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The computer kinetic analysis of simultaneously obtained TG and DTG curves
of CaCO, decomposition has been carried out. Ten different kinetic equations have
been tested to decide the mechanism which drives the reaction. Either a two-thirds
kinetic equation (phase boundary process) or a Jander equation (diffusion process)
satisfactorily describe the kinetic data of both decomposition curves. From these
results we conclude there is no chance of differentiating between these two mechanisms
by only the kinetic analysis of TG and DTG curves separately.

A better approach to the problem is possible if the kinetic analysis is performed
on simultaneous TG and DTG curves, together with an isothermal one. This procedure
might be a valid way to establish the mechanisms of thermal decomposition reactions
by means of kinetic methods without additional information.

We recently revewed the application of TG methods to establish the kinetics
of thermal decomposition reactions of solids [1—2]. It was concluded that TG
curves of any reaction, following either diffusion kinetics or Avrami-— Erofeev
or Prout—Tompkins mechanisms, necessarily fit some of the integral kinetic
equations available for “s-order reactions”. Then, it is not possible to determine
the mechanism of a solid-state reaction from TG curves alone.

However, it is necessary to point out that different integral kinetic equations
usually fit the same experimental TG curve. This fact does not imply that the
mathematical transformations of such integral equations e.g. differential and
differential-differential forms, fit the corresponding transformations of the TG
curves i.e. the DTG or DDTG curves. Only if the selected kinetic equation cor-
rectly described the course of the reaction mechanism must the kinetic para-
meters calculated from both the TG curve and any of its transformations coincide.

The present paper attempts to explore the advantages of simultaneous kinetic
analysis of both a TG curve and one of its mathematical transformations in order
to determine the mechanisms of thermal decomposition reactions of solids by
kinetic methods without additional information. The thermal decomposition of
CaCO, was selected as test reaction since its mechanism has been well established
[3]. With this in mind, the kinetic analysis of a TG curve and its corresponding
DTG curve was performed, some of the most frequently mechanisms proposed
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in the literature for the thermal decompositions of solids being assumed. A com-~
parative study of the kinetic parameters obtained from the two curves might
clear up the mechanism of the process.

Experimental

The samples of CaCO; were D’Hemio, r.a. Thermogravimetric analysis was
carried out on a Cahn Flectrobalance, model RG. Samples (50 mg) were heated
under vacuum (ca. 10~* Torr) at a heating rate of 12°/min. The temperature was
measured with a chromel-alumel thermocouple placed outside the balance tube,
as near as possible to the sample.

Results and discussion

The TG and DTG curves for a sample of CaCOj are presented in Fig. 1.
Kinetic analysis of the DTG curve was performed by means of the method due
to Achar et al. [4]. The following equation was used to obtain the kinetic para-
meters:
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Fig. 1. TG and DTG curves of CaCOQ, thermal decomposition under vacuum.
£ = 12°/min
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When the selected function, f(), fits the experimental data, the plot of the left-
hand side of Eq. (1) vs. 1/T results in a straight line from which the activation
energy E, and the frequency factor, 4, can be determined.

The. TG curve was analyzed by the Coats and Redfern method [5], using the
equation:

Ingle) —2InT=In—r——. 2

equation by applying the same analytical procedure as used in Eq. (1).

When the kinetics of decomposition are interpreted in terms of an Avrami
mechanism, Eq. (2) becomes:
pRAY" E
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where p is a constant related with the growth of the nuclei.

Inln

Table 1

Algebraic expressions of differential, f(«), and integral, g(x), functions for the most common
mechanisms operating in solid-state decompositions

Symbol f) ‘ o(®) | Mechanism

R, 1 o Zero-order mechanism.
Polany— Wigner
equation.
R, B ¢ L 2[1—(1—a)2] One-half order
mechanism.
R, (1—a)?s 31— (1— )] Two-thirds order
mechanism.
F, (1—a) —In (1—0o) First-order mechanism.
A, 2[-In — )] (1—a) [-In (1—)]¥? Two-dimensional growth
of nuclei. Avrami
equation.
A, 3[—In 1— )R] (1—w) [In(Q—e)]# Three-dimensional growth
of nuclei. Avrami
equation.
D, 1/22 a? One-dimensional
diffusion.
D, 1/[-In (1— )} (1—o)In (1—a) + « | Two-dimensional
diffusion.
D, 3(1— )¥3/2[1— (1— a)'3] [1—(Q— )] Three-dimensional
diffusion. Jander
equation.
D, 3/2[(1— o) - 1] (1—2e/3) — (1—a)*® | Three-dimensional

) diffusion. Ginstling—
Brounshtein equation.
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The algebraic expressions for the f(«) and g(a) functions corresponding to the
mechanisms more commonly used in the literature for the thermal decomposition
reactions of solids are given in Table 1.

For kinetic analysis of the TG and DTG data, a program in Fortran IV was
developed. This program allows one to establish the kinetic parameters of the
reaction from each function listed in Table 1, and the respective linear regression
coefficients.

The results obtained from analysis of the TG and DTG curves of Fig. 1 in the
range of conversion fraction 0.2 < « < 0.9 are listed in Table 2. We can see that

Table 2

Numerical data obtained by computer, resulting from the analysis of the curves in Figure 1
by different kinetic mechanisms

g Integral method Differential method
o
5 E,, kcal N Regression E,, kcal . i
% mole-? A, min - cogﬂicient mole—1 4, min-* 12:51;’?5;;;?
R, 33.2 5.6 - 108 —0.98463 11.6 5.7 - 10t —0.76687
R, 42.5 1.2 - 108 —0.99402 36.1 4,2 - 107 —0.99163
R; 46.0 9.0 - 10° —0.99606 44.3 3.8 - 10° —0.99760
F, 53.8 7.4 - 101 —0.99871 606 3.1 10 —0.99985
A, 50.0 7.8 - 10° —0.99849 63.8 1.6 - 1013 —0.99850
A, 46.2 4.2 - 107 —0.93331 66.9 4.8 - 10t —0.99546
D, 70.3 2.2 - 10 —0.98627 48.6 2.1 - 10%0 —0.95272
D, 81.4 6.3 - 10Y7 —0.99175 69.0 8.6 - 101 —0.98483
D, 95.8 4.5 - 10% —0.99639 94.0 1.8 - 10% —0.99718
D, 86.2 2.0 10 f —0.99364 71.7 2.2 - 10 —0.99128
l

when the experimental data are analyzed by considering that the thermal de-
composition of CaCO, is described by the mechanisms Ry, F;, Ay, Dy, Dy, Dy
and D,, the kinetic parameters obtained from egs. (1), (2) and (3) are different.
Only the mechanisms Ry and Dj; lead to an agreement between the kinetic para-
meters by both integral and differential methods. On the other hand, it has been
demonstrated in a previous paper [1] that TG data of 2/3-order reactions also fit
the kinetic equation for a Jander diffusion mechanism, namely D,;, giving an
activation energy twice the value corresponding to the Rg process. Conversely,
if a reaction follows mechanism Dj giving an activation energy E, a value of E/2
would be obtained assuming that the reaction takes place through mechanism R;.
As shown in Table 2, the ratio between the activation energies calculated assuming
mechanisms D; and R; lies very close to 2, in good agreement with the earlier
considerations.

To summarize, the results reported in the present paper seem to indicate rather
clearly that both TG and DTG curves of a sample of CaCO; can only be described
either by a two-thirds order reaction or a Jander diffusion mechanism, but it is
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not possible to distinguish between these two mechanisms by TG or DTG. The
valuable assistance provided by differential methods of thermogravimetric data,
as suggested by Sestak et al. [6], is not evident. Certainly, both integral and differ-
ential forms of the function given in Table 1 are analytically distinguishable,
but as the kinetic methods more frequently used in the literature to evaluate
kinetic parameters imply linearization of the thermogravimetric curves, it is
necessary to compare the logarithmic forms of the functions.

As regards the Jander (D) and contracting sphere (R;) mechanisms a com-
parative study is further elaborated. On subtraction of Eq. (1) for both mechanisms,
the following equation results:

Ap Ep, — Eg,

) . Ap,
@ “an T KT @

Taking into account the algebraic expressions for f; (@) and fp, () given in
Table 1, expression (4) becomes:

In

34p, Ep, — Eg,

[l —( — o) =1 _
nl =1 =™ N RT

®)

As the algebraic expression of the left-hand side of Eq. (5) corresponds with the
integral form of function R; (see Table 1), the activation energy obtained from
this equation would be very close to Eg . Hence, approximately,

Ep, ~ 2Eg, .

Therefore, it is evident that those data on solid thermal decompositions which
can be described by a Jander mechanism must also fit a two-thirds order kinetic
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Fig. 2. Isothermal run on the decomposition of CaCO;, at 660°

J. Thermal Anal. 14, 1978



226 CRIADO et al.: KINETIC ANALYSIS

equation and vice versa, whether a TG or a DTG curve is used. The extension
of this comparative study to other mechanisms will be reported in detail else-
where [7].

However, if we take into account that g(x) functions of mechanisms R; and D,
in Table 1 are not linearly correlated, it would be possible to distinguish between
these two mechanisms from an isothermal o vs. ¢ curve, plotting the g(x) function
against f.

\ i i
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. fay
22 |-
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4
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L O,ZT
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| : o—
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Fig. 3. Tests on data from Fig. 1 for R,;, D,; and F,; mechanisms.
Range of « = 0.2—0.9

An isothermal curve of CaCOg, obtained at 660°, is given in Fig. 2. The values
of g() calculated for the D, and R functions vs. time are shown in Fig. 3. We can
see that only the Ry function exhibits a good linear correlation with time (r =
= 0.9995). Therefore, the reaction does not follow a D; mechanism but is con-
trolled by an interface mechanism R,.

The above considerations allow the conclusion that the simultaneous analysis
of both a TG and a DTG diagram and a single isotherm curve makes it possible
to establish the mechanism of a thermal decomposition reaction merely via a
kinetic method, without any additional information.

On the other hand, the data of Table 2 show that the criterion for deciding the
most probable mechanism based on the better linear regression coefficient would
lead to a meaningless conclusion. In fact, a higher regression coefficient was
obtained for a first-order reaction, in spite of the poor agreement between the
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kinetic parameters obtained the TG and DTG curves of Fig. 1 (see Table 2).
Furthermore, the values calculated for the function F; from the isotherm of Fig. 2
do not show a good linear correlation with time, as can be seen in Fig. 3.
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RisumE — L’analyse cinétique des courbes TG et TGD obtenues simultanément lors de la
décomposition de CaCO, a été effectuée & 1’aide d’un ordinateur. Dix équations cinétiques
différentes ont été examinées pour établir le mécanisme moteur de la réaction. L’équation
cinétique de type 2/3 (processus d’interface) ou 1’équation de Jander (processus de diffusion)
décrivent toutes deux de maniére satisfaisante les données cinétiques déduites des courbes TG
et TGD. De ces résultats on conclut qu’il n’est pas possible de distinguer ces deux mécanismes
en s’appuyant exclusivement sur I’analyse cinétique des courbes TG et TGD.

Une meilleure approche du probléme est possible si I’on effectue I’analyse cinétique des
courbes TG et TGD simultanées en méme temps que celle d’une courbe isotherme. Ce pro-
cédé peut &tre un bon moyen pour €lucider le mécanisme des réactions de décomposition ther-
mique & I'aide de méthodes cinétiques, sans informations supplémentaires.

ZUSAMMENFASSUNG — Es wurde die kinetische Analyse simultan erhaltener TG- und DTG-
Kurven der Zersetzung von CaCO;, mittels Computer durchgefithrt. Zehn verschiedene kine-
tische Gleichungen wurden zur Ermittlung des reaktionssteuernden Mechanismus erprobt.
Die kinetischen Daten beider Zersetzungskurven kénnen entweder durch eine “Zwei-Drittel”
kinetische Gleichung (Phasen-Grenzflichenprozess) oder eine Jander-Gleichung (Diffusions-
prozess) befriedigend beschrieben werden. Aus diesen Ergebnissen wird gefolgert, dass keine
Moglichkeit besteht diese beiden Mechanismen ausschliesslich durch die kinetische Analyse
der TG- und DTG-Kurven von einander zu unterscheiden. Fine bessere Annédherung an das
Problem ist durch die kinetische Analyse simultaner TG- und DTG-Kurven gemeinsam mit
einer isothermen Kurve moglich. Dieser Vorgang erscheint als ein méglicher Weg zur Unter-
scheidung der Mechanismen thermischer Zetsetzungsreaktionen an Hand kinetischer Metho-
den ohne Zusatzliche Information.
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Pesrome — C pnomompio D9BM ObT HpoBefeH XHHETHYECKAN AHATINS OAHOBPEMEHHO NOJyYcH-
meix TT" u ATI" KpHBEIX Pa3JioxkeHns kKapOoHaTa Kalblus. [Jla YyCTAHOBICHAS MEXaHU3MA peak-
ouE Obm anpoOHPOBABEI JECATH PA3IHUYHLIX KHHCTHYECKHUX ypaBrernit. Kuaerimieckue nannbie
060HX KPHBEIX PA3NIOKEHHA YIOBIECTBOPUTEIBRO OIACHBAIOTCA KaK KHHETHYECKMM YPaBHEHAEM
BTOPOIrO-TPETRETO HOpAaka (upomecc da3oBoit rparuibl), Tax ¥ ypasrerneM Ixennepa (mud-
¢Gy3MOoHHBL Ipoliecc). YCTaHOBUTH PA3IMUMsA MEKIY DTHMH [ByMd MEXaHH3MAMM TOJBKO HA
ocroBe krneTHucckoro amammsa TIN u JTT KpuBBIX He OPENCTABNSETCS BO3MOKHBIM. st myy-
LIero pellieans 9TOM TPOOIeME! SBIISETCS IPOBEACHNE KHHETHYECKOTO aHaa3a kpuBEIx T 1 JITT
COBMECTHO € KaKaM~nO0 M30TepMHUeCKHM MeToHoM. Tako#t momxox Moxker GBITL Gosee mpa-
BHNBHBIM I PEUICHMS MEXAHM3Ma PEAKOUH TePMUYECKOTO Pa3JiOKEHHs ¢ MOMOIUBIO KAHETH-
YECKMX METOAOB O¢3 NpUBIICYCHHU MOLOJHATEIBHON wudopManmm.
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