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Abstract

In the case of a complex mechanism of two parallel independent reactions, peak maximum
evolution methods and model-fitling methods give only a mean value of the kinetic paramelers,
while iseconversional methods arc usefu! to describe the complexity of the mechanism, Isother-
mal and non-isothcrmal isoconversional methods can be used to elueidate the kinetics of the pro-
cess. Nevertheless, isothermal isoconversional methods can be limited by restrictions on the tem-
perature regions experimentally available becanse of duratien times or detection limits.
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Introduction

Various multiple-scan methods can be used for extracting kinetic data from ther-
mogravimetric or differential calorimeltric measurements. Among these methods, we
can distinguish peak maximum cvolution methods and isoconversional methods.
These methods allow for model-independent estimates of the activation energy, so
that one can spcak of model-free kineties. In addition to this possibility, it has becn
shown that the sole dependence of the activation energy on conversion, obtained
with isoconversional methods, is sufficient to reliably predict the kinetics of a pro-
cess over a wide range of lemperature. Analysis of this dependence often permits the
identification of the kinetic scheme af the process, and allows for identilication of
the complexity of the transformation {1]. In a previous study, the influence of acqui-
sition time and of simulated random crror was reported, for peak maximum evolu-
tion methods and isoconversional methods. The sensitivity of isoconversional meth-
ods to the number of points was pointed out. Neverthcless, we have shown that if ac-
quisition limes were correctly chogen, these methods gave smaller errors than peak
maximum evolution methods, and that isoconversional methods should be preferred
{2]. Systematic cvaluation of these errors using Student’s estimates have been re-
viewed and a methad was given for estimating valid confidence intervals for the ac-
tivation energy compuled by the isoconversional method. Valid 95% confidence in-
tervals can be constructed by using corrected Student’s percentiles for 3, 4, and 5
heating rates experiments, respectively [3].
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The Malck method will be discussed scparately. This method generally uses the
Kissinger method for the determination of the activation energy, but an isoconver-
sional method can be used. This evaluation implies that a series of experiments has
1o be conducted at different heating rates, and that one activation cnergy will be ob-
Lained for this series. This activation energy is computed at the peak maximum or for
a given conversion degree (generally a=50%) [2]. Then, calculation ol the Kinetic
cxponents m and n and of the logarithm of the pre-cxponential factor (InA), is possi-
ble hy treating cach curve, so that one set of parameter is obtained for each heating
rate. This method combines some aspects of model-free kinetics (for the evaluation
of the activation energy) and some ol model-litting methods (for the cvaluation of
the logarithm of the pre-cxponential factor and of the kinetic exponents), However,
this method allows to sclect the Tunction floc} that is supposed o describe the Kinetic
model. This function can he chosen from the shape of the plot of the standardized
curve y(a). Three possible models can be studied with this method: the reaction or-
der model (RO), the Johnson-Mchl-Avrami model, and the Sestak-Berggren model
(SB) with two kinetic exponents (also called the autocatalytic model for homogeneous
kinetics) |2, 4]. Nevertheless, computation of the standardized curve requires the ac-
livation energy. If the value compuled at the peak maximum, or for a given conver-
sion degree, is solely considered, the information on the complexity of the process is
lost.

Theoretical

Isoconversional methods were extensively described in previous papers [2, 3].
The general cquation for the reaction rate may be written as [5, 6]:

do (n
= KT

where k(T is the Arrhenius rate constant, « the extent of reaction (conversion de-
gree), tthe time, T the temperature and f{or) the reaction model (or conversion func-
tion).

For non-isothermal conditions, at a constant heating rate B=d7/dr, Eq. (1) may be
rewrilten as:

do A et (2)
ar = BL Jlw)

where A is the pre-exponential factor, £ is the activalion energy, and R is the gas
constant. *
Let us call g(Ot):JdO(/ﬂOt) then the integral form of Eq. (2) is obtained [7}:

_AE Q_m e’ 3
AT J{x] v
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where x=E /RT is the reduced activation energy at the temperature T. As no exact so-
lution exists for Eq. (3), this equation is generally written as:

AE
=£= 4
g{o) RB plx)

where p{x) is the temperature integral.
Non-isothermal integral isnconversional methods

Using Doyle’s approximation [8], the lincar equation of Ozawa-Flynn-Wall can
be obtained [9, 10]:

o

E
Inp; = const. — 1.052[”“ } (5)

where the subscript o designales valucs related to a given conversion degree, and i is
an ordinal number of the experiment conducted at the heating rate f,.

The Kissinger-Akahira-Sunose method [11] s valid at any given conversion and
is derived using the approximation p(x)ze ™/x* (20<x<50). Under this assumption,
Eq. (6) is obtained. This equation, can also be derived by using the more precise ap-
proximation of Coats and Redflern [12]:

Bi Enc
In| - |=const. — (6)
{Tix R,
[sothermal integral isoconversional method
For isothermal conditions, Eq. (1) may be rewritten as :
glo) = k(T (7)
and leads Lo the isothermal integral isoconversional method:
E
Ing, = Ing(0t) = InA y + o (8)

RTisa

where #, and A, are the lime and the pre-exponential lactor at given conversion de-
gree, and where T, 18 the isothermal temperature,

Isothermal model-fitting methods

The usual isothermal method for a single step mechanism governed by a reaction
order ratc equation is expressed by Eq. (9):

1“(((11_(:]= Ink(T) + nin{1 — o) 9)
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where #r is the reaction order. The values of Ink({T) and n can be obtained from Eq. (%)
for each lemperature. Then, the values of £ and InA can be estimated by plotting
Ink(T) vs. UT.

An alternative to this is to plot Eq. (10) for a given conversion degree (generally
o=50%):

h{%‘ﬂ- Infloc) = InA - R;so (10)

Those methods (Eqs (9) and (10)) imply that the reaction is governed by the same
mechanism for the whole process.

Numerical simulations

The generation of simnlated dara was previously presented [2]. Evaluation ol ki-
netic parameters was performed on the artificially created data using a computer pro-
gram described clsewhere [13].

A complex mechanism of two parallel independent reactions governed by a reac-
tion order model was simulated. If only the rate of product formation is measured,
the mechanism may correspond to the following kinetic scheme:

Al ok g (E1)

Non-isothermal synthetic data

The kinetic parameters were: kinetic orders rj=1.2, n,=1; activation energies
E =143 and E,=74 kJ mol’l, logarithms of the pre-exponential lactor ln(Al/s"l):QQ.A,
In(Aofs'y=11.7; acquisition time sr=2 s; scanning rates B=0.1-10 K min~"; initial
temperature 7,=313.15 K. The heat of each cxothermic effect was chosen in order
that rcaction 1 contribute 70% and reaction 2 contribute 309% to the overall reaction.
This case is referred as Q>0>, where Q) and Q5 represent the heat effects of reac-
tion 1 and 2, respectively.

Isothermal synthetic data

The same parameters were used in isothermal mode. Scveral thermoanalytical
curves were simulated at seven temperatures, every 20 K from 373 to 493 K.

Results

Non-isothermal model fitting-merhods

Results already presented in our previous work, have shown that in the casc of a
complex process, a single-scan method will give different kinetic paramcters when
the heating rate is increased and different kinetic parameters for the beginning and
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for the end of the thermoanalytical curve. The Arrhenius plots of the Achar-Brin-
dley-Sharp method for various values of the kinetic exponent (n), can show the cx-
istence of scveral mechanisms depending on the choice of the kinetic interval [2].
Nevertheless, il only one value of the activation energy is compuied (i.c. if only one
heating rate is used), as it is usually done, information on the complexity of the
mechanism is lost.

fsothermal model fitting-methods

The values ol Ink(T) and 1 computed from Eq. (9) are reported in Table [. A plot
of Ink(T) vs. 1/T gave E=138.70 kJ mol™ and In(A/s™)=28.19. Figure 1 gives the Ar-
rhenius plot for the isothermal method aceording to Eq. (9), in the case of the com-
plex process studied. This plot does allow for identilication of the complexity ol the
transformation. Similar conclusions were drawn for experimental data [14].

‘Table 1 lsothermal model-titting method of Eq. (Y)

TIK Arrhenius ralc;fmslﬂnl Reaction order
In[k(T}s"'] n
373 -16.68851 1.007
393 -14.26151 1.038
413 -12.07351 1.063
433 -10.10656 1.074
453 —8 44165 1.027
473 -7.11367 0.925
493 ~-5.87340 0.995

InfkiT) £57]
>

T T T T
0.0020 00022 0.0024 00026 aQo2e
14T (K

Fig. 1 Arrhenius plot for a complex process according to the isothermal model-fitting method
(r=-0.99902)
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Table 2 Tsothermal model-fitting method of Eg. (10)

Conversion degres Activaiion encrgy Pre-exponential factor
a £ mol” In(A/s™) d
(.10 98.75352 18.08409 -0.99586
0.50 128.80202 2582115 ~0.990235
0.90 137.96771 27.99523 —0.99944

The use of Eq. (10} leads to the results presented in Table 2. Usually, a single
value is reperted for the activation energy, and is computed for a=50%. It is not al-
lowed for the identification of the complexity of the mechanism. Nevertheless, this
complexily can be shown considering the variation of the Arrhenius parameters for
several conversion degrees (Table 2).

Mdlek method

Application of the Milek method indicated that the reaction follows a simple nth.
order model, deduced from a strictly decreasing y(c) function obtained, whatever
the heating rate (Fig. 2). Nevertheless, the complexity of the mechanism can be de-
duced from the changes in the reaction order [2].
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Fig. 2 Plot of the standardized curve y{(o) vs. @ for a complex process: — - B=0.1 K min™";

o- =03 K min'"; 0 - f=0.5 K min™"; ¢ = B=1 K min”"

Isothermal and non-isothermal isoconversional methods

[soconversional methods allow a possible change of rate-limiting step (and asso-
ciated Arrhenius parameters) of the process. The dependences of the activation cn-
ergy computed for isothermal and non-isothermal isoconversional methods, accord-
ing to Eqs (6} and (8), are shown in Fig. 3. The activation cnergies of cach reaction
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(Eq. (11Y), arc well separated in nen-isothermal conditions, while the activation cn-
ergy of the low temperature reaction (reaction 2) is about 20 kJ mol™" higher with the
isothermal method. This is duc to the lower total thermal effect attributed w this re-
action that can be identified at low temperature, i.c. when its thermal flow is low.
Fortunately, this total thermal efiect can be experimentally amplified or lowered by
modilying the concentrations (or the proportions} of the specics. For exaunple, if the
values of Q, and @, arc inverted, the activation energies of each reaction can be bel-
ter separated in isothermal conditions (Fig. 3).
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Fig. 3 Dependences of the aclivation cnergy (E) vs. conversion (o): ¢ — non-isothermal iso-
conversional method; A — isothermal isoconversional method for @,>(,; 9 — isother-
mal isoconversionat method for O <2,

Hence, this temperature region (373 to 493 K) was only possible lor simulated
data. In the isothermal mode the reactions are very slow at the lowest temperatures
(T<443 K), so that the experiments will be limited by long times to completion and
low detection limits, while, for high temperatures, the reaction will be too fast. A
practical temperature region would be 443 to 493 K, with times to completion of
26 h and 30 min. respectively, Tor ¢=0.99. These restrictions imply that the experi-
mental isothermal domain of temperature available is limited, hence the possible
separation of several reactions with isothermal isoconversional methods will depend
on this. The temperature region covered for non-isothermal simulations at 0.1 to
5 K min~" is 323 to 573 K. Isothermal and non-isothermal experiments are thus nec-
cssarily conducted in dilferent temperature regions. Non-isothermal runs cover a
wider temperature range than that of isothermal cxperiments, but compress the o-
range reducing resolution,

As shown in Fig. 3, these dependences could have different shapes. This happens
hecause for the same multi-step mechanism and at the same values of e and 7, the
contributions ol the individual reactions arc different for diffcrent heating programs.
However, this does not signify that the general kinetic equation (Eq. (1)} is not valid
for non-isothermal conditions, but that the global extent of conversion cannol
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Fig. 4 Tsothermal simulated curve and isothermal predictions made using non-isothermally
estimated kinetic parameters; — — isothermal simulated curve for 7=493 K; o— non-
isothermal isoconversional method at f=0.1, 0.3, 0.5 K min"; 0 — non-isothermal iso-
conversional method at B=1, 2,3, 4, 5 K min '; ¢ — model-fitting method at f=0.1
K min; - - - = wodel-fitting method at B-5 K min !

uniquely determine the composition of a multi-step reaction system. Figure 4 gives
a comparison of the isothermal simulated curve for 7=220°C with isothermal predic-
tions made using non-isothermally estimated kinetic parameters. A good agreement
is obtained whatever the set of scanning rates used for estimating the kinetic parame-
ters when using the non-isothermal isoconversional method. According to Eq. (0)
this method implies that Eq. (2) is valid. Poor agrecment is obtaincd when a low
heating rate is used with a model-fitting method (multiple linear regression method)
bascd on a reaction order model [15]. because these methods do not take into ac-
count the complexity of the reaction.

Surface plois

According (o our idea that the experimental isothermal domain of temperature is
limited by experimental durations. Fig. 5 gives the surface plot of activation energy
as a function of extent of conversion and temperature under isothermal conditions
for severa! isothermal simulated data. The temperature was varied from 443 to
493 K, and this corresponds to the practical temperature region. These surfaces plot
can directly be obtained by selving Eq. (12), which illustrates the basic idea of iso-
conversional analysis, i.e. that the reaction rate at a constant conversion depends
only on temperature:

din(daddn, £y (12)

dr! R

These dependences clearly show that in such a case, the activation energy of the
low lemperature reaction (£,) is not accessible in the isothermal temperature domain

J Therm. Anal. Cel., 56, 1999
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Fig. 8 Surface plot of activation energy as a function of extent of conversion and temperature
under isothermal conditions in the case of >0,

experimentally available. If the experimental temperature region cannot be extended
io lower or higher temperatures for practical reasons, it is possible, for a mechanism
of two paralle! independent reactions, to modify the proportions of cach reactant.

Conclusions

In the case of the complex process studied, peak maximum evolution methods
and maodel-fitting methods give only a mean valuc of the kinctic parameters. The
variation of the kinetic parameters obtained using the model-fitting methoeds can be
uscd o show a complex behaviour. Nevertheless, this was notl possible using the
usual isothermal model-litting method based on a reaction order rate equation.

[soconversional methods are uselul to describe the complexity of a process. [so-
thermal and non-isothermal isoconversional methods can be used to elucidate the ki-
nctics of the process. Nevertheless, isothermal and non-isothermal experiments arc
necessary conducted in different temperature regions, and non-isothermal runs cover
a wider temperature range but compress the e-range reducing resolution. Hence, iso-
thermal isoconversional methods can be limited by restrictions inherent to isother-
mal expertments. If the experimental temperalure region cannot be extended to
lower or higher temperatures for practical reasons, it is possible, for a mechanism of
two parallel independent reactions, to modify the proportions of each reactant.
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