit14t,i~ MeTO~, no3Bo~monlr~ Bt,IBeCTI~I raHeTnnec~a~e napaMeTpsI n, E rt Z npocTl, Ix peaKtlm~ 
TepMm~ecKoro pa3~o)KeH~, rIcxo~Ia ~3 V, zt r I T  napaMeTpoB rI ~crloar,3y~ 3MIiaprt~ecFa~e qbop- 
Mynbi (9), (10), (11) a (12) ~t HOMOrpaMMy. Ta6naiia 3 CO)Iepx~T )Iarr~m, neo6xo)IaM~,~e ~Ina 
nocxpoem~ 3TOR noMorpaMMSI. 
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