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. Rotarua,∗, G. Brătulescub, P. Rotaruc

Inflpr – National Institute for Laser, Plasma and Radiation Physics, Lasers Department, Bvd. Atomistilor, Nr. 409, PO Box MG-16, RO-077125 Magurele, Bucharest, Romania
University of Craiova, Faculty of Chemistry, Calea Bucuresti Str., Nr. 107 I, Craiova, Romania
University of Craiova, Faculty of Physics, A.I. Cuza Str., Nr. 13, Craiova, Romania

r t i c l e i n f o

rticle history:
eceived 18 August 2008
eceived in revised form 16 January 2009
ccepted 19 January 2009

a b s t r a c t

Thermal analysis of [4-(4-chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene dye, was performed in
dynamic air atmosphere. The compound behavior was investigated using TG, DTG, DTA and DSC tech-
niques, under non-isothermal linear regime. Kinetic parameters of the two decomposition steps were
evaluated by means of multi-heating rates methods, such as “mode-free” kinetic methods, IKP method,
vailable online 30 January 2009

eywords:
zomonoether dyes
Mode-free” kinetics
KP method

Perez-Maqueda et al. criterion and Master plot procedure. It was shown that the conversion function
which describes the process it is not necessary one of the best-fitting functions (when using single-
heating rate methods). IKP method can however reduce the possibilities of choosing the true function
which can be precisely obtained by applying discrimination methods.

© 2009 Elsevier B.V. All rights reserved.

erez-Maqueda et al. criterion
aster plot procedure

. Introduction

Thermal analysis and kinetic studies of thermal-induced
hanges of new compounds designed for temperature controlled
pplications (like dyes exhibiting liquid-crystalline nature) are a
eal need and an advantageous pointer before trying to function-
lize them [1–6]. From the point of view of possible applications
e.g. liquid crystals for non-linear optics applications, for dye
asers, plastic composite materials or textiles industry) [7–9],
zomonoethers are a large interest class of dyes. Part I on the
hermal analysis of azomonoether dyes, aims to identify the
hysical and chemical transformations of [4-(4-chlorobenzyloxy)-
-methylphenyl](p-tolyl)diazene [10], related to non-isothermal

ncreasing temperature regimes in dynamic air atmosphere and
o establish the kinetic parameters of the observed decomposition
teps.

A cause of materials’ aspect and color modifications is due
o the thermal-induced chemical degradation of organic dye

sed. The present studied compound [4-(4-chlorobenzyloxy)-3-
ethylphenyl](p-tolyl)diazene is one of the new potential category

f organic azoeteric dyes for the plastic materials and textiles indus-
ries, having a high chemical stability. In order to establish the

∗ Corresponding author. Tel.: +40 745379205.
E-mail address: andrei.rotaru@inflpr.ro (A. Rotaru).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.01.023
thermochemical stability domain and in general the limits of such
dyes use, it is necessary to study the their thermal behavior and
follow the thermo-oxidative processes. Not only the temperature
limits of use are important, but also the technological process of
materials (that contain them) fabrication is very important to be
followed since higher temperatures may be employed. Apart from
the used temperature regime in the technological processing of new
materials, the knowledge of kinetic parameters is very important
as universal characteristic of this process. Therefore, predictions
of thermal behaviors of a certain dye may be made in other tem-
perature conditions, experimentally undone. For example, for small
heating rates or isothermal regimes at low temperatures, the degra-
dation may begin at lower temperatures as known. Judging this way,
one may provide clues to those deciding the use of a certain dye or
of another, as well as the possibility of predicting the appropriate
temperature regime needed in the technological process; choosing
a compound that little decomposes (for example 2–3%) at a cer-
tain temperature – insufficient for deteriorating the finite material
– instead of another that does not decompose, but effectively costs
much more when obtained.

In the case of dye lasers, the problem may be reverse judged;

the lifetime of the dyes under laser constant irradiation parameters,
the decomposed dye percentage and the kinetic parameters may be
used for a kind of average apparent temperature profile estimation.

Recent papers have reported on the critical analysis of the single
heating-rate model-fitting methods [11–14], suggesting that their

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:andrei.rotaru@inflpr.ro
dx.doi.org/10.1016/j.tca.2009.01.023
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Fig. 1. [4-(4-Chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene.

se would lead to uncertain and even wrong values of the activa-
ion parameters. To evaluate the entire kinetic triplet that describes
physical or chemical transformation, more sophisticated kinetic
ethods like Invariant Kinetic Parameters method [15] (to determi-

ate the pre-exponential factor) and Perez-Maqueda et al. criterion
16] or Master plot procedure [17,18] (to find the right conversion
unction) were used. Besides the kinetic evaluation, this paper aims
o be a guide for manipulating the existing kinetic methods, but also
o bring to the public the way of kinetic models’ correlations.

. Experimental

The obtaining of [4-(4-chlorobenzyloxy)-3-methylphenyl](p-
olyl)diazene was made by microwave assisted condensa-
ion reaction of 4-chlorobenzyl chloride with 4-hydroxy-3,4′-
imethylazobenzene in alkaline medium under organic solvent-
ree conditions (Williamson azoether synthesis) [10], no inorganic
upport being necessary since one of the reagents presents a
olar structure and plays the role of an absorbent. A Bauknecht
icrowave apparatus was employed for the synthesis, using

he following parameters: P = 650 W, � = 12.2 cm, t = 170 s and
> 99% was obtained. Thermal analysis measurements (TG, DTG,
TA and DSC) on the investigated compound (Fig. 1) were

arried out in dynamic air atmosphere (150 mL min−1), under
on-isothermal linear conditions. A horizontal Diamond differ-
ntial/thermogravimetric analyzer from PerkinElmer Instruments
as used during the experiments.

Fig. 2. Thermoanalytical curves of [4-(4-chlorobenzyloxy)-3-methylph

able 1
SC parameters for [4-(4-chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene decomposit

hange Thermal effect Endo/exo Change temp. range/

elting Endothermic 127–150
xidative decomposition Exothermic 270–330
ombustion of residues Exothermic 468–597
Acta 489 (2009) 63–69

Samples from 0.8 to 1.5 mg, contained in Al2O3 crucibles, were
heated in the temperature range 20–700 ◦C, with the heating rates
of: 2, 4 and 10 K min−1.

3. Results and discussion

3.1. Thermal analysis

Fig. 2 shows the thermoanalytical curves (TG, DTG, DTA and
DSC) of [4-(4-chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene,
recorded for 10 K min−1; similar curves were obtained for all other
heating rates.

After melting at 131.5 ◦C, in the 270–330 ◦C temperature range,
the investigated compound undergoes an oxidative decomposi-
tion. A series of papers on the thermal analysis of such compounds
revealed their different behaviors in air [19,20,41] and inert [6,21]
dynamic atmospheres. The experimental weight of the remaining
matter after the first step (�mexp ≈ 25%) is in good agreement with
one of tropylium ion (stable at such high temperatures [22,23]) and
tropylium-based residues formation (�mtheor = 25.9%). The com-
bustion of residues (second step—TG curve) takes place between
468 and 597 ◦C.

DSC parameters for the thermal analysis of [4-(4-
chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene at 10 K min−1

in dynamic air atmosphere are presented in Table 1.

3.2. Kinetic analysis

Budrugeac [24] reviewed a number of recent publications in the
field, analyzed the procedural errors in the kinetic triplet {E, A,
straightforwardly the kinetic analysis must begin with the evalua-
tion of the activation energy dependence on the conversion degree.
The influence of different temperature regimes upon the thermal
behavior of the investigated compounds can provide kinetic param-

enyl](p-tolyl)diazene at 10 K min−1 in dynamic air atmosphere.

ion at ˇ = 10 K min−1.

◦C Temp. of the max. change Tmax/◦C Transferred heat �H/kJ kg−1

131.5 111.7
306.3 −342.2
524.2 −4798.4
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Fig. 3. Isoconversional activation energy of the linear non-isothermal decompo-
sition of [4-(4-chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene in dynamic air
atmosphere (first step).

Fig. 4. Correlation coefficients for the isoconversional activation energy evaluation
of the thermal decomposition of [4-(4-chlorobenzyloxy)-3-methylphenyl](p-
tolyl)diazene (first step).
A. Rotaru et al. / Thermoc

ters indicating change in the reaction pathway and thus a more
omplex process. When E does not depend on ˛, only a single reac-
ion is involved, a unique kinetic triplet being expected to describe
t. If E changes with ˛, then the process is complex. Vyazovkin and
esnikovich [25] and then Vyazovkin [26] established an algorithm
o identify the type of complex processes. When E increases with
onversion degree, the process involves parallel reactions. When E
ecreases and the shape of its evolution is concave, then the pro-
ess has reversible stages. For decreasing convex shape, the process
hanges the limiting stage.

Since from isoconversional methods the pre-exponential fac-
or and conversion function cannot be determined in the same
ime, advanced methods have been developed. If the isoconver-
ional activation energy remains constant, no variation of the
re-exponential factor should be encountered. Thus, the invariant
ctivation parameters may be obtained by relating the apparent
ctivation parameters to the compensation effect formalism [15].
urthermore, by applying discrimination criteria between the con-
ersion functions, the right reaction mechanism is to be found
16–18].

.2.1. Isoconversional methods
The isoconversional (“model-free” kinetic) procedures are the

ost utilized methods to evaluate the activation energy of thermal-
nduced processes, to quote only a few recent papers in this journal
27–31] from at least 800 citations to be found on a simple search on
he ISI Web of Knowledge database. They may be classified as linear
when the activation energy is evaluated from the slope of a straight
ine) and non-linear (when the activation energy is evaluated from
specific minimum condition).

In this paper we make use of Kissinger–Akahira–Sunose (KAS
ethod)-integral linear method [32,33], Eq. (1)

n
ˇ

T2
= ln

A · R

E · g(˛)
− E

R · T
(1)

nd of Flynn–Wall–Ozawa (FWO method)-integral linear method
34,35], Eq. (2)

n ˇ = ln
A · E

R · g(˛)
− 5.331 − 1.052

E

R · T
(2)

here ˛ is the conversion degree, A is the pre-exponential factor,
is the activation energy, g(˛) is the integral conversion function

nd R is the universal gas constant.
Thus, for ˛ = const., the plot ln(ˇ/T2) vs. (1/T) or ln(ˇ) vs.

1/T), obtained from the experimental thermogravimetric curves
ecorded for several constant-heating rates, should be a straight
ine, the activation energy being evaluated from these slopes.

Fig. 3 shows the results obtained using KAS and FWO methods, as
alues of the activation energy at various conversion degrees from
.2 to 0.8 with a step of 0.01, both profiles totally overlapping.

The activation energy of the first decomposition step is constant,
escribing a single reaction. The accuracy in determining the acti-
ation energy by means of integral isoconversional methods is very
igh, the correlation coefficients being over 0.99750 (Fig. 4).

The mean values of the activation energy corresponding to the
rst thermal decomposition step, for ˛ between 0.2 and 0.8 are

¯ KAS = 176.6 ± 0.5 kJ mol−1 ĒFWO = 176.5 ± 0.6 kJ mol−1

The second thermal decomposing step (combustion of tropyliu

r tropylium-based residues) is characterized by decreasing isocon-
ersional activation energy (Fig. 5).

The isoconversional activation energy of the second decomposi-
ion step decreases from 170 to 145 kJ mol−1 with the consumption
f the reaction, by the correlation coefficients in Fig. 6.

Fig. 5. Isoconversional activation energy corresponding to the linear non-isothermal
combustion in dynamic air atmosphere of the residues (second step).



66 A. Rotaru et al. / Thermochimica

F
o
(

3

(
b
m
w
a
k

d
o
b

(
o
i
(

l

t
m

r
e
p
u

s

−1

T
A

K

F
F
F
F
F
F
F
D
A

ig. 6. Correlation coefficients for the isoconversional activation energy evaluation
f the linear non-isothermal combustion in dynamic air atmosphere of the residues
second step).

.2.2. Invariant kinetic parameters (IKP) method
Criado and Morales observed [36] that almost any ˛ = ˛(T) or

d˛/dt) = (d˛/dt)(T) experimental curve may be correctly described
y several conversion functions when an integral or differential
odel-fitting method is used. Although the values are obtained
ith high accuracy, they change with different heating rates and

mong the conversion functions that were used. These values are
nown as apparent activation parameters.

For evaluating the apparent activation parameters of the first
ecomposition step, we have chosen as model-fitting method that
ne derived by Coats and Redfern [37]; for each heating rate, the
est-fitting kinetic models results are presented in Table 2.

In order to obtain the invariant (true) activation parameters
Einv, Ainv), the apparent activation energies and the logarithms
f apparent pre-exponential factors corresponding to each heat-
ng rate must be gathered under the compensation effect rule (Eq.
3)), as it has been suggested by Lesnikovich and Levchik [15].

n A = aˇ + bˇ · E (3)

The plot of apparent kinetic parameters corresponding to the
hermal decomposition in air flow of [4-(4-chlorobenzyloxy)-3-

ethylphenyl](p-tolyl)diazene are represented (Fig. 7a).
As these heating rate-dependent straight lines intersect in a

egion (area delimited by the circle in the detailed image of appar-

nt kinetic parameters plot, Fig. 7b) rather than in the isoparametric
oint [38], the invariant kinetic parameters cannot be determined
sing only this approach.

Only the compensation effect parameters (aˇ, bˇ) obtained for
everal constant heating rates, plotted according to the super-

able 2
pparent activation parameters by Coats–Redfern equation for each constant-heating rat

inetic model ˇ = 2 K min−1 ˇ = 4 K min−1

E/kJ mol−1 ln A, A/s−1 r E/kJ mol−1

0.3 114.2 18.084 0.99994 109.9
0.35 116.3 18.600 0.99996 112.0
0.4 118.5 19.123 0.99995 114.2
0.45 120.8 19.653 0.99991 116.3
0.5 123.0 20.191 0.99985 118.5
0.55 125.4 20.737 0.99977 120.8
0.6 127.7 21.290 0.99966 123.0
2 239.0 45.048 0.99995 230.7
0.1 1558.6 336.18 0.99818 1506.8
Acta 489 (2009) 63–69

correlation equation (Eq. (4)), may lead to the invariant kinetic
parameters (Einv, Ainv).

aˇ = ln Ainv − bˇ · Einv (4)

It is easily to notice from Fig. 7 that low Fn conversion functions
(for n = 0.3–0.6) are not the most adequate, because the intersection
is around 175 ± 20 kJ mol−1 (Fig. 7b). Even if the correct conversion
function cannot be precisely determined by IKP method, it might
offer precious clues, restricting the possibilities to those functions
in-between the intersection region; in this case, it should corre-
spond to middle-range reaction order functions (Fn where n = 1–2).
Despite D2 model provided apparent activation parameters with
high correlation coefficients, it was previously shown [39,40] that
in such cases (liquid state decomposition), the contribution of dif-
fusion functions is less probable, they even providing increased
errors.

For several groups of apparent activation parameters listed in
Table 2, obtained by different kinetic models (all kinetic models:
AKM = {F0.3; F0.35; F0.4; F0.45; F0.5; F0.55; A0.1; D2}), we tried to
establish the best combination (r → 1), a better resolution in deter-
mining the invariant kinetic parameters and the closest value to the
mean isoconversional activation energies [40–43] (Table 3).

The correlation coefficients in Table 3 show a good agreement of
all kinetic models, less D2 model. All combinations of kinetic mod-
els provide high accuracy compensation effect parameters (aˇ, bˇ).
The elimination of only A0.1 kinetic model leads to wrong results
which can be observed as well in Table 4, this combination should
be excluded right from the start. Keeping D2 function (comparing
with AKM-{D2;A0.1}) and removing only A0.1, deviates the straight
line to its wrong values, decreasing the correlation coefficient.

Comparing to AKM model (Fig. 8a), the plot of aˇ vs. bˇ for
AKM-{D2;A0.1} has the highest correlation coefficient (r = 1) and
is a true straight line (Fig. 8b). Depending on the chosen group of
kinetic models, the compensation effect parameters are obtained
with different accuracies, their values and derived invariant activa-
tion parameters varying substantially. A short look in Table 3 makes
compulsory the exclusion of mechanism D2, but until here, the
elimination of A0.1 is not compulsory. The efficiency of IKP method
is strongly revealed by AKM-{D2;A0.1} and even by AKM which
comprises all the best-fitting functions that makes it a more pow-
erful method. From Table 4 it results that A0.1 must be eliminated
only together with D2.

As it was expected, the best results for invariant kinetic
parameters determination were obtained by AKM-{D2;A0.1},
AKM and AKM-{D2} in this order. For these three groups, the

invariant activation energy is around 174–178 kJ mol , close to
176.6 kJ mol−1 obtained by KAS method and 176.5 kJ mol−1 by FWO
method. For AKM-{D2;A0.1}, the invariant kinetic parameters are
Einv = 178.0 kJ mol−1 and ln Ainv = 33.208 (A = 2.4 1014 s−1), obtained
with r = 0.99999.

e.

ˇ = 10 K min−1

ln A, A/s−1 r E/kJ mol−1 ln A, A/s−1 r

17.335 0.99996 112.8 18.317 0.99985
17.829 0.99997 114.9 18.811 0.99991
18.328 0.99995 117.1 19.312 0.99996
18.835 0.99991 119.3 19.820 0.99997
19.340 0.99984 121.6 20.335 0.99996
19.866 0.99975 123.9 20.858 0.99992
20.388 0.99963 126.2 21.388 0.99986
42.915 0.99996 236.6 43.961 0.99987

319.325 0.99811 1546.2 321.295 0.99870
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Fig. 7. (a) Compensation effect for all best fitting kinetic models in the ln A vs. E space (first step) and (b) details of compensation effect for all best fitting kinetic models in
the ln A vs. E space (first step).

Table 3
Compensation effect parameters for several combinations of kinetic models.

ˇ/K min−1 AKM AKM-{A0.1}
aˇ , A/s−1 bˇ/mol J−1 r aˇ , A/s−1 bˇ/mol J−1 r

2 −7.01601 ± 0.09448 2.2017 × 10−4 ± 1.7616 × 10−7 1 −6.32754 ± 0.13512 2.1505 × 10−4 ± 9.5684 × 10−7 0.99994
4 −6.39207 ± 0.09381 2.1613 × 10−4 ± 1.8096 × 10−7 1 −5.71066 ± 0.13388 2.1088 × 10−4 ± 9.8342 × 10−7 0.99993

10 −5.4767 ± 0.09416 2.1131 × 10−4 ± 1.7700 × 10−7 1 −4.79377 ± 0.13564 2.0618 × 10−4 ± 9.7143 × 10−7 0.99993

ˇ/K min−1 AKM-{D2} AKM-{D2;A0.1}
aˇ , A/s−1 bˇ/mol J−1 r aˇ , A/s−1 bˇ/mol J−1 r

2 −6.94018 ± 0.03384 2.2015 × 10−4 ± 6.0154 × 10−8

4 −6.31676 ± 0.03364 2.1611 × 10−4 ± 6.1865 × 10−8

10 −5.4012 ± 0.03415 2.1129 × 10−4 ± 6.1199 × 10−8

Table 4
Invariant kinetic parameters for several combinations of kinetic models.

Kinetic models Einv/kJ mol−1 ln Ainv, Ainv/s−1 r

AKM 174.3 ± 10.0 32.325 ± 2.170 0.99834
A
A
A

3

e
d
r

version functions by applying the Perez-Maqueda et al. criterion
KM-{A0.1} 173.2 ± 13.5 30.897 ± 2.858 0.99695
KM-{D2} 174.2 ± 10.1 31.394 ± 2.183 0.99832
KM-{A0.1;D2} 178.0 ± 0.9 33.208 ± 0.209 0.99999
.2.3. Perez-Maqueda et al. criterion and Master plot procedure
The process description is not complete without identifying the

ntire kinetic triplet and therefore the conversion function that
escribes the mechanism of reaction. Most frequently, the cor-
ect conversion function is to be found in the group of functions

Fig. 8. Supercorrelation (compensation effect parameters) plot f
1 −8.94531 ± 0.01008 2.3674 × 10−4 ± 8.3381 × 10−8 1
1 −8.30262 ± 0.03321 2.3317 × 10−4 ± 2.8502 × 10−7 1
1 −7.41372 ± 0.01010 2.2814 × 10−4 ± 8.4509 × 10−7 1

employed by IKP method, although this method is not able to estab-
lish the true function, but usually only restricts the possibilities of
probable mechanisms (i.e. all possibilities of Fn type models, with
n = 0.3–0.6). However, in our case, the true conversion function must
be searched between the middle-range reaction order mechanisms
(Fig. 7b).

In order to obtain the appropriate kinetic model of the first
decomposition step, one can discriminate between the set of con-
[16] or Master plot procedure [17,18], which were previously used
with good outcomes by several authors [44–48].

According to Perez-Maqueda et al. criterion, the correct kinetic
model corresponds to the independence of the activation param-

or the best two combination of kinetic models (first step).
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ig. 9. Perez-Maqueda et al. straight lines for 2, 4 and 10 K min−1 dynamic air atmo-
phere decomposition of [4-(4-chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene
first step).

ters on the heating rate. By applying any differential or integral
odel-fitting method, for every constant heating rate, the true

inetic model shall provide both the same constant activation
nergy as well as the pre-exponential factor. If the Coats–Redfern
quation rewritten in the form

n
ˇg(˛)

T2
= ln

AR

E
− E

RT
(5)

s used, for the correct conversion function, all the points
ln[ˇg(˛)/T2] vs. 1/T} corresponding to all applied heating rates lie
n the same straight line (Fig. 9).

For F1.3 kinetic model, the best overlapping of the {ln[ˇg(˛)/T2]
s. 1/T} points corresponding to the different heating rates was
btained, resulting the following kinetic parameters (r = 0.99714):

E = 169.7 ± 3.1 kJ mol−1 ln A = 30.91 ± 5.2 (A/s−1)

A = 2.5 × 1013 ± 1.8 × 102 s−1

However, because of inherent errors, detailed image in Fig. 9
ndicates a incomplete overlapping of {ln[ˇg(˛)/T2] vs. 1/T} points
or all three constant-heating rates (2, 4, 10 K min−1) employed,
specially at low and high conversion. This is the cause of the differ-
nce between isoconversional or IKP results (E ∼ 178 kJ mol−1) and
erez-Maqueda et al. results (E ∼ 170 kJ mol−1) on the other hand.

To have a superior understanding on the true kinetic model, it
s recommended to apply Master plot procedure [17,18]. When the
roblem of heating-rate dependency arises, the kinetic model is
valuated for each heating rate experiment. This procedure consid-
rs each thermal experiment independent of other ones.

Each conversion function has a precise shape and maximum
f the reaction rate. By plotting the normalized reaction rate
[d˛/dt]/[d˛/dt]max) vs. conversion degree of each constant heating-
ate experiment, and comparing it to the normalized product
f differential and integral conversion functions, the true kinetic
odel may be found.
In our case, as can be seen from Fig. 10, all normalized reac-

ion rates completely overlap and are described by only one kinetic
odel: F1.3.

This criterion is the most powerful in identifying the true con-

ersion function because it does not make any assumption on how
he experimental data should behave.

Although F1.3 model belongs to the empirical expression of the
onversion function suggested by Šesták and Berggren [49], it was
Fig. 10. Master plot procedure applied for 2, 4 and 10 K min−1 dynamic air atmo-
sphere decomposition of [4-(4-chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene
(first step).

found frequently describing thermal-induced decompositions of
liquid systems.

However, the first decomposition step influences the formation
of the residues and their decomposition; comparing with ther-
mal decomposition of 2-allyl-4-((4-(4-methylbenzyloxy)phenyl)-
diazenyl)phenol [23], where for the first step ĒKAS is much lower
(92.7 kJ mol−1) than in this case (176.6 kJ mol−1), other molecules
forming each time. The difference in activation energies may
explain the obtaining of some raw product (percentages indicat-
ing toluene or better at such temperatures the tropylium ions),
but instead, the formation of different residues (based on tropy-
lium fragments). Higher values of the activation energies induce the
formation of better assembled molecules. Stronger bonds develop
higher activation energies (at ˛ = 0.5, 150 kJ mol−1 in this case
instead of 117 kJ mol−1) for the combustion of the tropylium-based
residues. Even if the decreasing dependencies of E˛ on ˛ are the
same (concave) implying reversible reactions (equilibrium between
various tropylium-based macromolecules), the two curves are of
different values, but almost equidistant one to the other, suggesting
the same type of chemical decomposition behavior.

4. Conclusions

Thermal analysis of [4-(4-chlorobenzyloxy)-3-methylphenyl]-
(p-tolyl)diazene dye, was performed in dynamic air atmosphere.
After melting at 131.5 ◦C, it undergoes an oxidative decomposition
between 270 and 330 ◦C, followed by the combustion of residues
from 468 to 597 ◦C. The activation energy of both decomposi-
tion steps were evaluated by means of multiple constant-heating
rates methods, such as isoconversional (KAS and FWO) meth-
ods and since the isoconversional activation energy of the first
decomposition step remains constant, it was possible to cal-
culate its pre-exponential factor by means of IKP method as
well. Gathering different kinetic models leads finally to invari-
ant kinetic parameters in the region of middle-range reaction
order models, and close to the isoconversional activation energies
(∼178 ± 1 kJ mol−1). Perez-Maqueda et al. criterion and Master plot
procedure were used in order to identify the true kinetic model that

describes the oxidative decomposition of [4-(4-chlorobenzyloxy)-
3-methylphenyl](p-tolyl)diazene. The supposition that the true
conversion function should be one of the best-fitting functions
was found to be incorrect. IKP method strongly restricts only the
possibilities (when using single-heating rate methods), offering
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ndications and is sustained by the discrimination criteria. The
se of Perez-Maqueda et al. criterion provided a 1013 order pre-
xponential factor, close to the invariant pre-exponential factor
1014) and when compared with the kinetic model obtained by Mas-
er plot procedure, F1.3 was indubitably established as the unique
nd right kinetic model. Comparing the activation energies for the
yrolysis of various types of tropylium ion-based residues, one have
btained information on bonding strength.

The paper finally provides the kinetic parameters of the thermo-
xidative process, needed by plastic composite materials, textile
nd lasers with dyes industries. The theoretical purpose is also
ccomplished, as being a supplementary guide for manipulating
he existing kinetic methods, but also to bring to the public the way
f kinetic models’ correlations.
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