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Doyle's isothermal method is analysed by using it for deriving activation energies 
from theoretical curves. Empirical formulae are given for the time correction tc, as 
well as for the factor r in the following equation: Ea = - rm cal/mole. An iterative 
procedure is suggested, which eliminates the inaccuracy of Doyle's method and permits 
the derivation of activation energies with an accuracy of ___0.1 kcal/mole in ideal 
cases. 

In order to derive apparent activation energies, Ea, for thermal decompositions 
of  solids, Doyle [1 ] has worked out a method based on the comparison of thermo- 
gravimetric curves, obtained at constant heating rate q, with thermogravimetric 
curves recorded under isothermal conditions. 

By presuming the validity of a kinetic equation of the type: 

d~ 
d 7  = kj(~) (1) 

where ~ stands for the reacted fraction of the initial compound, and by presuming 
further the rate constant k to obey Arrhenius' equation 

for the conditions of thermogravimetric analysis at constant heating rate, Doyle's 
equation of  the thermogravimetric curves can be obtained [2] 

; a~ zEo 

o 

In this relation p(x) stands for the integral 

of) 

e-X 
p(x) = f ~ T -  dx with x - 

x 

(3) 

Ea 
R T  (4) 
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Under isothermal conditions, relations (1) and (2) give 

g ( a ) = Z  exp - - ~ -  t (5) 

The basic idea of Doyle's method is to take experimental points on thermogravi- 
metric curves, obtained both under isothermal conditions and at a constant 
heating rate, corresponding to the same c~ value. In this case, irrespective of the 
analytical shape of the function f(c 0, we have the same g(~) value and Eqs (3) 
and (5) give 

Taking logarithms 

exp - ~  t i = ~ - q p ( x )  

Eo F~a 
lg t i - 4 . 5 7 4 ~  + lg ~ + lgp(x) (6) 

If x is sufficiently large, lg p(x) is to a first approximation a linear function of 
1/Ti, where Ti stands for the absolute temperature at which ~ reaches the consid- 
ered value at constant heating rate. Taking different ~ values and performing a 
graphical plot of lg t i vs. 108/Ti, a straight line is obtained. As shown by Doyle [1] 
the slope m of this straight line gives the apparent activation energy, according 
to the approximate formula: 

E,  = - 4351 m cal/mole (7) 

If  the isothermal time is measured from the moment at which the sample reaches 
the isothermal working temperature To, this time tia must be corrected, since some 
decomposition occurs in the heat-up period too, i.e. t i = ti a + tc. For the calcula- 
tion of this equivalent isothermal time to, Doyle proposed the approximate formula 

t c = 0.03 T ~  (8) 
q 

In Doyle's method there are two rough approximations, relation (8) and the 
constant factor in (7). In order to see the errors due to these approximations, the 
above method was used in the present paper to derive activation energy values 
from theoretical curves. By using the lg p(x) values listed in our earlier paper [3] for 
various Ea and T values, this theoretical verification can be carried out easily. 
With the Ig p(x) value corresponding to To and the considered E a, Eq. (6) gives 
the equivalent isothermal time tc of the heat-up period. The same equation gives 
the isothermal time ti for higher temperatures T > To, by taking the corresponding 
lg p(x) values. The difference between the obtained tz and t~ values will be the 
"observed" isothermal time tia. From these values the apparent activation energy 
was derived by means of Doyle's method in the following way" To the obtained 
ti, value was added the correction t c calculated by Doyle's approximate formula (8). 
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A plot of the resulting lg t i values vs. 103/Ti was performed, and gave indeed a 
straight line. Its slope was calculated by means of the least squares method and 
Ea was obtained according to formula (7). Some examples of the results obtained 
are given in Table 1 for two hypothetical reactions, with E a = 24 and 40 kcal/mole, 
respectively, for different isothermal ageing temperatures To, by presuming a 
constant heating rate of q = 10~ (for both the non-isothermal thermogravi- 
metric curve and in the heat-up period of the isothermal analysis). 

Table 1 

Activation energy of two hypothetical reactions, derived by means 
of Doyle's method, q = 10~ 

Ea = 24 kcal/mole E a = 40 kcal/mole 

To, ~  E a derived 
kcal/mole 

120 
130 
140 
150 
160 
170 
180 

24.5 
24.6 
24.9 
25.2 
25.6 
26.4 
27.6 

~ ,  ~ E a derived, 
kcal/mole 

170 38.0 
180 37.7 
190 37.2 
200 36.5 
210 35.6 
220 34.4 
230 32.9 

As seen from Table 1, a systematic variation of the results obtained can be 
observed with the variation of the isothermal ageing temperature and the errors 
can be considerable, up to 20 ~ .  

In order to eliminate the inaccuracy of Doyle's method (due to the two rough 
approximations mentioned above) even in ideal cases, a systematic study of the 
equivalent isothermal time t c and of  the ratio E~/m was performed. From Eq. (6) 
it is obvious that these values cannot be influenced either by the analytical shape 
of the function f(e)  or by the value of the pre-exponential factor Z, which is a 
particular advantage of  Doyle's method. 

A great number of values of the equivalent isothermal time tc were calculated 
by means of  Eq. (6), for different activation energies between 10 and 66 kcal/mole, 
and for different temperatures between 100 and 430 ~ The analysis of these values 
led to an empirical formula which gives tc with considerable accuracy. The empiri- 
cal formula is the following: 

1.191 
t~ - E~ -~ T02 (9) 

q 

At a given heating rate q and isothermal ageing time To, the equivalent isother- 
mal time of  the heat-up period is a function of  the activation energy. 

The influence of  the activation energy and temperature upon the ratio Ea/m was 
studied in a similar way. Plots of lg tl vs. 103/T/were made for different activation 
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energies between 10 and 66 kcal/mole and for isothermal ageing temperatures 
between 100 and 400 ~ The corresponding lg t i values were calculated by means 
of Eq. (6), by using the table of  lg p ( x )  values [3]. The slope of the straight lines 
was determined by means of the least squares method. The analysis of the data 
obtained led to the following empirical formula: 

m 
- 4076 + 995 ( l g E a -  4) - 610 (Ig E~ - 4) ~ -  (4.92 - 0.976 lgEa)t (10) 

In this formula Ea must be expressed in cal/mole, and t stands for the isothermal 
ageing temperature given in degrees centigrade (t = To -273) .  Thus, at a given 
isothermal ageing temperature also the ratio r is a function of the activation energy 
and can differ from the Doyle value (r = 4351) by up to 10 ~o. 

On the basis of  the above results Doyle 's  isothermal method can be improved 
considerably. The errors due to the two approximations can be removed by means 
of  the following iterative procedure: 

In the first iterative cycle E~ is determined according to the Doyle method, i.e. 
tc is calculated by means of formula (8), and the slope of the straight line obtained 
by plotting lg t~ vs. 103/T~ is multiplied by the factor r = 4351. 

In the second iterative cycle t c is calculated according to Eq. (9), by using the 
E~ value obtained in the first cycle. In order to facilitate these calculations, we give 
in Table 2 the - l g  tc q / T ~  values for sixty activation energies between 10 and 
69 kcal/mole. I f  E~ has a fractional value, a linear interpolation can be made. 

Table 2 

Numerical values of -lg t c q/T~ for different activation energies 

E." --lg t e q/T~ 
. 1 0 - 4  

cal/ mole 0 1 2 3 4 5 6 7 8 9 

3.752 
4.040 
4.208 
4.328 
4.421 
4.497 

3.791 
4.060 
4.222 
4.339 
4.430 
4.503 

3.828 
4.079 
4.235 
4.348 
4.437 
4.510 

3.861 
4.098 
4.249 
4.358 
4.445 
4.517 

3.892 
4.116 
4.260 
4.367 
4.453 
4.523 

3.920 
4.133 
4.273 
4.377 
4.460 
4.530 

3.947 
4.149 
4.284 
4.386 
4.468 
4.537 

3.972 
4.164 
4.296 
4.395 
4.475 
4.542 

3.996 
4.180 
4.307 
4.404 
4.482 
4.549 

4.019 
4.194 
4.318 
4.412 
4.490 
4.555 

By using these new tc values and the experimental data, a new plot o f lg  t~ vs. 
lOa/Ti is made and the second approximation of Ea is obtained by means of the 

following formula: 

Ea = - rm cal/mole (11) 

The factor r is calculated now according to Eq. (10), by using the Ea value obtained 

in the first cycle. 
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In  the  th i rd  i t e ra t ive  cycle  the  E a o b t a i n e d  in the  s econd  one  is used  to  der ive  t~, r 

a n d  a n e w  E ,  value.  Th is  p r o c e d u r e  is c o n t i n u e d  till the  t~, r and  Ea va lues  b e c o m e  

se l f -consis tent .  
Eff ic iency o f  t he  sugges ted  m e t h o d  is i l lus t ra ted  by  T a b l e  3. T h e  va lues  p re sen t ed  

re fer  to  h y p o t h e t i c a l  reac t ions .  

Table 3 

Determination of E~ by means of the suggested method. 

Hypothetical reactions, q = lO~ 

E~ = 22 kcal/rnole, t = 150~ Eo = 46 kcal/mole, t = 300~ 

Iterative Ea Iterative tr s 
cycle cycle kcal/mole 

1 I 76 
2 85 
3 88 
4 89 
5 89 

T h e  " o b s e r v e d "  

f o r m u l a  (6), u s ing  

r kcal/mole 

4351 23.33 
4261 22.35 
4248 22.13 
4244 22.07 
4244 22.07 

1 
2 
3 
4 

&, s r 

103 4351 
84 4348 
81 4356 
81 4358 

44.18 
45.79 
46.11 
46.13 

i s o t h e r m a l  age ing  t imes,  tia, were  ca l cu la t ed  by  m e a n s  o f  

t he  c o r r e s p o n d i n g  lg p ( x )  va lues  (by  t a k i n g  the  d i f fe rence  
b e t w e e n  the  t; va lues  o b t a i n e d  fo r  T / a n d  To). 

A s  seen, the  p r o c e d u r e  is a r a t h e r  qu i ck ly  c o n v e r g i n g  o n e  and  in  idea l  cases  i t  

gives the  a p p a r e n t  a c t i v a t i o n  ene rgy  wi th  an  a c c u r a c y  o f  a b o u t  ___0.1 kca l /mo le .  
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RgSUM~ - -  On analyse la m6thode isotherme de Doyle en l 'employant pour le calcul des 
6nergies d'activation sur des courbes th6oriques. On donne des formules empiriques pour la 
correction du temps to, ainsi que pour le facteur r dans l '6quation Ea = - r m  cal/mole. 
On propose un proc6d6 it6ratif 61iminant l 'incertitude de la m6thode de Doyle et permettant 
le calcul des 6nergies d'activation /t __. 0.1 kcal/mole dans les cas id6als. 

ZUSAMMENFASSUNG - -  Die Doylesche isothermische Methode wurde analysiert, indem 
man sie zur Ableitung der Aktivierungsenergiewerte aus theoretischen Kurven heranzog. 
Empirische Formeln ffir die Zeitkorrektur tc und fiir den Faktor r in der Gleichung Ea = - r m  

cal/Mol wurden gegeben. Eine Iterationsmethode durch welche die Ungenauigkeit der Doyle- 
schen Methode beseitigt und die Werte der Aktivierungsenergien auf -k 0.1 Kcal/Mol Genau- 
igkeit for den Idealfall bestimmt werden kSnnen, wurde vorgeschlagen. 

P e 3 t o M e -  Hpoana~3npoBaH n30TepMnqecrn~ MeTOII ~OIYrl~ npi~ ero i4clio.rna30BaHkn~i ~yl~l 
pac~eTa 3Heprnrt aKTnBalIHH nO TeopexrI~ecKo~ I~p/JBO~L I-[pnBe~enbl ~Mnnprtqecra~e qbop/vly~bl 
~ q  Koppe~rm BpeMenri t e ~i ~r dpaKTopa r B c~e~yro~eM ypaBnermn: E a ---~ - -  rm raJt/MOJl. 
Ylpe)xnaraerc~ npr~6~n~enH~,~ Mero~I, ncrmoqaromn~ I-IeTOqnOCTb MeTolIa ,~o~,7I.'t I,I aaromn~ 
BO3MOTKI-IOCTb pac~IHTaTb 9HeprF/IO aKTrIBa~tni4 c TOV-IFIOeTbIO "-~ 0,1 I(KaYI/MO.rl B a~ea~1,noM c~y,tae. 

J. Thermal Anal. 2, 1970 


