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The thermal decomposition of solids is usually a multistep pro-
cess. The traditionally applied thermal analysis methods do not
measure actual concentrations but rather the extent of substance
conversion as a function of temperature. The kinetic processing
of such experimental data by the overall method which assumes
that the process is a one-step reaction leads to incorrect values of
the Arrhenius parameters and to false isokinetic relationships. This
can be avoided by using isoconversional methods to compute the
effective Arrhenius parameters as a function of the extent of conver-
sion. It was shown that the dependence both of the isokinetic
temperature and of its confidence interval on the extent of conver-
sion can be used to detect real isokinetic relationships for multistep
processes, The procedure was tested on experimental data and the
resulting isokinetic relationship was interpreted in terms of the
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INTRODUCTION

An isokinetic relationship (IKR) refers to the intersec-
tion point of the Arrhenius lines (i.e., In & versus 1/T) of
a series of reactions defining an isokinetic rate constant
(ko) at an isokinetic temperature (T,,). It has been shown
that a strongly proven IKR can be used as an efficient
tool for understanding reaction mechanisms; it has been
applied successfully to many reactions in both gas and
condensed (homo- and heterogencous) phases (1, 2). The
existence of an IKR implies that only one reaction mecha-
nism is followed by all members of the reaction series (3,
4), i.e., all reactions have analogous reaction profiles. In
the case where some reactions of a similar series do not
meet the IKR condition or more than one IKR occurs,
one can conclude that there are differing reaction mecha-
nisms (5-8).

All of these results were obtained under isothermal
conditions where the chemicat affinity is the only driving
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force of a process. However, the kinetics of the thermal
decomposition of solids has most often been investigated
under nonisothermal ¢onditions. Thermal analysis meth-
ods (i.e., differentiat scanning calorimetry (DSC), differ-
ential thermal analysis (DTA), and thermogravimetry
(TG)) which measure an extensive property of a system
are traditionally used for these purposes (9, 10). Such
measurements normally allow no separation of the contri-
butions of single reactions to a change of a physical prop-
erty. This means that classical problems of detailed solid-
state kinetics (1, 12) of primary processes such as nucle-
ation, nuclei growth, and diffusion are beyond the scope
of thermal analysis methods, However, this does not
mean that they may be ignored in the kinetic processing
of experimental data obtained by these methods. A
method for the Kinclic processing of thermal analysis data
should assume that a limiting step (and the associated
Arrhenius parameters) may change during the thermal
decomposition of a solid. Nevertheless, most popular
methods (9, 10) yield one pair of Arrhenius parameters
for the whole process of thermal decomposition, treating
it as a one-step reaction. That this assumption falls short
of reality is shown by the absence of any relationship
between the calculated Arrhenius parameters and the ac-
tual activation parameters of the reactions composing the
process. In the case of nonisothermal processes this is
probably the main rcason that an artificial IKR (13) is
obtained which can disguise the existence of a real one
(14).

Therefore, the first problem in calculation of Arrhenius
parameters suitable for IKR analysis is the validity of the
method applied to the kinetic processing of data on
thermal decomposition. It has been shown (15-17) that
reliable information about the mechanism and kinetics of
complex processes can be obtained by isoconversional
methods (also known as Flynn—Wall (18), Ozawa (19}, or
Fricdman (20) methods). One attribute to such methods
is that the cffective activation energy specific for a given
extent of conversion can be determined if several thermal
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analysis experiments are performed at different heating
rates. In this way we can estimate the activation energy
of the above-mentioned primary processes provided that
in some interval of the conversion these processes cause
the major contribution to the change in a physical property
measured by thermal analysis methods.

The results of isoconversional calculations are pre-
sented in terms of the activation energy as a function of
the extent of conversion. The shape of this dependence
guides the interpretation of the mechanism of a process
(21). Not only the activation energy but the preexponen-
tial factor can also be estimated (22) for single reactions
composing the process. The resulting Arrhenius parame-
ters are governed by the activation energies of the sepa-
rate reactions as well as by the contributions of these
reactions to the overall process rate at a given extent of
conversion. Obviously, if one of the reactions composing
the process reveals a true IKR in a reaction series we
can detect it at those extents of conversion where the
contribution of this reaction prevails.

In accord with the above model, the aim of this work
was to demonstrate the applicability of the isoconversio-
nat method for revealing a true [KR to thermal decomposi-
tion of solids comprising two consecutive reactions, We
have chosen this type of complex process because its
kinetic regularities can be applied to widespread solid
processes such as chemical reactions complicated by de-
sorption (23) or diffusion (24). It is believed that this model
also can be applied to consecutive nucleation and growth
processes. The results so obtained are compared with the
results of calculation by the overall method (i.e., assuming
that the process occurs in a single step).

DATA MODELING

All kinetic regularities are analyzed by modeling DSC
curves, The DSC signal characterizes the overall heat
release of all reactions proceeding at a given moment. In
the case of the simplest consecutive reactions A — P —
B the intensity of the overall heat release is determined
by the rates and the thermal effects of the process steps:

IT) = QdW,/df) + O,(—dWyidD. {1]

Let us assume that the thermal effects @, and @, are the
same and are equal to 41.8 kJ/mole, In addition, we accept
that the dependence of /(T) on T is the DSC signal we
need. The extent of conversion (W} at any temperature
is the ratio of the DSC-curve area at that specific tempera-
ture to the complete DSC-curve area.

To model the DSC curves one should know the temper-
ature dependence of the rate of disappearance of the origi-
nal substance and formation of the product, keeping in
mind the linear growth of temperature with heating rate,
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namely g = JT/dt. The kinetics of first-order consecutive
reactions are described by the following system of differ-
ential equations (25):

AW 1dt = ky(T)(1 — W) [2a)
—dWp/dt = ki(TH1 — W) — k(TX1 - Wp)  [2b]
— dWyldt = ky(TX1 — Wp). [2¢)

In accordance with Eq. {2c] the rate at which the product
forms is proportional to the conversion of the intermedi-
ate. Its conversion can be found at any time and tempera-
ture as a solution of Egs. [2a} and [2b]. We solved them
by the Runge—Kutta method of the fourth order (26) for
heating rates of 8, 12, and 16 K/min. The initial condi-
tions were W,, = 0, Wy, = 1. The starting temperature
was determined from [2a] as the temperature at which
W, = 0.0001.

Three variations of the process were modeled using
three cases for each type. For the first type, an IKR exists
for the first reaction alone. In the second type, only the
second reaction exhibits an IKR. The third type manifests
an IKR for both reactions. The cases within a type are
particular occurrences of the same process. They can
refer, for example, to the thermal decomposition of the
same substance with different additives or to the thermal
decomposition of the same complex with different ligands.
One case differs from others of the same type in the value
of the Arrhenius parameters of the reaction revealing an
IKR. The parameters of this reaction in every case were
selected so that corresponding Arrhenius lines have a
common point of intersection at the same isokinetic tem-
perature. The values of the Arrhenius parameters and of
the isokinetic temperature (T;,,) are shown in Table 1.

KINETIC CALCULATIONS

The value of T, was estimated through the slope of
the regression line

InZ,=a + bE,,

where b = —1/RT,,,, and i refers to the Arrhenius parame-
ters (the activation energy, £, and the preexponent, Z)
found for a select case of the process of the same type.
The confidence interval for T, was determined through
the confidence interval for & in the above equation as

|ATio| = |Abl/(RD?).
The Arrhenius parameters were calculated by both the

overall and the isoconversional method. For the overall
calculations the logarithmic form of the basic equation of
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TABLE 1
The Values of the Arrhenius Parameters and the [sokinetic Temperature
for Three Types of the Consecutive Reactions A — P — B

A—>P P—B
Type Case E (kI/Mole) In(Z - min) T (K) E (kJ/Mole) In(Z - min) Tiso (K)

1 1 104.5 27.52 167.2 41,91
2 125.4 32.93 465 167.2 41.91 —
3 146.3 38.34 167.2 41.91

2 1 125.4 3293 146.3 36.62
2 125.4 32.93 — 167.2 41.91 475
3 125.4 32.93 i88.1 47.21

3 1 104.5 27.52 146.3 36.62
2 125.4 32.93 465 167.2 41.91 475
3 146.3 38.34 188.1 47.21

nonisothermal kinetics,
In[(dW/dT)q/f(W)] = In £ — E/RT,

was used. It was assumed that the process under study
can be described by the model of a first-order reaction,
ie., fAW) = 1 — W. This method gives one pair of
Arrhenius parameters for all processes at every heating
rate.

The isoconversional calculations were performed by
means of KinTool software as described in (27). In accor-
dance with the isoconversional method the Arrhenius pa-
rameters are estimated from the parameters of the linear
dependence In(g/T%) on 1/Ty,, where Ty is the tempera-
ture corresponding to the same extent of conversion at
different heating rates.

DISCUSSION

The results of the Arrhenius parameters and T, calcula-
tions for all of the above-mentioned processes are pre-
sented in Tables 2-4. It should be mentioned that in all

cases the activation energy values calculated by the over-
all method are 10-20 kJ/mole less than the true ones for
the first reaction (see Table 1), indicating that in the best
case the obtained values can be interpreted as estimates
for the activation energies of the first reaction. However,
it is evident that these values have no relation to the
activation energies of the second reaction. In other words,
the overall method gives misleading values for the activa-
tion energy of complex reactions,

In all cases the isoconversional method gives activation
energy values that reflect the actual kinetics of the com-
plex process. At the beginning (W = 0.1), where the first
reaction proceeds faster than the second reaction, we
obtain the activation energy values for the first reaction.
At the final stage (W = 0.9), where the second reaction
prevails, the calculated values of the activation energy
correspond to the activation energies of the second reac-
tion. The deviation of the calculated values from the true
ones does not exceed 2 kI/mole for the first reaction and
7 kJ/mole for the second.

For the process of the first type (Table 2) the overall
method gives different values of T, at different heating

TABLE 2
Values of the Arrhenius Parameters and the Isokinetic Temperature Calculated by the Different Methods for the Process of Type 1

E (kJ/mole), In(Z - min)

Isoconventional method: (W)

Overall method: g (K/min)

Case 0.1 0.5 0.9 g 12 16
i 104.7 26.30 123.7 31.49 161.3 41.52 93.1 23.38 96.4 24.37 98.7 25.04
2 123.8 31.21 137.4 34.88 162.6 41.71 109.4 28.25 181.7 28.25 113.4 28.76
3 144.8 36.60 152.2 38.57 164.1 41.76 124.0 31.27 125.2 31.66 126.1 31,95
T (K) 469 = 5 484 = 10 i818 = 911 471 = 18 475 £ 8 477 £ 9
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TABLE 3
Values of the Arrhenius Parameters and the [sokinetic Temperature Calculated by the Different Methods for the Process of Type 2

E (kJ/mole), In(Z - min}

Isoconventional method: W

Overall method: g (K/min)

Case 0.1 0.5 0.9 8 12 16
1 124.1 31.30 130.5 33.03 141.2 3591 108.3 21.25 109.3 27.60 126.8 27.89
123.8 3i.2t 137.4 34.88 162.6 41.71 169.4 27.57 1.7 28.25 113.4 28.76
3 123.2 31.06 144.4 36.79 181.7 46.87 110.2 2177 113.3 2871 115.7 29.41
Tiso (K) 451 % 175 446 £ 6 445 + 453 £ 54 439 + 4 365 £ 1952

rates. Only one of these values (471 = 18 K), calculated
from the data modeled for the heating rate of 8 K/min,
corresponds to the true value of T, . Henceforth, ““true”
refers to values used when modeling data (see Table 1),
The value of T, found by the isoconversional method for
the beginning stage of the process corresponds to the true
value of T, . This value, as can be seen from Fig. 1, grows
rapidly with increasiné extent of conversion, which is
associated with a change in the step limiting the rate at
which the process proceeds to the second reaction for
which an IKR cannot be established because of equality
of the Arrhenius parameters (Table 1).

For the process of the second type (Table 3) the overall
method gives basically different values of T, at different
heating rates. None of the calculated values corresponds
to the true value of T;,,. The value of T, (445 = 3 K)
estimated by the isoconversional method for the final
stage of the process also does not correspond to the true
value of T,,,. This is probably due to the fact that the
deviation of the calculated activation energies from the
actual ones for the second reaction is three to four times
larger than that for the first reaction. But we can see
from Fig. 2 that shifting T, with decreasing extent of
conversion leads to changing the step limiting the process
rate from the reaction not resulting in an IKR to the
second reaction resulting in an 1KR.

For the process of the third type (Table 4) the overall
method vields almost equal values of T, at different heat-

ing rates. The obtained value is a mean between the true
values of T,., (465 and 475 K). The values of T, estimated
by the isoconversional method for both the initial and the
final stages of the process agree with the true values for
the first and second reactions. Figure 3 shows the depen-
dence of the T;,, value on the extent of conversion, demon-
strating that the step limiting the process rate changes
from the first reaction with T, = 465 K to the second
one with 7, = 475 K.

In Fig. 4 the dependences of the confidence interval
vatue for 7, on the extent of conversion are presented.
For the first process we can see that such a dependence
begins from the flat part (W < (.4) for which the confi-
dence interval value does not exceed 10 K., Evidently this
part corresponds to an area with existing IKR. Further-
more, the confidence interval value increases sharply,
pointing to “‘destroying’’ in IKR at the high extent of
the process. For the second process the shape of such a
dependence is opposite to the former one. We observe
here a changing confidence interval for T, , from the large
values at the begipning stage to small values at the final
stage. In other words, this dependence discloses a ‘‘ris-
ing”’ IKR. The dependence for the third process demon-
strates a slight increase in the T, confidence interval,
induced by the lower certainty of estimating the activation
energies for the second reaction. It is clear that a small
confidence interval for T;,, over the entire range of extent
of conversion points to the reactions prevailing at different

TABLE 4
Values of the Arrhenius Parameters and the Isokinetic Temperature Calculated by the Different Methods for the Process of Type 3

E (kJimole), In{Z - min)

Isoconventional method: W

Overall method: ¢ (K/min)

Case 0.1 0.5 0.9 8 12 16
1 105.0 26.37 116.4 29.49 139.2 35.71 92.6 23.24 95.0 23.98 96.7 24.48
2 123.8 31.21 137.4 34,88 162.6 41.71 109.4 27.57 111.7 28.25 113.4 28.76
3 147.7 37.36 160.0 40,58 184.6 47.24 125.1 31.59 127.7 32.34 126.3 32.83
T (K) 468 = 1 470 = 11 474 + 23 469 + 7 470 £ 3 470 = 1
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FIG. 1. Dependence of the isokinetic temperature on the extent of
conversion for the process of the first type.

stages of the process revealing an IKR. Therefore the
shape of the dependence of the confidence interval on the
extent of conversion is also related to the existence (or
absence) of a true IKR. Thus this property can be applied
1o its discovery.

EXPERIMENTAL EXAMPLE

As an experimental example we used data (28) on the
thermal decomposition of three polyethylene terephthal-
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FIG. 2. Dependence of the isokinetic temperature on the extent of
conversion for the process of the second type.
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FIG. 3. Dependence of the isokinetic temperature on the extent of
conversion for the process of the third type.

ate (PET) composites namely, (i) pure PET, (ii) PET with
2.4% polyethylene carrier, and (iii) PET with 8% alumin-
ium. Figure 5 displays the dependence of T, and its con-
fidence interval on the extent of conversion. Within the
interval of 30-70% conversion, T, is almost constant and
the confidence interval goes through a minimum. The
minimum of the confidence interval value of 10 K is found
at T, = 622 K. This value can be interpreted from the
point of view of the isokinetic relationship (1, 2) the occur-
rence of which is explained by a resonant vibrational
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FIG. 4. Dependencies of the confidence interval for the isokinetic
temperature on the extent of conversion for the processes of types 1-3.
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FIG. 5. Dependencies of the isokinetic temperature (Curve 1) and

the confidence interval (Curve 2) for it on the extent of conversion for the
thermal decomposition of polyethylene terephthalate (PET) composites.

energy exchange between reactants and their molecular
environment. The latter is acting as a heat bath providing
energy to the reactant to overcome the potential barrier.
One result is that the respective resonance vibrational
frequency v, is related to the isokinetic temperature via

Vise = kB ’ Tiso/hs

where kg and £ are Boltzman’s and Planck’s constants,
respectively. It has been shown for many isothermal reac-
tions performed in solution or on a catalyst that the above
frequency, as required from theory, is actually found in
the far-IR spectra of the investigated reaction systems
{1, 2).

Accordingly, it is satisfactory to note that the isokinetic
temperature of 622 K corresponds to a vibrational fre-
quency of v, = 432cm ™!, which is in excellent agreement
with the experimentally observed far-IR absorption band
at 450-430 cm~! (29). This absorption is assigned to a
0-CH,-CH, deformation vibration in PET. From this we
can suppose that the rate-limiting step of PET thermal
decomposition is breaking C-O linkages in the polymer
chain:

o
X

1 9 1
55 °
H H

1
— n -c@—c-—o-+ n -
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This assumption complies with mass-spectrometer
analysis of the gaseous products of PET thermal decom-
position (30) in the vield of which 80 mole% of the
CH,CHO constituent was found. The above example
shows that the resulting isokinetic relationship is in fact
a real one and that it follows the same physical laws as
those found for chemically activated isothermal systems.

CONCLUSIONS

Since the overall method of calculating Arrhenius pa-
rameters is based on the assumption that a solid state
process is a one-step reaction, this method cannot be
recommended for revealing the true IKR for processes
which always are complex in nature. These methods usu-
ally give an artificial IKR. Application of the isoconversio-
nal method makes it possible to establish a true IKR at
least for those stages of a process where the reaction
manifesting it prevails. This can be performed by analyz-
ing the dependence of either a confidence interval for T,
or the T;, value on the extent of conversion. At the same
time it should be borne in mind that the T, value found
at a high extent of conversion can diverge substantially
from the true one.
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