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Abstract It has been shown the ability of the Sample
Controlled Reaction Temperature (SCRT) method for both
discriminate the kinetic law and calculate the activation
energy of the reaction. This thermal decomposition is best
described by a Johnson—Mehl-Avrami kinetic model (with
n = 2) with an activation energy of nuclei growth which fall
in the range 52—59 kJ mol~'. The process is not a single-
step because the initial rate of decomposition is likely to be
limited by nucleation. The results reported here constitute
the first attempt to use the new SCRT method to study the
kinetic of the thermal decomposition of cobalt nitrate.

Keywords Cobalt Nitrate - Thermal analysis -
Isoconversional methods - Reduced rate - Master plots -
SCRT - Galwey method - Pseudoisotherm

Introduction

Cobalt nitrate is widely used as precursor for the prepara-
tion of the spinel p-type semiconductor CozO,4, which has
found technological applications in many fields, such as
heterogeneous catalysts [1], anode material in Li-ion
rechargeable batteries [2], solid state sensors [2], solar
energy absorbers [3], and electrode material for electro-
chemical capacitors [4]. The industrial importance of
supported cobalt catalysts is well known, especially in
Fisher-Tropsch (FT) synthesis [5] that maintains a current
interest driven by the need of clean transportation fuels. On

A. Ortega (X)) - M. Macias - F. J. Gotor

Instituto de Ciencia de Materiales de Sevilla, Centro Mixto
C.S.1.C/Universidad de Sevilla, Avda. Americo Vespucio s/n,
41092 Sevilla, Spain

e-mail: aortega@us.es

the other hand, the high catalytic activity of supported and
unsupported cobalt oxide catalysts in CO and hydrocarbon
oxidations makes this oxide a less expensive alternative
to noble metal catalysts [1, 6]. The common method of
preparation of Co-based supported catalysts involves the
wet impregnation of the porous support material with a
cobalt salt solution, generally Co(NO;),-6H,0, and the
subsequent thermal decomposition of the supported cobalt
salt. Calcination is a critical step in the preparation of these
catalysts. For example, significantly higher cobalt disper-
sion is found in catalysts prepared via low-temperature
cobalt nitrate decomposition, leading to higher catalytic
activity in FT synthesis [7].

A careful study of the decomposition mechanism of
precursors of Co-based catalysts would help to clarify the
relationship between the preparation method and the dis-
persion of supported metals. Also, particular emphasis
should be placed in the use of thermal analysis methods in
order to elucidate the factors affecting catalyst perfor-
mance. To the best of our knowledge, few works con-
cerning the thermal decomposition of cobalt nitrate have
been done. In addition, these articles only focussed on the
nature of the final product, the gases evolved during the
decomposition or the formation of hydrated intermediate
compounds [8-11]. It is rather surprising the lack of
information concerning the kinetic mechanism of the
thermal decomposition of this product. Only, Mu and
Perlmutter [12] have performed the kinetic study from
dynamic measurements (TG runs), but assuming an nth
order kinetic model. However, it has been demonstrated
[13] from non-isothermal experiments that all kinetic
models fit appropriately the linear form of the kinetic
equation, exhibiting the calculated activation energy value
a strong dependence on the reaction model. Also,
Lycourghiotis and Cotinopoulos [14] have studied the
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kinetics of decomposition of Co(NOj3), from isothermal
measurements, but on the surface of y-Al,O5 or SiO,, these
authors indicate that among the various kinetic models
tested (not shown in the article), a diffusion one (Jander
equation) described well their experimental data.

The aim of this work is to study the mechanism of the
thermal decomposition of cobalt nitrate in vacuum, and to
calculate the activation energy of the reaction. This is part
of a wider study of the influence of the experimental factors
on the kinetics of solid state reactions. The literature data
[15-17] have shown that experimental parameters such as
sample mass and shape, particle size, ambient pressure,
heating rate, etc. can affect significantly both the calculate
value of the activation energy and the kinetic model con-
trolling the reaction rate. The weak control of these
parameters may be expected to be the cause of discrepan-
cies [18-20]. The existence of these significant effects is a
real limit to the kinetic understanding and to a consistent
interpretation of solid state reactions. Therefore, a suitable
method for controlling external parameters is needed; thus
we defend the approach in which use is made of non
conventional advanced techniques such as the Sample
Controlled Reaction Temperature (SCRT). This method
has been previously used to control the texture and struc-
ture of many materials [21-23], through kinetic control of
the thermal reaction of their precursors, and it has been
reported [24-26] that SCRT has higher sensitivity and
resolution than conventional thermoanalytical methods
(Isothermal and Non-isothermal).

Experimental

Co(NO);-6H,0 powder supplied by Merck with purity of
>99% was used. The anhydrous salt was prepared by
dehydrating the corresponding hexahydrate in situ at
378 K. This was the higher dehydration temperature
could be used in order to avoid the decomposition of the
nitrate salt. A Cahn electrobalance (model RG 2000)
connected to a high vacuum system equipped with a
penning gauge has been used for performing isothermal,
non-isothermal and SCRT experiments. The pressure of
the gases generated in the reaction was continuously
monitored.

The temperature control in SCRT experiments is carried
out in such a way that the decomposition rate is maintained
constant throughout the process. This has been attained by
interfacing the analogical output of the penning gauge to
the furnace controller in order to maintain a constant
residual pressure in the close vicinity of the sample. Thus,
the reaction rate will be constant, provided that the
pumping rate has been properly selected by means of a
vacuum valve. Five curves have been carried out at
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C = 0.00135, 0.00148, 0.00168, 0.0024 and 0.0040 min~"'.
Residual pressures ranging from 2 x 107> to 4 x 1077
mbar have been selected. Sample weights ranging from 30
to 60 mg have been used in SCRT experiments. In order to
elucidate the nature of gases produced during the thermal
decomposition of cobalt nitrate and the stoichiometry of
the global reaction, evolved gas analyses were performed
by attaching the sample tube to a mass spectrometer fitted
with a jet valve which eliminates mass lower than m/e =
10 (in order to avoid the He carrier gas). This system
permits the recording of previously selected m/e peaks in
order to determine the stoichiometry of the thermal
decomposition of cobalt nitrate. The analysis of the nitric
oxide, nitrogen dioxide, oxygen and water evolved during
the reaction has been followed by monitoring simulta-
neously the mass peaks m/e = 46, 30, 32 and 18. More-
over, the m/e = 30 and m/e = 46 peak ratios are constant
over the entire process at a value of NO,/NO = 0.27 in
agreement with the value obtained from the cracking of
pure nitrogen dioxide in the vacuum chamber of the mass
spectrometer. Therefore, it can be concluded that only
nitrogen dioxide and oxygen are evolved during the ther-
mal decomposition of anhydrous cobalt nitrate as previ-
ously reported [11] and consequently the above reaction
take place according to the following overall equation:

3Co(NO3), — Co304 + 6NO, + O,

The Co3;0, is the final product of decomposition, this
agree with previous reports [27, 28]. On the other hand,
analysis of evolved gases allows us to ascertain that
the loss of water and the decomposition occurs in two
independent steps, but in dynamic measurements this
decomposition starts prior to total dehydration [6, 10].
The SCRT method allows us to separate completely the
steps corresponding to the dehydration of the remainder
crystallisation water and the nitrate decomposition
because the principle of SCRT method is to control
directly the reaction rate. Thus, we have check that the
obtained experimental data only involve the nitrate ther-
mal decomposition.

Kinetics equations
Advanced non-conventional methods (SCRT method)

If we use o to denote the extent of reaction, then the basic
kinetic rate equation is usually taken as:

do

= K () (1)

where T is the temperature, K(7T) is the temperature-
dependent rate constant given as:
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K(T) = A exp(—E/RT) )

A and E are the pre-exponential factor and activation
energy, respectively, and f{o) is the kinetic model
function(see Table 1). In this paper, we use the Sample
Controlled Reaction Temperature, SCRT (or CRTA)
method. This method [29] is a temperature management
technique where the temperature profile, required
maintaining the partial pressure of evolved gases constant
during the course of reaction, is recorded as a function
of time. Because the partial pressure of the gases is
proportional to the rate, the reaction proceeds at a
constant overall decomposition rate, previously selected
by the user, under a constant partial pressure of evolved
gas. Comparison between SCRT approach and the
conventional methods has been systematically carried out
and is reported in numerous papers [30, 31]. Previous
works have demonstrated the efficiency of SCRT to control
the influence of experimental factor such as sample mass,
particle size, heat and mass transfer effect [32-34]. SCRT
permits both a good control of pressure in the close vicinity
of the sample and the use of reaction rates low enough to
keep temperature gradients at a negligible level to avoid
any heat or mass transfer problems. If the process is carried
out at a constant reaction rate C from Eqgs. 1 and 2 we get:

C = A exp(~E/RT) f(2) (3)
Equation 3 can be written as:
1 A E
In—=1In—- — — 4)
flo) C RT

Equation 4 shows that the higher the value C, the higher
must be the temperature at which a particular value of « is
reached. The plot of the left-hand side of Eq. 4 against the
reciprocal of the temperature gives the values of the acti-
vation energy when the “Model-Fitting” method is used.

Master plots equations
Master plots are reference theoretical curves depending on

the kinetic model but generally independent of the kinetic
parameters of the reaction. By introducing the generalized

time 0, Ozawa [35, 36] constructed the generalized kinetic
equation at infinite temperature (0 =t when T = o). The
generalized time defined as:

t

0= /exp(—E/RT)dt (5)

0

where 0 denotes the reaction time taken to attain a
particular o at infinite temperature. Differentiation of Eq. 5
leads to

do
e = eXp(~E/RT) ©)
From Egs. 1 and 6, the following expression is obtained

[37]:

do

—=A

= Af(3) ™)
which from Eq. 1 give rises to:

do dua

— = E/RT

= exp(E/RT) ®)

where do/d0 correspond to the generalized reaction rate,
obtained by extrapolating the reaction rate in real time,
do/dt, to infinite temperature. The integrated form of the
kinetic rate equation is obtained from Eq. 7 as follows:

o 0
do

glo)= | —==A / d0 = A0 9

@ = [ o )

0 0

From Eq. 7, the following equation is easily derived [38]:

do/d6 _ f(o) (10)
(dx/dO)y,  f(0.9)

at a given o, in this paper, 0.9, the calculated value of the
reduced-generalized reaction rate do/d0/(do/d0)go and the
theoretical calculated value of f(«)/f(0.9) are equivalent
when an appropriate f{«) is applied, then the experimental
plot of do/df/(do/dO)yo against o is methodologically
identical to the conventional master plots. According to
Eq. 8, the reduced-generalized reaction rate has the
following relationship to the experimental data:

Table 1 Set of reaction model to describe the reaction kinetics in solid-state reactions

Symbol Model Differential f{a) function Integral g(o) function
IMA (A,) Nucleation and Growth (n = 0.5, 1, 1.5, 2, 2.5, 3, 4) n(1 — o)[—In(1 — o))"~ [=In(1 — o)1

R, Phase-Boundary Controlled reaction n = 0, 1/2 and 2/3 a—a) Q-0 ="/ —-n
D1 1D-Diffusion 1720 o’

D2 2D-Diffusion —1/In(1 — o) o+ (1 — o) In(l1 — a)
D3 3D-Diffusion (Jander Equation) 31 — )*? V201 — 1 — '] [1—a1—au"”P?

D4 3D-Diffusion (Ginstling—Brounshteinn Equation) 321 — o)~ — 1] 1—243 -1 -
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do/d0  da/dt exp(E/RT) (1
(do/d0)y — (dot/dt)e exp(E/RTo.)

For calculating the experimental value of (do/d0)/(do/dB)g o
the temperature conditions have to be taken into account.
Thus under isothermal condition, both the exponential term
in Eq. 11 offset each other, so that the experimental master
plot can be derived directly from a single isothermal curve
of do/dt against o. For the nonlinear non-isothermal data
such as SCRT only the differential master plots can be
calculated [38], the ratio of rate terms in Eq. 11 is to be
unity. Thus, in this case, Eq. 11 reduces to:

du/d0  exp(E/RT)
(do/d0), o "

exp(E/RTo9)
Isoconversional method

The method proposed by Galwey [39] is more rigorous
from a kinetic point of view than conventional isoconver-
sional methods and is applicable to an arbitrary tempera-
ture program (Isothermal, TG, SCRTA, Stepwise
Isothermal Analysis (SIA) or High Resolution Thermo-
gravimetry (HRTG)) and permits to calculate the reaction
model from a set of pseudoisothermal. This alternative
proposal is based on the use of several non-isothermal
experiments (under linear or nonlinear heating rate). Each
data set is divided into stepwise small increments, Ao; and
At;. The mean temperature 7; of each step is calculated.
Thus, we assume an approximated linear rate of reaction
within each small step (i.e., zero order reaction). The rate
constant k; at T; is given by:

N AO{,’
- Ati

ki (13)
Then from each set of k; values the activation energy E; can
be calculated. Figure 1 shows a diagram of the method. A
comparison of E; values, corresponding to each sequential

1,04 curve 1 curve 2 curve 3 curve 4
, / P /e
an
n-1
0,84 . %n2
0,6
3 mean T of the step
0,41
o,
(5}
[
T 5
02 o
] 0y
D oy
001 — o
T T T T T T T T T T T T T 1

Fig. 1 Sketch of isoconversional approach based on zero order
(Galwey method)
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step that contributes to the completed reaction, identifies
any variation with «. Finally the pseudoisothermal curves
can be constructed [39]. In each SCRT curve, a represen-
tative Tx temperature is selected (the mean temperature of
the SCRT interval of temperature for example) then, the
rate constants, Kg, for each reaction interval Ao; can be
calculated for the temperature Tk using values of k; and
the calculated activation energy. Summation of the time
intervals required to complete each successive reaction step
then enables a set of o — r values that represent a
pseudoisothermal reaction at T to be obtained. These
pseudoisothermal are used later for elucidate the reaction
model.

Results

Determination of the activation energy by the model
fitting method

The SCRT curves obtained at different values of the
reaction rates C are displayed in Fig. 2. Following the
model fitting procedure, the plot of the left-hand side of
Eq. 4 against the reciprocal of the temperature gives the
values of the activation energy for SCRT data.

The sets of activation energies calculated by means of
SCRT procedure (Eq. 4, model fitting method), for the
thermal decomposition of cobalt nitrate, are shown in
Table 2. In solid state decompositions, the induction period
is usually associated with nucleation, i.e., the formation
of reaction centers (nuclei). The SCRT curves with
C = 0.00135, 0.00148, 0.00168 and 0.0024 show an
induction period. In thermal decomposition processes, this
is frequently followed by nuclei growth. Depending on the
rates of nucleation and nuclei growth [40], the initial
decomposition rate may be limited by either of the two

0.00148
1,04 0.00
0.00135
0,8
0,6
3
04
0,24
0,0
T T T
400 420 440
TIK

Fig. 2 SCRT curves of the thermal decomposition of Cobalt Nitrate
at different constant reaction rates C
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Table 2 Activation energies for thermal decomposition of cobalt
nitrate at C = 0.00168 min~" determined using model fitting method
(Eq. 4) for SCRT data (range of o: 0.2-0.9) and other statistics

Model EKImol™' Eq. 4 % s, s, r F-test Eq. 14
R1 Negative value - - - -
R2 423 + 82 9.05 0.25 0.7440 16.91
R3 472 + 10.1 9.10 0.33 0.7440 80.98
IMA(n=1) 8.8+7.1 9.10 0.50 0.7440 1192.31
IMA (n=2) 585 £2.1 0.02 0.06 0.9990 1.00
IMA (n=3) 499 +73 6.60 0.21 0.8350 26.27
Dl Negative value - - - -
D2 53.7 £ 33.1 30.40 1.05 0.3155 2879.46
D3 97.9 £+ 34.3 20.70 1.30 0.4380 34177.72
D4 64.3 + 36.2 25.51 1.14 0.3680 7109.49

processes. In the SCRT experiments, the slow temperature
changes at the initial rate of decomposition favours the
nucleation, thus we may expect that the constant decom-
position rate gives rise to a constant rate of nucleation, thus
the initial rate of decomposition is likely to be limited by
nucleation in the SCRT experiments.

Thus, the activation energy calculated at o < 0.15 from
SCRT data (E ~ 65 kJ mol™) corresponds to the initial
process of nucleation. The situation when the activation
energy for nucleation is greater than that for growth is very
frequent [40]. The appearance and growth of nuclei of the
product (incipient phase) is a frequent and important stage
in many processes of thermal decomposition: such as
hydrates, oxalates, nitrates, carbonates etc. The initial
reaction centers are formed together with subsequent
development of stable nuclei of the product, and growth of
the later to form a boundary between the old and the new
phases. Since the middle 1920s, in solid-state kinetics, the
concept of nucleation in thermal decomposition became
more and more obvious. In their study of the thermal
decomposition of silver oxalate, MacDonald and Hinshel-
wood [41] suggested for the first time that the decompo-
sition involves two different rate processes, which are the
formation of silver nuclei and their subsequent growth.
These authors introduced the idea of the formation and
growth of product nuclei in a decomposing solid. For the
thermal decomposition of mercury fulminate, Garner and
Hailes [42] suggested that nucleation is accompanied by
the process of nuclei branching, which is characterized by
its own rate constant. Jacobs and Tompkins [43] gave the
first representative account of these mechanism and cor-
responding equations. In the classical text of Delmon [44]
more details on nucleation and growth of nuclei can be
found. The most recent compendium of these reaction
models in thermal decomposition of solids is given by
Galwey and Brown [45].

The resulting value of the model fitting method shown in
Table 2 allows the Avrami-Erofeev model, JMA with
n =2, to be identified as the best description for the
thermal decomposition of Cobalt Nitrate. The activation
energy obtained, in the range of o = 0.2-0.9, from model
fitting procedure, is 58.5 kJ mol~" and the pre-exponential
factor, In A = 11.24 min~'. The model fitting procedure
works well in this case but this routine ignores that the
correlation coefficient is subject to random fluctuations and
its uncertainty must be taken into account in the form of
confidence limits. Thus, it is necessary to give a proper
statistical treatment.

Determination of the kinetic model by SCRT master
plots

To choose an appropriate reaction model the reduced
master plots [38] are an interesting method. For each
model, a useful measure of the “adequacy of fit” is the
standard deviation of the residuals SS* with n — 1 degree
of freedom. For each model, the adequacy of fit can be
determined by using Eqgs. 12 and 14.

n— 14« \(do/d0)y,  £(0.9)

i

For random samples of size n; and n, and whose distri-
butions are normal (where S% and S% are the standard
deviations) the ratio S% / S% (where the S is the larger value)
is distributed as Fisher’s F with n — 1 degree of freedom
[46—49]. If we wish to determine whether these could have
come from normal populations having the same variance
we check with an appropriate statistical test called the
F-test. The Null Hypothesis H, (i.e., both variances are
equal) is rejected if F is larger than the appropriate critical
value, at the chosen level of significance, obtained from F
Tables [47]. In our study we calculate SS2/SS,2nin, this sta-
tistic have also the F-distribution, thus for all the reaction
models, the value F~ = S5%/SS2,, is then compared with
the critical value F,,_;, ;. Those reaction models for
which F* < F,n—1.,—; with a significance level a (in this
study oo = 0.05) belong to the set of adequacy fit. The value
F,n_1..—1 1s the appropriate critical value obtained from
the F table, this value is a percentile of the F-distribution
for a particular level of statistical probability, 100 (1 — «)%,
and correspond to the upper percentage point of the
F-distribution.

For calculating the experimental master plots, the pre-
viously determined activation energy E = 58.5 kJ mol ™',
which correspond to the model that exhibit the best fit in
Table 2, was assumed. For each model, the adequacy of fit
can be determined by using the residual sum of squares,
Egs. 12 and 14 and the F-test for SCRT data.
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JMA-1 D2 D4 D3

da/de/(do/de), ,

Fig. 3 Reduced reaction rate master plots for the thermal decompo-
sition of cobalt nitrate for o« = 0.9 (Eq. 12) under SCRT. The IMA-2
gives the best fit

It is clearly seen from Fig. 3 and data of Table 2 that the
experimental master plot corresponding to SCRT temper-
ature profile are in excellent agreement with the theoretical
master plot corresponding to JMA-2. All other reaction
models should be discriminated as giving SS* values that
are significantly larger than SS2. and F* values greater
than the critical F value and therefore rejected. The R1 and
D1 kinetic models exhibit negative activation energy and
the others Dn models very bad linear correlation coeffi-
cients (r < 0.4) and have been rejected. The other SCRT
experiments, included in Fig. 2, analyzed at different
constant reaction rate C show the same trend.

Another test for ascertain this result is the analysis of
the shape of SCRT traces, because there is a correlation
between the shape of SCRT curves and the kinetics [50],
thus, this provide valuable information for elucidating the
actual kinetic model obeyed by the reaction. A mere glance
at the shape of the SCRT curves provides an easy way
of discriminating between the different mechanisms of
Table 1. Figure 4 shows the set of isokinetic theoretical
SCRT curves and, in particular, we can see that the shape of
JMA (An) kinetic models are very characteristic. Figure 4
shows that the experimental SCRT curve of the thermal
decomposition of cobalt nitrate is similar in shape to the
JMA kinetic models (An), this shape is characteristic of an
Avrami-Erofeev model with a minimum on the 7 axis

To confirm this result and to extract the maximum
information from the experimental data, a set of o — ¢
pseudoisothermal data have been obtained from the SCRT
experimental curves, following the Galwey methods [39].
The set of T temperatures (the mean temperature of the
SCRT interval) are obtained. One can plot « as a function
of a reduced time variable t/tyo where fgo is the time
required to reach a 90% of conversion in each
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1,0 1.1 1,2
T/Tos

0,8 0,9

Fig. 4 Comparison between the shape of the theoretical SCRT for all
the models in Table 1 and the experimental data for C = 0.00168
min~! (thick solid line) in normalized temperature scale

0,8
0,6
0,4+

0,2+

0,0

Fig. 5 Reduced time plots. Stars correspond to data that are the
average of five pseudoisothermal experiments. The solid line
correspond to the theoretical A2 kinetic model, the best fit

pseudoisotherm, this reduced time method is broadly used
in solid state kinetics [51]. The reduced time plots for the
thermal decomposition of cobalt nitrate is shown in Fig. 5
and this confirm the JMA-2 kinetic model.

Test for the dependence of the activation energy
on the extent of conversion

The application of the isoconversional method permits a
determination of the activation energy as a function of the
degree of conversion «. Unlike the model fitting method,
which yields a single overall value of activation energy for
the process (58.5 kJ mol™") the isoconversional technique
may reveal complexity of the reaction mechanism in the
form of a functional dependence of the activation energy
on the extent of conversion. Because most solid-state
reactions are not simple one-step processes, analysis of
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Table 3 Activation energies calculated with the isoconversional
method based on zero order, from SCRT curves

Interval E value/k] mol™ r

0.2-0.3 56.5 0.9989
0.3-0.4 55.3 0.9987
0.4-0.5 54.8 0.9988
0.5-0.6 54.4 0.9985
0.6-0.7 55.3 0.9988
0.7-0.8 57.3 0.9987

Mean value SCRT = 55.6 KJ mol~'. In each interval 50 measures
have been taken

Table 4 Physical meaning of the JMA kinetic coefficient

Type of nucleation and
geometry of growing

Law of growing of nuclei

Chemical reaction Diffusion
(linear law) (parabolic law)

n n

Instantaneous nucleation and 1.0 0.5
one-dimensional growth

Instantaneous nucleation and 2.0 1.0
two-dimensional growth

Instantaneous nucleation and 3.0 1.5
three-dimensional growth

Constant rate of nucleation 2.0 1.5
and one-dimensional growth

Constant rate of nucleation and 3.0 2.0
two-dimensional growth

Constant rate of nucleation and 4.0 2.5

three-dimensional growth

SCRT data by the isoconversional technique is a good
procedure to revealing this type of complexity.

Table 3 shows the values of the activation energies
obtained from the set of SCRT curves with the use of this
isoconversional approach based in zero order (Galwey
method Eq. 13).

We can see in Table 3 that a systematic changes of E with
o 18 not observed, the value obtained from SCRT isocon-
versional method, 55.6 kJ mol ™! is consistent with the
value obtained in Table 2 for the JMA-2 kinetic model,
58.5 kJ mol™!, and this kinetic model shows the best fit in
Figs. 3 and 5, thus statistical analysis allows this model to be
chosen with the exclusion of all others in Table 1, but again,
we must take into account that perhaps the correct model is
not included in this Table, this uncertainty is always present.

Conclusions

When SCRT data are analyzed there are consistent results
among the three experimental procedure: model fitting,

isoconversional and pseudoisothermal and the statistical
analysis (F-test) allows the Avrami-Erofeev (JMA with
n = 2) model to be identified as the best description for
the thermal decomposition of anhydrous cobalt nitrate,
the activation energy obtained fall in the range
54-59 kJ mol ', but the initial stage of decomposition give
rise to an activation energy of 65 kJ mol~' which corre-
spond to the nucleation process. According to the original
theory [52], n should be an integer from 0.5 to 4, the value of
which should depend only on the type of the statistical
model. The JMA theory describes the kinetics of phase
transformation using the Eq. 1 — o = 1 — exp(—k¢") where
k and n depend on geometric factors and on the mechanisms
of formation of nuclei and the number of spatial dimensions
in which the crystal grows, as summarised in Table 4.

This table shows that a same n-parameter would
describe different reaction mechanisms. The results here
obtained would be interpreted by considering that the
reaction mechanism implies the constant rate of nucleation
in the bulk and their subsequent two-dimensional growth
through a diffusion process. Such a mechanism leads to the
fitting of the kinetic data to an Avrami coefficient n = 2.
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