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The present work describes the endothermic decompositions of calcium carbonate
and nickel carbonate, recorded on a MOM derivatograph in the non-isothermal mode
at different heating rates. The possibility and advantages of determining the kinetic
parameters E, Z, and »n for reactions proceeding in one step, as well as the detection

of simultaneous (parallel or concurrent) reactions in the decomposition process, are
discussed.

The results obtained permit the conclusion that the thermal decomposition of cal-
cite occurs in one step. In this case, the kinetic equation has the following form :

do Z E 1
gl-—m—l=lg—— = =
a1 — " g 23R T
where f(¢) = (1 — @)* n = 0.3, and E = 176.8 kJ/mol.
In the case of nickel carbonate the results of treating the experimental data have been
obtained only in the graphical form. From the shape of the curves obtained, it is clearly
seen that the decomposition of nickel carbonate in open air proceeds in several steps

(i.e. several simultaneous reactions take place), which cannot be described by the equa-
tions for a one-step reaction.

The non-isothermal kinetics of endothermic reactions of decomposition in pow-
dered solids of the type A,,; — By,; + Cg,, depends mainly on the extent to which
the rate of heat and mass transfer in the sample during the experiments is higher
than the rate of chemical reaction at the solid interface (A,,).

Investigation of the kinetics of the chemical reaction proper is usually of prin-
cipal practical interest. Therefore, in the case of investigations of this kind, espe-
cially in the non-isothermal heating mode, the essential experimental problem is
reduced to separation of the chemical reaction from the quicker heat and mass
transfer taking place with the substance under study in a crucible.

For the experiments, use was made of a thermal balance or derivatograph. This
is very suitable since it ensures strictly linear or hyperbolic heating [1—3] with
measurement of the temperature of sample decomposition in a special crucible
(a plate).

The rapid removal of the gas evolved during the reaction is achieved by spread-
ing finely-ground substance in a thin layer onto the plates of a special multistage

J. Thermal Anal. 22, 1981



222 TOPOR ¢t al.: DETERMINATION OF THE KINETIC CONSTANTS

platinum crucible; this eliminates the phenomenon of diffusion inhibition due to
the gaseous phase. This, in turn, provides a possibility of calculating from the ex-
perimental data the kinetic parameters of a slower chemical reaction, for example
a decomposition reaction, which is recorded in the form of a TG curve and a peak
in a DTG curve (one-step reaction). The kinetic parameters for the one-step reac-
tion are calculated via the known differential equation:

—— == - . M

The activation energy E and pre-exponential Z are usually determined graphically.
However, in this case the form of the function (I — «)" must be preset, i.e. the
value of # should be determined. Different experimental methods for the deter-
mination of # are given in [4—6]. Very often, the form of non-isothermal DTG
curves points to the presence of more than one reaction (step) in the decomposition
process. If such reactions (steps) are sufficiently well differentiated with regard to
time, then in a derivatogram for a common TG curve there are several distinct
and independent DTG peaks. This means that one reaction is completed before
the next begins, i.e. have to deal with different independent reactions, and each
of them may be described by the usual methods and equations for calculating the
kinetic values in one-step reactions. However, in practice many decomposition
reactions of the type A = Bgoy + Cgqs OCCUr not in one step, but in several pa-
rallel or consecutive reactions (steps) that are superimposed on one another and
cannot be detected from the forms of the TG and DTG curves. There is no physi-
cal sense in calculating the kinetic parameters (E, w, #) in accordance with the
experimental data from such an overall TG (DTG) curve. The results thus obtained
would be average, misleading values for the decomposition process as a whole.
In such cases, when one reaction is superimposed on others, during the decompo-
sition of the substance under study, the detection and, all the more, the isolation
for kinetic calculations of consecutive and parallel reactions from only one TG
(DTG) curve presents great difficulties. In the literature a possibility is indicated
of identifying a two-step reaction of decomposition of solids from only one TG
(DTG) curve plotted in a slow linear heating mode (about 2 deg/min) for a very
small sample (about 10 mg) in a high vacuum of 10-° to 10-% mm Hg [7, 81
This technique, however, requires many parallel experiments, with very accurate
calculation by statistical and mathematical methods of the second derivative
(DDTG) from the experimentally plotted TG (DTG) curves. Such calculations
result in very large errors, caused by the scatter of the experimental points of the
TG (DTG) curves. With the aim of the more unambiguous calculation of the ki-
netic parameters of one-step reactions, some authors measure the experimental
data from several TG curves plotted at different hea.ing rates [9—12]. A method
was proposed in which, for several DTA curves, the kinetic constants for the two-
step thermal decompositions of a number of compounds were calculated with the
use of the heat evolution value [13].
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As will be shown below, by using several TG and DTG curves plotted for the
same compound on a derivatograph at different heating rates, we have attempted
to reveal, the presence of one or several steps (reactions) in the process under con-
sideration. We have also attempted to establish a possibility of determining separ-
ately the activation energy E for each decomposition degree «, without presetting
the function f(e) = (1 — )%, i.e. n [14].

Experimental

A MOM derivatograph was used for the experiments. Crystalline calcite (CaCOj)
and nickel carbonate (NiCO;) were chosen as the compounds to be investigated.
A calcite sample of 100 mg, with a particle size of about 0.1 mm, was heated in a
platinum plate-shaped crucible in air. Thus, comparatively large samples can be
used: this enhances the weighing accuracy and simultaneously obviates the tem-
perature drop in the thin mass of sample where the temperature is measured.
During heating, the conditions of the experiments should be previously adjusted
in such a manner that the measurements of temperature and weight are accurate,
as otherwise large errors may be introduced into the determination of the primary
experimental data and the subsequent calculations of the kinetic parameters {15].
The rate of temperature increase in a sample was maintained strictly constant dur-
ing the entire experiment; the following rates were applied: 0.5, 1.0, 2.0, 3.0, 4.0
and 5.0 deg/min.

Figure 1 presents the experimental TG and DTG curves for the decomposition
of calcite (CaCQy), plotted at different rates of temperature rise.

Figure 2 presents the same curves of decomposition of calcite in the form more
convenient for our kinetic calculations, i.e. depending on the transformation
depth o.

Transformation of the initial experimental value of the instantaneous decom-

.. . .oodl . di .
position rate taken from the derivatogram, i.e. Edeg’1 into Esec—lxs effected

in accordance with the formula %‘; =g - %, where ¢ = E; .
Calculation of E and Z was carried out with the aid of Eq. (1) which after
transformation gives the working logarithmic form:

du E 1 ar
1“['&7 “-’J =In[Z - f)] = - . where g =
du E 1 @
|G|~ ez s - 55
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Fig. 1. Kinetic curves of decomposition of calcite sample plotted at different heating rates
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Fig. 2. Kinetic curves of decomposition of calcite, depending on the transformation depth «
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Assuming any arbitrarily chosen transformation depth (Fig. 2) as a constant
do
dr
of Eq. (2) calculated for the curves obtained at different heating rates. The slopes
of the straight lines thus obtained allow calculation of the activation energy £ and

. . 1 .
value, linear graphs are plotted in coordinates In vs.-f(K- 1 from a series
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Fig. 3. Graphical determination of activation energy for decomposition of calcite at different
values of «

the intercepts on the ordinate give the value of In [Z - f{w)] for each o. The parallel
arrangement of the straight lines in Fig. 3 is indicative of the constant value of
the activation energy for the transformation depths under consideration.

The activation energy was also computed by the least-square method in accor-
dance with the equation y = a + bx, where:

_ldoc

a=lglZ" flw)]
b E_
23R

1 1
= — - '1 _3-
X T(K ) - 10

The values of y and x were taken from Fig. 2, and the values of @ and b were
calculated for each of them. The value of b enabled calculation for each « of the
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value of E in accordance with the formula E = b - 2.3R, and also the value of

a = WF ;(¢); this was possible considerably more accurately than graphically
(see Table 1).

As appears from Table 1, constant activation energy values are observed within
the range of « from 0.3 to 0.7, with an average value E,, = 176.8 kJ/mol.

Table 1

Determination of K and lg [Z - f(«)] as functions of « by the least-square method

‘ R
0.1 ’ 0.2 ’ 0.3 ( 0.4 \ 0.5 I 06 |- 07 | 0.8 ‘ 0.9
- — J
EkJ/mol ) 181.4 | 183.0 | 175.1 J 175.9 ) 176.8 | 177.6 | 179.3 | 184.7 |187.3
ig [Z - fie)] | 6.30 6.36 592 5941 5.97 5.99 6.04 6.24| 6.45

[ | i

The initial (¢ = 0—0.2) and the final (¢ = 0.8—1.0) periods of decomposition
are characterized by somewhat different activation energies. This may be attributed
either to an insufficient sensitivity of the thermal balance of the derivatograph or
to the mechanism of decomposition [16, 17].

The least-square computation method was applied to the linear dependence

g1Z-f(@] =1gZ + n-lg(1 - o) 3

and yielded the values Z = 10~%s~*and n = 0.3.

Thus, for the decomposition of calcite the average values have been established
as E = 176.8 kJ/mol, Z = 10~%s~! and n = 0.3 within the decomposition range
o = 0.3—0.7. It is seen that to determine the values of £ and Z by the above cal-
culation method, it is not required to preset the form of the function f(x) =
= (1 — )", i.e. the value of n. The kinetic parameters (E, Z, n) obtained for the
decomposition of CaCQj; correspond to the literature values determined by nu-
merous other methods of isothermal and non-isothermal kinetics. The constant
value of E for different transformation degrees ¢ within the entire temperature
range indicates that the decomposition of calcite occurs in one step and is described
by one formal kinetic equation (1).

The above method may be applied to the decomposition of NiCO;. As several
authors suppose, the process of thermal decomposition of this compound occurs
in several steps [18, 19].

The decomposition of nickel carbonate (Fig. 4) takes place in open air within
the temperature range from 300 to 420° in conformity with the reaction:

NiCO; — NiO + CO,.

In general, the TG and DTG curves of decomposition of NiCOQj; are similar
in shape to those for CaCOj;. However, the DTG curve for NiCO, reveals a small
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Fig. 4. Kinetic curve of decomposition of NiCO, at ¢ = 8.5°/min

bend, which permits the assumption that the process of decomposition of NiCO3
in open air proceeds in more than one step.

In the experiments use was made of a 100 mg sample of bluish-green crystalline
NiCQj dried at 120°, whose chemical composition was close to theoretical (about
98.79%); the sample was heated on the plate-shaped crucibles of the derivatograph
at the different heating rates of 1, 2, 4, 6 and 10 deg/min.

Figure 5 presents the shape of curves plotted for kinetic calculations and the
transformed TG and DTG curves.

To enhance the accuracy of the calculations, several DTG (TG) curves have been
plotted for each heating rate.

From the data of Fig. 5 and from Eq. (2), lines were plotted both graphically
and by computation to determine the values of E and Z - f(¢)) (Fig. 6). However,
the plotted lines proved not to be straight and the activation energy E could not
be determined with their aid for any decomposition degree, in contrast with the
case of the decomposition of CaCQ,, where the reaction was one-step. From a com-
parison of the shapes of the curves, it follows that the process of decomposition
of NiCOj; in open air takes place in several steps, that is via several simultaneous
reactions. Such a process should be described by a number of kinetic equations.

Comparison of the experimental and calculated data for the decompositons of
CaCOj and NiCO; allows the following conclusion: the derivatographic method
involving the plotting of DTG (TG) curves at different heating rates enables one
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Fig. 5. Kinetic curves of decomposition of NiCO,, depending on the transformation depth «
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Fig. 6. Graphs for determination of activation energy of NiCO, for different values of «

to detect at once the stepwise character (one or a number of steps) of the thermal

decompositon of solids.
To establish the kinetic equations of multi-step reactions and to calculate the
parameters E and Z, as well as to find the mechanism of the reactions (macrokinet-
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ics), it will be necessary to use not only the formal kinetics and the thermogravi-
metric method, but also other methods, depending on the complexity of the pro-
cesses, e.g. the electronic paramagnetic method, the nuclear magnetic resonance
method, gas chromatography, X-ray structure analysis, scanning electron micros-
copy, etc.
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ZUSAMMENFASSUNG — Die Arbeit beschreibt die endotherme Zersetzung von Calciumcarbo-
nat und Nickelcarbonat, welche durch einem MOM-Derivatographen in der nicht-isothermen
Weise bei verschiedenen Aufheizgeschwindigkeiten registriert wurde. Die Maoglichkeit und
die Vorteile der Bestimmung der kinetischen Parameter E, Z und » fiir in einer Stufe ablau-
fender Reaktionen, sowie der Nachweis simultaner gleichzeitig parallel oder ablaufender
Reaktionen im Zersetzungsprozesses, werden erdrtert.

Dic erhaltenen Ergebnisse gestatten die Schlussfolgerung, dass die thermische Zersetzung
von Calcit in einer Stufe erfolgt. In diesem Falle hat die kinetische Gleichung folgende Form:

) da L zZ E 1
—_— = 0
Ela— " &Y T I3R T
fiir f(#) = (1 — @) 7= 0.3 und E = 176.8 kJ/mol.
Pesiome — B paGoTe 1a NpuMepe IHAOTEPMAIECKOTO PABIOKSHAL KAPGOHITA KATBIAS I KapF0-

HATa HUKENIS, 3aIKCAHALIX B HEM30TePMHUECKOM PEXUME Ha Jepusarorpadpe MOM npm pasasix
CKOpPOCTAX HArpesa, 06CYKIAeTCs BO3MOXHOCTD B HPEAMYILECTBO OOPENENeHNsT KUHETHISCKIX
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napamerpos E, Z, n aiist peakumit, MAYIIHX B 0JHY CTAAMIO, & TAKKE OOHAPYKEHAE OJHOBPEMEHHO
UAYIHX (Mapauie/bHEIX HIIH KOHKYDHPYIOIIHX) peaklHil B CAMOM IPOUECCE PA3IIOKECHHS.

Tony4enusie pe3yAbTAaTHI JAIOT BO3MOXHOCTE 3aKIIOUATE, YTO TEPMHIYECKH pacnal Kajlb-
IETa OPOUCXONMT B OIHY CTaauro. B 3ToM ciIydae BAA KHHETHYECKOTO YpaBHeHnd 6yner:

) da 1o V4 E 1
la—ap|™ " 23R T

rae f(@) = (1 — ) n= 0.3, E= 176.8 xmx/Monb,

Jlii1 xapGoHaTa HEKEJISI Pe3y/IbTaThi 06pabOTKY 3KCIEPUMEHTAIBHBIX JAHHBIX NOJIYYEHB! TOJIb~
Ko B rpaduyeckoM suze. I1o BEEMHEMY BHIY HOJYYEHHEIX KPHBBIX ACHG BHIHO, 9TO Pa3/IOKEHHE
xapGoHATA HEKEIS HA BO3AYXE MPOTEKAET B HECKOJIBKO CTANMH, T. €. IO HECKOJBKEM OFHOBpE~
MEHHO HAYIIAM PeakIaM, B oK He MOXeT OBITh ONMUCAHO YPABHCHUSAMHE IS OMHOCTAIUHHON
PeaKunm.
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