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Abstract

It has been demonstrated that a single plot of the values of Alnat'?/Aln(1 — o) (taken from a
single a — T curve obtained under a controlled linear increase of the reaction rate) as a function
of the corresponding values of A(1/7)/Aln(1 ~ o) permits the simultaneous determination of both
the activation energy and the kinetic model in accordance with a solid state reaction.
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Introduction

It has been proposed in a previous paper the novel method of Controlled
Rate Thermal Analysis with Constant Acceleration of the Transformation that
implies to control the temperature of the sample in such a way that the reaction
rate is linear function of the time (i.e.; da/dr = Ct, Cbeing a constant arbitrari-
ously selected by the user) in contrast to the method formerly introduced by
Rouquerol [1] and Paulik [2] that implies to maintain the reaction rate at a
strictly constant value all over the process. It has been claimed [3] that the
analysis of a single time dependent-CRTA curve allows to discriminate among
the different kinetic models proposed in literature to describe solid state reac-
tions, including "n order" reactions that cannot be discerned from the more
conventional CRTA method. The scope of the present paper is to propose a new
method of kinetic analysis that allows the simultaneous determination of the ac-
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tivation energy and the kinetic model according to the reaction from a single
linear plot of data taken from a single a7 curve obtained under a linear in-
crease of the reaction rate.

Theoretical

The reaction rate of a solid state reaction, da/dz, can be expressed as a func-
tion of the reacted fraction, a., as:

1
thq = Af(a) exp (-E/RT) M

where 4 is the preexponential factor of Arrhenius, ) is a function depending
on the kinetic model and E is the activation energy.

The controlled Rate Thermal Analysis with constant acceleration of the
transformation proposed in this paper implies that the rate of reaction is in-
creased as a linear function of the time instead of remaining constant (i.e.
da/dt = C) like it is most often done.

do @)
& - Ct

where C is a constant arbitrariously selected by user. By rearrangement and in-
tegration, Eq. (2) becomes

3
%% - 20" &)
From Egs (1) and (3) we get:
12 C))
j%a—) = (—2233 exp (-E/RT)

If we differentiate the logarithmic form of Eq. (4) with respect to
d In (1 - a), following the treatment applied by Freeman and Carrol [4] and
Criado, Dollimore and Heal [5] to the kinetic equation describing conventional
TG plots, we get

dina'?  E _d(I/D) , _dinfla) ()
dn(1-a) Rdn(1-a) din(l-a)

that would be also written in the form
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Alna'” __E
R

_ A/D |, Alnflo) ©)
Aln(1 - )

Aln(1 - a) Aln(l - )
Analysis of phase boundary controlled reactions ("n order” reactions)

If the reaction is in accordance with "n order" kinetic law then
Sflo) = (1 — )" and Egs (5) and (6) becomes, respectively,

dina'? _E_d(1/D) n (7
din(1 -a) Rdin(1 - )

and

M _ E_AUMD (8)

Aln(1 -a) R Aln(1 - o)
The plot of the left hand side of Eqgs (7) or (8) vs. d(1/7)/dIn(1 - ) or
A(1/T)/AIn(1 - o), respectively, should be a straight line with a slope —E/R and

Table 1 Algebraic expression for o) and d In ffo)/d In (1 — @) for the most common
mechanism operating in solid-state reactions

Mechanism (symbol)* flo) _dinflo)
din(1 - a)
Zero-order mechanism (R;) 1 ' 0
Phase boundary controlled reaction 1 - w'? 172
(contracting area) (R;)
Phase boundary controlled reaction 1-o0* 2/3
(contracting volume) (R3)
Unimolecular decay law (F)) 1-ow 1
. 1 1
Avrami—Erofeev (Am) m(1 - o)f- In(1 - a)ll - i/m (1 - ;) nd-a) +1
Unidimensional diffusion (D) 1 1-o
2 o
Two-dimensional diffusion (Dy) -1 _ 1
In(1 - o) In(1-0)
Three-dimensional diffusion (Jander 31 - a)m a- q)m -2
mechanism) (Ds) m m
Three-dimensional diffusion 3 1
(Ginsting—Brounshtein mechanism) (Dq) 2[(1 -y - 1] 3[(1 - o)® - 1]

*Symbols of Sharp et al. [7] have been used.
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an intercept equal to 7. Therefore, this method allows one to determine simul-
taneously both the activation energy and the reaction order without a previous
knowledge of this last parameter. It must be pointed out that using the CRTA
method at strictly constant reaction rate is possible neither discriminating the
value of n nor determining the actual value of the activation energy as shown in
previous papers [6].

Analysis of both diffusion controlled reaction and reactions controlled by
random nucleation and growth of nuclei (Avrami-Erofeev kinetic)

If the following relationship can be established

dinfle) _ dina™” b ®
din(1 —a)  din(1 - @)

(a and b being constants), from Egs (5) and (9) one obtains

dina'? _ cE_d/D (10)
din(1 - o) R din(1 - @)
that would be also written in the form
Alna'?  cE A (1/T) ' (11)

—_—= +d
Aln(1 - o) R Aln(1 - o)
where ¢ = 1/(1-q) and d = b/(1-a).
By comparing Eqs (7) and (10) it can be seen that, if Eq. (9) applies, then
the reaction would be seen to obey an "n order” kinetic law. In this case an ap-

Table 2 Values of a and b calculated from Eq. (9) together with their linear correlation
coefficients, and the values determinated for the Eq. (10)

Kinetic equation a b r c=E/E d
F - - - 1 1
D, - - - 1 0
R - - - 1 172
R - - - 1 1/3
A 1.00 0.79 1 © ©
As 1.34 0.72 1 -2.92 -2.11
D, -2.00 0.00 1 0.33 0.00
D, ~2.00 0.42 1 0.33 0.14
Ds -2.00 0.93 1 0.33 0.31
Dy -2.00 0.59 1 0.33 0.20
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parent reaction order n = 4 and an apparent activation energy E’ = cE would
be obtained. ‘

In order to check if the above assumptions work in the case of reactions con-
trolled by diffusion or Avrami-Erofeev kinetic laws we have collected in Table 1
the corresponding mathematical expressions of the function Aa) and
dinfla)/dIn(1 — o). The values of the constants @ and b calculated from Eq. (9)
together with their linear correlation coefficients and the values determinated
for the constant ¢ and d of Eq. (10) are shown in Table 2. The values that would
be obtained for "n order" reactions have been included as well for a compari-
son.

The above results allow to conclude that, for a given time-dependent CRTA
curve, the plot of the values of dlna'?/dIn(1 - &) (or Alna'?/Aln(1 — o)) as a
function of d(1/7)/din(1 - &) (or A(1/T)/Aln(1 — o)) leads to a straight line
whose intercept is characteristic of the kinetic model according to the reaction.
Moreover, once the kinetic model has been established, the real activation en-

o R

A3 D27 7/R2

© o
o 0o

o
'S

Q
N
Ohdte ety adprr vty p g tegrgategal

o
o

450 500 550 600 650

T(K)

Fig. 1 Time-dependent CRTA traces obtained by assuming a Rz, D; or A3 kinetic models
andsthc fozllowing kinetic parameter: E = 120 kJ/mol, A = 10° min™ and C =
10™ min™
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ergy, E, can be calculated from the apparent activation energy, E’, determined
from the slope of the above plot, provided that the ratio E'/E is known (Table 2)
it is noteworthy that if the reaction obeys the Avrami—Erofeev kinetic model A4,
both the slope and the intercept are infinite. Thus, in this particular case, the
plot above described permits to discriminate the kinetic equation fitted by the
reaction but does not supply the value of the activation energy that, however,
would be calculated from Eq. (4) after substituting the o) function corre-
sponding to the 4, model.

Results

In order to check the above conclusions we have to consider the kinetic
analysis of a series of a—T curves of solid state reactions simulated by assuming
a controlled linear increase of the reaction rate. Figure 1 shows the time-de-
pendent CRTA traces constructed by assuming that the reaction fits either a R,
or D, or A3 kinetic models, respectively. The following kinetic parameters have

Alne127AIR(1-9
0

-2r
-4t
-6
-8
A3 R2 D2
-10 1 ) 1 d i
-6 0 6 10 16 20 26

1E~4 - A(1/T)/AIn(1-%)
Fig. 2 Plot of data taken from Fig. 1 in agreement with Eq. (11)
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Tables 3 Values of ¢ = E'/E and d determined from the plots of Fig. 2

Kinetic equation c=E/E d r
Rz 1.00 0.50 1.00000
D; 0.33 0.14 1.00000

As -2.97 -2.15 0.99999

been assumed: A = 10° min™; E = 120 kJ/mol and C = 10™° min™. The plots
of the values of Alna'”?/Aln(1 - o) taken from the curves are included in Fig. 2.
The values of ¢ = E'/E and d determined from these plots have been included in
Table 3 and they are in very good agreement with those forecasted in Table 1.

In short, the above results allow to conclude that the analysis of a single a-T
curve recorded under a linear increase of the reaction rate permits to discrimi-
nate the kinetic model fitted by reaction and simultaneously, to determine the
activation energy of the process. Therefore, the development of equipments that
allow to control the temperature of the sample according to the new method
here proposed would permit a significant enhancement of the discrimination
power of the kinetics models obeyed by solid state reactions from a single ex-
periment. The development of an experimental tool to apply the described tech-
nique is now in process in our laboratory.
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Zusa‘mmenfassung — Es konnte gezeigt werden, daf die Darstellung der Werte fiir
Alna”® / Aln(1 - ) (ermittelt aus einer einfachen a-T Kurve, die unter einem kontrollierten li-
nearen Anwachsen der Reaktionsgeschwindigkeit aufgenommen wurde) als eine Funktion der
entsprechenden Werte fiir A(1 / T) / Aln(1 — «) eine gleichzeitige Ermittlung von sowohl Akti-
vierungsenergie als auch des kinetischen Modelles von Feststoffreaktionen ermdglicht.
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