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The theory of Borchardt and Daniels for the determination from the DTA curve 
of the fraction decomposed (~) is used. The probable mechanism, activation energy 
(E) and frequency factor (Z) can be found by the trial and error method from the 
plot of ~ vs. T for a decomposition reaction which can be expressed by the equation 

ZE 
log g(:0 = log p(E/RT) + Rq 

The use of tables of log g(e) for different mechanisms, and plots of the function log 
p(E/RT~) vs. temperature for different activation energies is described. The influence 
is shown of the mechanism of the process, activation energy, frequency factor and 
beating rate (q) on the shape of the DTA curve. The kinetic data for the decompo- 
sition of several solids obtained by the described method are in good agreement 
with those obtained from literature sources. 

Introduction 

In  the  last  ten years  several  me thods  have been developed to pe rmi t  the k inet ic  
analysis  o f  D T A  curves [ 1 -  12]. Al l  o f  them app ly  s implifying assumpt ions  in 
connec t i on  with  the de te rmina t ion  f rom the exper imenta l  D T A  curve o f  the f rac-  
t ion decomposed  (c 0. The  mos t  s imple m e t h o d  is tha t  devised by Borcha rd t  and  
Danie ls  [1] and  used by  many  o ther  au thors  [2, 4, 12]. Borcha rd t  and  Danie l s  
selected exper imenta l  condi t ions  under  which no t empera tu re  g rad ien t  occurred  
in e i ther  s t a n d a r d  or  sample,  and  the thermal  conduct ivi t ies  and  capaci t ies  o f  
the  sample  and  s t a n d a r d  were ident ical  i ndependen t ly  o f  tempera ture ,  and  hea~ 
loss cou ld  be neglected.  In  this case, f rom the hea t  ba lance  for  the ra te  o f  reactior~ 
i t  fol lows tha t  

dn no C - -  + k A T  (1} 
dt K " A H  dt 

where n 

~0 

number  of  moles  o f  s tar t ing mate r ia l  at  t ime t 
number  o f  moles  o f  s ta r t ing  mater ia l  a t  the beginning o f  the  
process  (t = to) 

7* J. ThermM Anal 2, 197(~ 



326 SKVARA, ~ATAVA: KINETIC DATA FROM DTA 

k = heat transfer coefficient for the sample (standard) 
C = heat capacity of  sample (standard) 

A T  = temperature difference between sample and standard 
A H  = enthalpy change of the reaction 

K = constant. 

Supposing a zero reaction rate at the beginning of the peak (t0), the total area un- 
der the peak (At) is proport ional  to the heat of reaction 

1 
A t = ~ �9 A H  (2) 

Then, for the fraction reacted (~) up to time t 

c~ - - A T  + a (3) 
no A t  

where a is a part  of the area under the DTA curve up to time t (Fig. 1). 
The values of A t and a can be determined from the D T A  curve by means of 

C 
graphical integration, and the value of ~ from the cooling curve of the system, 

to t t f  
T i m e  

Fig. 1. Simple DTA curve 

as Baumgartner and Duhant  [12] have shown. When DTA curves of powdered 
samples are taken in a standard D T A  apparatus, Borchardt 's  assumptions are 
not exactly fulfilled. I t  is not  possible for example to eliminate entirely the temper- 
ature gradients in the sample and standard and further to provide a constant 
heating rate in the whole mass of the sample during a reaction. However, some 
authors [10, 11, 13, 15] have achieved satisfactory results in the determination 
of  kinetic data by neglecting these effects completely. 

For the description of reaction kinetics, Borchardt and Daniels used the 
equation 

d~ E 
- -  Z ' e - ~ ( 1  - ~)n ( 4 )  

dt 
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where Z = frequency factor 
E = activation energy 
n = apparent  reaction order. 

Tateno [9], Reed, Weber and Gottfried [2], Reich [ 4 - 8 ]  and others have 
reported different ways of estimating the values of E, Z and n from the DTA 
curve. These methods have several disadvantages and often lead to uncertain or 
meaningless values for the order of reaction. In the solid state, only reactions 
with n = 0, 1/2, 2/3 and 1 have theoretical justification, and many reactions 
(i.e. diffusion controlled ones) as Sharp et al. [17] have shown cannot be classified 
in terms of an order of reaction. 

As the values of E and Z depend on the rate controlling process, the correct 
determination of the mechanism is an important  step in the study of the kinetics 
of solid state reactions. I f  the correct mechanism is known, it is possible to 
estimate both the activation energy and frequency factor from a single D T A  
curve. A method has been described recently [2t] for obtaining kinetic data 
from the thermogravimetric measurement without prior knowledge of the reac- 
tion mechanism, and an application of this method to DTA measurements is 
given in the present paper. 

Principle of the method 

The rate of reaction of a process can be generally expressed by 

d c( e ( ~ c] 
dt  - Z ' e - R T  -f(~) I - -  e -Rr  (5) 

where A G  is the free energy change of the process andf (e )  depends on the type 
of the rate controlling process. 

I f  the velocity of  the reverse reaction can be neglected (far from the equilibrium 
temperature), then 

d~ E 
d t  = Z " e -Ur-  f (c  0 (5a) 

The heating rate q is constant during the DTA measurement 

dT 

dt - q 
(6) 

Substituting in (5) we get 

d~ Z E 
- e - ~  dT 

f(~) q 
(7) 

J. Thermal Anal. 2, 1970 



328 ~;KVARA, SATAVA: KINETIC DATA F R O M  DTA 

and by integration to temperature T~ at which the fraction decomposed is 7, 
the following relationship is obtained according to Doyle [19] 

E 
where x -  

RT, 

where u - 

ZE 
g ( ~ )  . . . .  p(x) (8) 

Rq 

and the function p(x) is defined by 

p ( x )  - 
e-Xx ; e-u- u 

-x 

E 

du (9) 

RT 

Eq. (8) can be written in logarithmic form 

ZE 
log g(~) - logp(x) ~ log (10) 

Rq 

As Z, E, R and q are independent of temperature, the difference on the left side 
of Eq. (10) must be independent of temperature for the whole range of ~ as 
Zsak6 [20] has shown. That, however, is fulfilled only for a function log g(~) 
that corresponds to the correct mechanism of the process studied. 

The evaluation of DTA measurements has three phases: 
1) Calculation of c~ as a fanetion of temperature. I f  the Borchardt equa- 

tion (1) is assumed to be valid, the fraction decomposed in time t can be calcu- 
lated from the DTA curve applying Eq. (3) Values of A t and a are calculated 

by a graphical or n~tmerical integration. Values of --C in Eq. (3) can be most easily 
K 

determined from the cooling curve of the studied system. The sample (or the 
product  of its thermal decomposition) is mixed with powdered graphite and 
heated by passage of  a known amount of electric current. From the plot of AT vs. 

time the value of C is determined. 
K 

Now the fraction decomposed (c 0 is known as a function of temperature, 
and the procedure of evaluation of kinetic data is the same as in the case of thermo- 
gravimetric measurement, described earlier [21]. 

2) The probable mechanism of the process is selected and log g(~), calculated 
from known ~ values, is plotted against the corresponding temperature values. 

3) By comparing the given log g(~) vs. temperature plot with the set of log p(x) 
curves for different activation energies plotted against temperature in the same 
scale, Eq. (10) was found to be valid over the entire range of ~. The curve of  
log p(x) which follows an identical curvature to the given function log g(~) over 
the whole range of  ~ corresponds to tee sought for v a~e  of tt~e activation energy. 

J. Thermal Anal. 2, 1970 



SKV.~RA, ~ATAVA: KINETIC DATA FROM DTA 329 

When an incorrect mechanism has been selected, Eq. (10) is only fulfilled partially 
(in a narrow range of ~). The DTA curve was constructed for the process controlled 
by three-dimensional diffusion (function D3 in Table 1) with activation energy 
E = 20 kcal, pre-exponential factor Z = 109 s -1 and heating rate q = l~ 
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Fig. 2. P rocedu re  for eva lua t ing  the  D T A  curve.  Cover  curve  1 compl ies  wi th  func t i on  D3; 
E = 20 kca l /mole ,  Z ----- 109 a n d  q = l~  Curve  2 ( f rac t ion  reacted,  c~ vs. T) calcu-  
la ted  f r o m  the  D T A  curve  (1). U p p e r  curves  are  plots  o f  log g(e)  vs. T for  the  va r ious  kinet ic  

equa t ions .  D a t a  po in t s  are  a plot  o f  log p ( x )  vs. T for E = 20 kca l /mole  

Curve (2) given in the lower part  of Fig. 2 represents c~ as a function of temperature 
calculated by means of Eq. (3). Plots of  log g(7) for different assumed rate pro- 
cesses (Table 1) vs. temperature are given in the upper half of  Fig. 2. Points 
marked in the diagram correspond to the function log p(x) for E = 20 kcal/mole. 
As can be seen in Fig. 2, only the function log g(~) calculated for Jander 's  equa- 
tion (D 3 type in Table 1) fits the logp(x)  curve just mentioned. This fitting can 
be achieved with other log g(~) curves only in a narrower region of ~. 
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Symbol 

I )  1 
Dz 

Da 

F~ 

As 

Aa 
R2 
Ra 

Table l 

Kinetic equations and symbols employed 

Kinetic equation 

c~ 2 = k t  

( 1 - -  c O i n ( l - -  :0-t- c~-= 
= k t  

[1 --  (1 --  a)l,a]2 = k t  

2 @__ (1 -- a') 2/a l 
1- T =i 
= k t  i I 

- - I n ( 1  -- ~ ) = k t  I 
2 

~/ - - ln (1  -- ~ ) = k t  
3 

~/ - - ln (1  - - ~ ) = k t  
1 --(1--c~) t iz=kt  
1 -- (1-- ~)i/a=kt 

Rate controlling process 

one-dimensional diffusion 
two-dimensional diffusion; cylindrical symmetry 

three-dimvr~sional diffusion; spherical symmetry; 
Jander equation 

three-dimensional diffusion; spherical symmetry; 
Ginstling and Brounstein equation 

random nucleation; only one nucleus or~ each 9article 

! random nt~cleation; Avrami equation 

random nucleation; Avrami equation 
phase boundary reaction; cylindrical symmetry 
phase boundary reaction; spherical symmetry 

The advantage of the method described is that it is an easy procedure for 
evaluating tile experimental data compared to the derivation methods most 
frequently employed [1-8~ 16]. 

Inf luence  o f  k ine t i c  p a r a m e t e r s  on the shape  o f  D T A  curves  

A number of factors influence the shape of the peak on a DTA curve and its 
position on the temperature axis. Assuming Borchardt's conditions to be fulfilled, 
the character of the curve is influenced by the activation energy (E), frequency 
factor (Z), beating rate (q) and mechanism of the process studied as can be seen 
from Figs 3, 4a, b and c, It is obvious from Fig, 3 that the mechanism of reaction 
influences both the position and the shape of a peak on a DTA curve. 

P o s s i b i l i t i e s  o f  us ing  D T A  m e a s u r e m e n t s  for  k i n e t i c  s tudies  

o f  so l id - s ta t e  reac t ions  

DTA is mostly used for studies of processe~ in solids, but it is questionable 
whether kinetic data can be derived from such measurements. Even though the 
conditions of validity of Borchardt's equation are not exactly fulfilled, they can 
still be approached when measurements are suitably arranged experimentally. 
The temperature gradient in the solid sample carl be decreased by diminishing 
the volume of the sample and by increasing its thermal conductivity by dilution 
with thermally inert well-conducting material [30], e.g. powdered corundum. 
When corundum is simultaneously used as a standard, the conditio~ of ider~ical 
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thermal conductivity and heat capacity is fulfilled, too. The dilution of the sample 
and diminution of its volume are restricted by the sensitivity of the recording 
apparatus, the size of the thermocouples, and a number of factors the influence 
of which on the accuracy of kinetic measurement is difficult to evaluate quantita- 
tively. Hence the authors, to verify the applicability of DTA curves to studies 
of  kinetics in solids, compared kinetic data obtained from DTA measurements 
by the method described with those obtained by other methods. 

~- 0,04 -- 

0.03-  

Q02 

0.01 

Aa~ 1 
D1 

D~ 
D3 

I 
0 100 200 

Temperature, oC 2 

Fig. 3. Theoretical D T A  curves calculated for reactions characterized by E = 20 kcal/mole, 
Z = 109, q = l~ and by different rate-controlling processes (see Table l) 

The DTA apparatus with a nickel block described earlier [22] was used. The 
weight of  sample was 0.1 g and the sample was diluted with granulated corun- 

dum in a ratio of 1 : 2. For  the determination of --C values the sample (also the 
K 

standard) was mixed with powdered graphite and heated by passage of alternating 
current between the nickel block and the thermocouple to the required tempera- 

C 
ture. The value of ~ was calculated from the cooling curve as follows: 
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Fig. 4. Theoretical D T A  curves calculated for  react ion fitting funct ion D 3 (see Table 1). 
a:  for  q = l~  Z =  109, var ious values of  E; b: for q = l~  E =  20 kcal/mole, 

var ious values of  Z ;  c: for  E = 20 kcal/mole, Z = 10 ~, var ious values of  q 
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c I(c) 1 - -  : - -  ~ -  s tar t ing  
K K product  [ 1~- ] m a t e r i a l J  

a 

where (Xuncorrecte d - -  
At 

It  follows from the experimental 

it} (11) ' ~uncor rec ted  "~" - r 7  s t a r t ing  
/ k  ] mater ia l  

C dAT. 
measurements that the term . - - i n  

K dt 
Eq. (1) can be neglected, as Borchardt has proved [13]. 

An algorithm was made in Algol 60 language for an N C R  Elliot 4130 computer 
to facilitate calculation of the fraction decomposed (e) f rom the DTA curves. 

C 
This algorithm calculates ~ by Eq. (3), ~ -  by Eq. (11), and also logg(~) for 

different rate controlling processes. 
When a computer-controlled recorder is used, a plot of log g(e) vs. temperature 

is produced. The algorithm is available in the Joint Laboratory  for Chemistry 
and Technology of Silicates in Prague. 

Comparison of kinetic data computed f rom DTA measurements for decom- 
position of several solids with literature data (Table 2) shows the good applicability 
of the method described. 

Table 2 

React ion  

Ca Oxalate �9 2 H20 -+ Ca Oxalate q- 
-b H20 (nitrogen atmosphere) 

Mg(OH)z (brucite) --+ MgO + H20 
ZnCO a (smithsonite) ~ ZnO + CO, 
CaCO 3 --* CaO + CO2 

Sample  

E Kinet ic  
(kcal/mole) equat ion 

22 F1 
53 R 3 
24 R~ 
41 R~ 

Reference 

E Kinet ic  
(keal/mole) equat ion  

22 F a 
51.4 R2, R 3 
22.5 R a 
39 R3, R2 
41.6 
39.8 
42 

Literature  

[16[ 
[23 ] 
[24] 
[16] 
[25] 
[26] 
[27] 

Discussion 

DTA curves, similarly to T G  curves, provide information about the kinetics 
and mechanisms of processes. The advantage of DTA curves lies in the fact 
that they are not restricted to processes which are accompanied by changes of 
weight of the system. On the other hand, the temperature dependence of the 
fraction of reacted material is not obtained directly and the accuracy of its cal- 
culation assumes the fulfilment of several experimental conditions; this is often 
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difficult to attain. The condi t ions  can be fulfilled comparat ively easily for reactions 
proceeding in l iquid systems (also heterogeneous) [28, 29] and  the proposed 
method of evaluat ion  of kinetic measurements  has many  advantages compared  
with those used earlier. Pr imari ly  i t  provides more in fo rmat ion  abou t  the pro- 
cess studied and  facilitates the procedure of calculat ing kinetic data  f rom D T A  
measurements  (without  the need of a computer) .  

I f  proper  experimental  condi t ions  are used, the described method can also 
give data  abou t  the kinetics of reactions in solids. These data  are in good agree- 
ment  with those gained f rom isothermal  decomposi t ion  curves. Hence it can be 
assumed that  D T A  measurements  may give reliable in fo rmat ion  abou t  the kinetics 

and mechanisms of react ions in solids. 
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Rs -- On utilise la th6orie de Borchardt et Daniels pour d~terminer la fraction d6com- 
pos6e (~) ~ l'aide de la courbe d'ATD. En tra~ant ~ en fonction de 7", on peut d6terminer 
l'6nergie d'activatioa (E) et le facteur de fr~querlce (Z), par approximations successives et 
p3ur toutes les r6actions de d6compo3itivn pvuvant s'exprimer par l'6quation: 
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Z E  
logg(e)  = l o g p ( E / R T )  q-- ~ �9 

R q  

On d6crit l 'utilisation de tables donnant log g(~) pour diff6rents m6canismes et des dia- 
grammes donnant  la fonction log p ( E / R T , , )  en fonction de la temp6rature pour diff6rentes 
6nergies d'activation. On montre de plus l'influence du m6canisme du processus, de l'6ner- 
gie d'activation, du facteur de fr6quence et de la vitesse de chauffage sur la courbe d 'ATD. 
Les donn6es cin6tiques obtenues par cette m6thode dans le cas de la d6composition de plu- 
sieurs solides sont en bon accord avec les valeurs de la litt6rature. 

ZUSAMMENFASSUNG - -  Zur Bestimmung der abgespaltenen Fraktion (~) aus der DTA-Kurve 
wurde die Theorie von Borchardt und Daniels herangezogen. Aus dem Diagramm von 
in Funktion der Temperatur lassen sich der wahrscheinliche Mechanismus, die Aktivierungs- 
energie (E) und der H~ufigkeitsfaktor (Z) durch Iteration fiir Zersetzungsreaktionen ermit- 
teln, die durch folgende Gleichung ausgedrtickt werden kOnnen 

Z E  
log g(~) = log p ( E / R r )  + R~q 

Die Benutzung yon Tabellen yon log g(~) ffir verschiedene Mechanismen und von Diagram- 
men der Funktion log p ( E / R T ~ )  gegen die Temperatur far verschiedene Aktivierungsenergien 
wurde beschrieben. Der EinfluB des Reaktionsmechanismus, der Aktivierungsenergie, des 
Hfiufigkeitsfaktors und der Aufheizgeschwindigkeit auf die Form der DTA Kurve wurde 
er/Srtert. Die auf diese Weise erhaltenen kinetischen Daten der Zersetzung verschiedener 
Festk6rper stehen in guter l]lbereinstimmung mit den Literaturangaben. 

Pe3~oMe. - -  ICIcnogtb3OBaHa TeopHn Bop~ap~la H ~aune~.-ia ~o~n onpeRenennn no KpaBofl ~TA 
pacnaBmeflca qbpaxunn (~). IIo 3aBI'ICItMOCTIt KpI4B0!~ C~ OT T MO~HO yCTaHOB!,ITb MeTO~OM OIIIH- 
6OK BeponTH1,If~ Mexann3M, 3~epram at~TnBauHH (E) I~ qbaKxop ~aCTOTt, I (Z) RJIn pea~unH pacrlana, 
KOTOpym MO~HO onHcaT~, ypaBHeHneM 

Z E  
log g(c 0 = log p(E/RT) + - -  

R q  

Ormcano npHMeHe~He Ta6JIrmb~ CO 3rIa~eHH~IM~ lg(: 0 ~J~ pa3nNx MexaHII3MOB II ~pHB~te 
(OyHKtIHnlogp[E/RT~]  OT re~nepaTypsiJlaapa3rH, ix3riepri~a~Tr~atini~(/~), dpaKTopa ~IaCTOT~,~ 
(Z) r~ c~opocxn Harpe~a (q) ~ia xo)~ i~paso~ )~TA. K~aeTri~iec~ae Jlarmsxe, nonyueririr,~e ~nn me- 
~OTOp~,~X T~epztsIX ~emecTs onncanm,~M MeTOJ1OM, xopomo coBrmJ~aroT c nnTepaTypm,~Mi~ 
)Ia HHBIMI'I. 
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