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Abstract

The results obtained in this work point out that both SIA and CRTA traces, simulated as-
suming the same values of the reaction rate, are identical provided that cither “n order” or dif-
fusion controlled kinetics are concerned. The o-T CRTA plots of solid state reactions fitting an
Avrami-Frofeev kinetic model show that the temperature decreases with increasing o untif
rcaching a minimum at a valuc of the reacted fraction o = ¢, characteristic of the Avrami-Er-
ofeev exponent The shapes of the corresponding STA diagrams are guite different and a very
tong isothermal step is obtained. Moreover, the reaction rate is not maintained constant during
the isothermal period but it shows a maximum at a value of o depending on the Avrami-Ero-
feev coefficient. It is important to point out that this ¢, value agrees with the corresponding
a,,, calculated from a CRTA curve by assuming the same Avrami-Erofeev exponent.

Keywords: Constant Rate Thermal Analysis (CRTAY, solid state kinetics, Stepwise Isothcrmal
Analysis (STA)

Introduction

Most thermal methods are still based on either isothermal or linear tempera-
ture programmes [1]. However, the methods hased on the use of the own rate of
reaction for controlling the reaction temperature seem to have some advantages
over conventional approaches. Thus, it has been claimed that these methods
would allow reducing the influence of heat and mass transfer phenomena on the
forward solid state reactions in comparison with conventional thermal methods
[2—4]. Moreover, it has been shown that these methods permit a more accurate
determination of the kinetic model fitted for solid state reactions than conven
tional non-isothermal techniques [5-9]. These facts explain the relatively recent
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commercialization of the above methods by a number of manufacturers of ther-
mobalances and dilatometers [10], including Netzsch, Setaram, TA Instruments,
etc. Reading [11] has coined the term ‘Constrained Rate Thermal Methods’ for
designing the different procedures that use the reaction rate for controlling the
reaction temperature. The two best known methods are Constant Rate Thermal
Analysis (CRTA) [12--22] and Stepwise Tsothermal Analysis (S8TA) [23-27]. Sa-
toh and Hirota have used the SIA method for kinetic analysis of solid state reac-
tions using an NMR signal for controlling the reaction rate [28]. Recently, TA In-
struments has introduced in the market the technique of ‘High Resolution Ther-
mogravimetry’, where the heating rate has a continuous sigmoidal relationship
with the rate of mass change [11, 12]. Some methods for performing the kinetic
analysis of data obtained from this technique have been developed in the litera-
ture [11, 29].

mass loss

temperature

reaction rate

Time —=

Fig. 1 A conveational comparison of STA and CRTA cnrves ohrained undear similar conditions

CRTA and SIA are the most popular ‘Constrained Rate Thermal Methods’.
CRTA, independently developed by Rouquerel [12] and Paulik [13], implics a
control of the temperature of the sample in such a way that the reaction rate re-
mains constant at a pre-set value C. In Stepwise Isothermal Analysis (SIA), de-
veloped by Sgrensen [23], the sample s heated at a constant rate until the reac-
tion rate exceeds a pre-set limit, C. At this point the increase of temperature stops
and the reaction proceeds isothermally until the rate becomes smaller than a
lower limit, C-6, when the heating is resumed. The SIA temperature programme
oscillates then between isothermal and rising temperature sections. In general, it
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seems to be assumed (provided that both the CRTA and SIA experiments are run
by selecting the same reaction rate for controlling the reaction temperature) that
the SIA trace approximately overlaps the corresponding CRTA plot as Fig. 1
shows,

However, it is worth pointing out the important difference between SIA and
CRTA. SIA does not control the experiment if the rate becomes greater than the
higher limit C. Thus, STA would maintain an isothermal run and would allow the
reaction rate to have any rate greater than the higher limit C for processes con-
trolled by nucleation and growth of nuclei. This is because the reaction rate at a
constant temperature increases with increasing o. The control would begin oniy
after the rate decreases to the lower limit C—3. Studies of the shapes of SIA and
CRTA curves depending on the kinetic madel fitted for solid state reactions are
still missing. The scope of this paper is to carry out this analysis and to test it in
an experimental way.

Experimental

Ni(NO);-6H,0O Panrcac a.r. was ascd. The anhydrou% salt was prepared by de-
hydrating the corresponding hexahydrate in situ at 150°C.

A Cahn clectrobalance, model 2000, attached to a high vacuum system was
used. In order to perform CRTA experiments, the apparatus was moditied for
monitoring the furnace temperature in such a way that the total decomposition
rate remains constant over the entire decomposition range. This was attained
both by controlling the residual pressure in the close vicinity of the sample, by
means of a PID controller, and by maintaining a constant value of the pumping
rate, which can be selected by means of a valve. The control of the temperature
during the S1A experiment was carried out using a linear heating programmer in-
terfaced to an ON/OFF controller that monitors the partial pressure of the gases
self-generated in the reaction. Thus, the sample temperature was increased at a
constant rate until the pressure exceeded the pre-set value, at which point the
temperature was maintained constant until the pressure became smaller than the
limit, when the increase of temperature was resumed.

The CRTA and SIA curves were recorded usmg a residual pressure of
10 * mbar and a decomposition rdte of 2.5-107 min™'. The SIA experiment was
started at a heating rate B=4 K min~". The starting sample mass was ahont 25 mg
of anhydrous nickel nitrate.

Simulation of CRTA and SIA curves
If the reaction rate is maintained constant at a value C, we can write

[ oE/RE (1
dr == fle)
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Theoretical CRTA curves can be obtained from Eq. (1) for given values of the
preexponential factor of Arrhenius, A, and the activation energy, E.

SIA curves were calculated by simulating the a—T trace af the previously se-
lected heating ratc until reaching the pre-set value of the reaction rate, C. The
temperature reached at this point is maintained constant until the rate becomes
smaller than C--8 when it is assumed that the temperature increases again at a
heating rate of f3.

This process is repeated until the o—r (or T) curve is completed. The constant
healing rate steps werc calculated from the following equation:

o T
d —_
gla) — gldle) = J}E% - %J'e E/RT o)

oy o

The integration of the Arrhenius equation was performed by means of a com-
puter by numerical methods. The isothermal parts of the SIA curve were calcu-
lated from the expression;

o

60 = o et - 1) 3)
flon)

o

where kr is the constant rate at temperaturc T, 7, is the time at which the isother
mal section starts and ¢ is the time at which the reacted fraction is equal to .

Figure 2 shows the CRTA plots calculated at a constant reaction rate
C=2.10" min™' for a reaction obeying an R; kinetic model with the following ki-
netic parameters: A=1 0° min™ and E=160kJmol”". The corresponding SIA
curve calculated assuming the same kinetic parameters, a reaction rate
C=C—6=2.10 *min  and a starting heating rate p=10 K min~' was also included
in Fig. 2. It is shown that the SIA trace starts with a conventional linear heating
curve until the reaction rate reaches the pre-set value C. From this point, the tem-
perature is controlled by the reaction rate and the SIA curve overlaps the CRTA
curve, provided that the two limits of reaction rates at which the increase of tem-
perature stops (C) and the one at which the increase of temperature is resumed
again (C-8) are close enough. As the & band is broadened the second part of the
SIA trace becomes a set of isothermal steps as represented in Fig. 1. The same
agreement between SIA and CRTA traces was obtained considering either an R,
kinetic model or diffusion models (D5, D3, D).

Figure 3 shows the CRTA plot calculated by using the same constant reaction
rate, £, and kinetic parameters identical to those used in Fig. 2 but assuming an
A, Avrami-Erofeev kinetic model. Tt can be observed that, once the reaction rate
reaches the pre-set value C, the temperature decreases until the reacted fraction
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Fig, 2 CRTA and SIA plots calcuiated 1or an R, kmetlc model assummg the following kinetic
parameters: E_160 kI mol™, A 10 min™. CRTA (C=2.10"min H); $1A
(B=10"K min~ "and C=2-10" min™"
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Fig. 3 CRTA and SIA curves calculated for an A, kinetic model assuming the same condi-
tiong and kinetic parameters as used in Fig. 2

reaches a value .. that corresponds to a minimum in the 7—@ plot (i.e..
d*T7/do’ = 0). The values of i, as a function of the Avrami-Erofeev exponent
have been reported in a previous paper [22]. It is worth pointing out that the tem-
perature cannot decrease under SIA control but an isothermal section is main-
tained until the reaction rate decreases again below the pre-set value, The STA,
curve smmlated for an A; kinefic model by assuming a starting heating rate
=10 K min~ " and the same kinetic parameters as used previously for simulating
the corresponding CRTA trace is also shown in Fig. 3. It can be observed that the
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SIA curve becomes like an isothermal curve in almost the whole 0 range as pre-
viously forecast.
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Fig. 4 Plot of dov/dlz as a function of the time corresponding to the SIA curves included in
Figs 2 and 3

In order to summarize the above results it may be illustrative to compare the
plots of the dov/ds values of the STA curves included in Figs 2 and 3 as a fitnction
of the time. These plots are shown in Fig. 4. It is observed that for the R; model
the reaction rate remains constant once the pre-set value C is reached. Similar re-
sults would be obtained from SIA traccs corresponding to either R; or diffusion
(D, D3, Dy) kinetic models. However, Teactions fitting an Avrami-Erofeev ki-
netic law are not characterized by a constant value of do/dt but the SIA control
leads to an isothermal section and, couseyuently, to a dovddsr—s plot with a mathe-
matical maximum. If we take into account that the rate of a reaction obeying an
Avrami-Erofeev kinetics can be represented under isothermal conditions by the
following equation:

4
%%:n(l — ol-In(1 — o] ™™ )

n being the Avrami-Erofeev exponent, and that at the maximum d*o/df= 0, we
gels

O 1 (3)
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Table T Values of ¢, calculated according to Eq. (5} for Avrami-Erofeev kinetic models with
n>1

[ 2.0 3.0 4.0
0.393 0.487 0.528

am'lx

The values of Omax calculated according to Eq. (5) for Avrami-Erofeev kinetic
models with n>1 are shown in Table 1. It is to be pointed out that these O,y val-
ues agree with the corresponding o, values calculated from CRTA curves by as-
suming the same » value.

Results

In order to check experimentally the above conclusions, the CRTA curve
shown in Fig. 5 was obtained for the thermal decomposition ot anhydrous nickel
nitrate. It has been stated earlier [30] based on TG data combined with the results
of mass spectrometry experiments that the thermal decomposition of nickel ni-
trate takes place in a single step, represented by the equation

Ni{NO3)» — NiO+2NO; + 120, (6)

It has also been concluded [30] that this transformation obeys the Avrami-
Erofeev kinetic law with an exponent n=2, This results has been interpreted by a
rcaction mechanism that involves instantaneous nucleation on the surface of the
crystal with subsequent growth of the nuclei into particles. The shape of the o vs.
Tplotin Fig. 5 is highly characteristic of an Avrami-Erofeev model [22]. On the
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Fig. 5 SIA and CRTA curves recorded for the thermal decomposition of anhydrous nickel ni-
trate under the conditiens described in the experimental part
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other hand, it is also shown in Fig. 5 that the SIA curve obtained for the thermal
decomposition of this compound becomes isothermal once the decomposition
rate achieves the pre-set value, C, which agrees quite well with our previous fore-
casting.
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