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Abstract

In this work, theoretical kinetic curves of both single- and multi-step reaction mechanisms were simulated by using differ-
ent sets of kinetic parameters. Various isoconversional methods were applied for the kinetic analysis of these curves so that
the corresponding activation energy vs. conversion degree curves were obtained and then compared with the energy values
used in the simulations. For single-step reaction mechanisms Friedman method resulted to be the most accurate while for
multi-step reaction mechanisms, Kissinger—Akahira—Sunose and Coats—Redfern methods led to the most accurate estimation
of the activation energy. On the other hand, conversion rate curves of different single-step reaction mechanisms were fitted
with two kinds of peak functions (normalized Fraser—Suzuki and generalized logistic) so that the relationships between the
parameters of these functions and the kinetic parameters used in the simulations were obtained. These relationships were then
used in the mathematical deconvolution analysis of conversion rate curves simulated for multi-step reaction mechanisms.
In general, the curves resulting from deconvolution fitted quite well the simulated conversion rate curves and the analysis
of the resulting single-step reaction curves with Kissinger method led the kinetic parameters close to the ones used in the
simulations. Finally, a similar kinetic analysis was applied to experimental thermogravimetric measurements taken both
under N, and air for two phase change materials (PCMs) based on polyethylene glycol, PEG6000 and PEG12000. Activa-
tion energy values obtained with isoconversional methods for the measurements under N,, varied from 40 kJ mol~! at low
conversions up to 150 kJ mol~! at high conversions, whereas for the measurements under air the energy values remained
almost constant in the range of 50-75 kJ mol~'. The lower activation energies obtained for the measurements under air are
clearly associated with the polymer combustion. The experimental conversion rate curves were deconvoluted with the most
appropriate peak functions so that the possible single-step reaction mechanisms occurring in these PCMs were separated
and further analyzed with Kissinger method. The activation energies obtained with this method were in good agreement
with the values resulting from the isoconversional methods.
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a-T curve Conversion degree variation with
temperature

s Heating rate used in the thermogravimetric
measurement in K min~!

Introduction

Phase change materials (PCMs) with melting temperatures
(T,,) between 30 and 160 °C are of particular interest for
thermal energy storage applications in both low- and mid-
temperature ranges. In terms of practical implementation,
one of the most critical issues when choosing a PCM for
a certain application is to be sure that the material keeps
its performance along the whole service life of the storage
system. In most references found in the literature, PCM
long-term performance is assessed through melting/freez-
ing cycles or just by analyzing thermogravimetric (TG)
curves (i.e., mass loss over temperature) measured at only
one heating rate. However, if the material suffers some kind
of degradation after melting, cycles may lead to misleading
results because such degradation will be hindered during the
freezing period. On the other hand, the information obtained
from TG curves in terms of temperature limit for material
stability strongly depends on the heating rate used in the
experiment. Hence, these tests are not sufficient for validat-
ing either the stability nor the successful life performance
of a PCM. Therefore, for assessing the long-term stability
of PCM, the starting point is to carry out a kinetic analysis
of the TG measurements in order to determine the possible
degradation processes [1, 2].

The majority of kinetic methods used in the area of ther-
mal analysis consider the reaction rate equation [3]:

dt _ @ = ael® @) 0

dr —

which is a function of only two variables: temperature, 7,
and conversion degree, « = Z2 The dependence of the

Mipi
process rate on temperature is represented by the rate con-
stant, k(T) which is typically parameterized through the
Arrhenius equation in which A is the so-called frequency or
pre-exponential factor, E is the activation energy and R is
the molar gas constant. The dependence on the conversion
degree is represented by f(a), which is a function whose
formulation depends on the mathematical model describing
the reaction mechanism. For the particular case of dynamic
TG measurements taken at constant heating rate f = a

dr’
Eq. 1 becomes:

da B Af(a)e—E/RT

T ] @
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This equation represents the conversion rate, usually
named as dTG-T curve, which is also measured by the
TG apparatus. By integrating Eq. 2, the variation of the
conversion degree with temperature (@-T curve) can be
obtained:

T
8w =5 [ ear 3
T

In this equation, g(a) is a function calculated from f{a) so
that it also depends on the model used to describe the reac-
tion mechanism [3]. / ;Oe'E’RTdT is the temperature integral

[4], which cannot be calculated explicitly so that either
numerical methods or analytical approximations have been
proposed by different authors for its evaluation [5]. In our
case, we have taken the Coats and Redfern approximation
for calculating the temperature integral [6].

The aim of any kinetic analysis is to obtain the kinetic
triplet: E, A and f(a). If the reaction mechanism f(a) is
unknown, the activation energy, E, can be estimated in a first
approach by using one or more model-free isoconversional
methods that are already described in the literature. These
methods can be grouped in differential, if they are based in
Eq. 2, or integral, if they are based in Eq. 3 [3]. Among the
differential, we have the method of Friedman [7], and among
the integral, we have the methods of Coats and Redfern [6],
Ozawa [8], Flynn—Wall [9], Akahira and Sunose [10], Kiss-
inger [11], and Miura and Maki [12]. These are what we
can call the traditional isoconversional methods; however,
there are other methods more sophisticated that are based on
numerical integration like the one developed by Vyazovkin
[13, 14]. If the reaction takes place in a single-step process,
E should not vary significantly with a, and hence, A and
fla) could be obtained by applying some of the methods
already stablished by the Kinetics Committee of the Interna-
tional Confederation for Thermal Analysis and Calorimetry
(ICTAC) [3, 15]. Examples of these methods are Kissinger
[11], Coats—Redfern with discriminating approach [6] or the
method based on the so-called master plots [3].

Conversely, for multi-step processes, the E calculated
with the isoconversional methods is expected to change
with a due to the different relative contributions of each
single-step to the overall reaction rate. The occurrence of
multi-step processes is also detected if dTG-T curve does
not present a unique maximum but it presents various peaks,
which may be more or less overlapping. In such case, each
reaction step should be separated and analyzed indepen-
dently [15]. There are several ways to separate overlapping
peaks of single-step reactions. The most common one con-
sists in performing a mathematical deconvolution analysis
(MDA) by using asymmetric peak functions [15]. However,
some authors have proposed alternative methods based in
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nonlinear regressions for estimating kinetic parameters of
complex multi-step processes [16]. After single-step pro-
cesses are separated, the kinetic triplet for each reaction
could in principle be obtained by applying the different
methods mentioned above.

One of the most widely used functions for MDA of dTG-T
curves is the one proposed by Fraser and Suzuki (FS) [17,
18]. In fact, there are many examples in the literature that
use FS function in the kinetic analysis of thermogravimetric
measurements for different kinds of materials undergoing
multi-step reactions [19-22]. Some authors have used other
peak functions like Gaussian, Lorentzian or Weibull for fit-
ting dTG-T curves [19], but in the end the best fitting was
always obtained with the FS curve. There is, however, a
peak function that, to our knowledge, has never been used
for MDA of dTG-T curves but could represent and advantage
over the FS function due to its less restrictive mathematical
formulation. This function is the generalized logistic prob-
ability density function (GLOG) [23] also known as Rich-
ards curve.

In this context, this work had three main objectives: The
first one was to assess which isoconversional method is the
most adequate for having a preliminary estimation of the
activation energy, E, of multi-step reaction process; the sec-
ond one was to determine which peak function better repre-
sents the different reaction mechanisms, i.e., which one fits
dTG-T curves more accurately and, the third one, was to find
a correlation between the kinetic triplet and the parameters
of the fitting functions.

For that purpose, theoretical kinetic curves of conversion
degree (a-T) and conversion rate (dTG-T) were constructed
for different reaction mechanisms, flar), known Arrhenius
parameters, E and InA, and various heating rates, . Also
similar sets of curves were simulated for multi-step reac-
tion mechanisms with two parallel single-step independent
reactions. Both single-step and multi-step theoretical curves
were analyzed by different isoconversional methods in order
to obtain the variation of activation energy with the con-
version degree (E-a) and determine which method is the
most adequate for analyzing real experimental data from TG
measurements. Subsequently, the simulated dTG-T curves
of single-step reactions were fitted with two peak functions:
the normalized Fraser—Suzuki (NFS) and the generalized
logistic (GLOG). With this analysis, it would be possible to
determine which function is the most appropriate for rep-
resenting each reaction mechanism and also the relation-
ship between both the function parameters and the kinetic
parameters used in the simulations. Additionally, mathemati-
cal deconvolution analysis (MDA) was applied to dTG-T
curves simulated for multi-step reaction mechanisms so that
the single-step reaction curves were separated. The kinetic
parameters E and InA of these single-step reactions were

obtained and then compared with the corresponding values
used in the simulations.

Finally, the procedure of kinetic analysis developed for
the theoretical kinetic curves was applied to the particu-
lar case of polyethylene glycol (PEG) with two molecular
weights: 6000 and 12000. This PCM was chosen because up
to now the kinetics of thermal degradation of polyethylene
glycol have not been obtained. In fact, all references found
in the literature where its thermal stability is studied estab-
lish the temperature interval in which degradation occurs
and the temperature at which degradation rate is maximum
by analyzing TG measurements taken at only one heating
rate [24-28]. Therefore, in order to have a first insight into
PEG thermal degradation kinetics, TG measurements were
taken for both PEG3000 and PEG 12000 under N, and air
atmospheres at heating rates from 2 to 20 K min~'. These
measurements were analyzed by the different isoconver-
sional methods applied in this work so that E-a curves were
obtained. Also, mathematical deconvolution analysis was
applied to dTG-T curves by using the most appropriate peak
functions so that single-step reactions were separated and
the corresponding activation energies calculated. Finally, the
activation energy values obtained by both procedures were
compared and discussed.

Construction of the theoretical kinetic
curves

According to the previous literature, the mechanisms of the
chemical reactions can be described by specific mathemati-
cal expressions for the function f(a) [3]. gesték—Berggren
general equation puts together most of the kinetic mecha-
nisms by using a unique empirical equation with three
parameters: m, n and p.

fl@)=a™(1 = )" [~In(1 = )] “

f(a) function associated with different reaction mecha-
nisms can be obtained by giving specific values to the
§esték—Berggren parameters. In Table 1, the mathematical
expressions of both fla) and g(a) are recorded for the reac-
tion mechanisms whose kinetics have been theoretically
simulated in this work.

Using Egs. 2 and 3, sets of theoretical kinetic curves
a-T and dTG-T were simulated for all the mechanisms dis-
played in Table 1 at the heating rates, f, recorded in Table 2.
The values of E and InA used in the simulations are also
displayed in Table 2, and they were chosen by taking into
account the values considered by other authors for construct-
ing similar theoretical curves to carry out kinetic analysis
[19, 29-32]. Moreover, according to our previous experience
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Table 1 Reaction mechanisms

. . Model ID Reaction mechanism f(a) g(a)

and their corresponding f(a)

and g(a) expressions used FO Zero order 1 o

for simulating the theoretical . 1

kinetic curves a-T and dTG-T Fl (Mampel) First order 1-a ~In(1 - a)

[3] F2 Second order 1 -a) 1-a)'=1
D1 One-dimensional diffusion 2L o?
D3 Three-dimensional diffusion [3(1 - a)2/3] / [2(1 —-(1- a)l/3)] [1 —(- a)l/S]z

Random nucleation and instantaneous growth of nuclei

Al=F1 Avrami—Erofeev (n=1) (1-a)' —In(1 — a)

A2 Avrami-Erofeev (n=2) 2(1 — &)[=In(1 — @)]'/? [=In(1 — @)]'/?

A3 Avrami-Erofeev (n=23) 3(1 = a)[=In(1 — )]*/3 [=In(1 — &)]'/?

A4 Avrami-Erofeev (n=4) 4(1 = )[-In(1 — )*/* [-In(1 — a)]'/*

R2 Phase boundary controlled (con- 2(] — o)!/2 1-(1—-a)\?
tracting area or cylinder)

R3 Phase boundary controlled (con-  3(] — )*/ 1-(1 -
tracting volume or sphere)

P2 Power law 2a!/? all?

Table 2 Kinetic parameters used in the simulation of a-T and dTG-T
curves

E/kJ mol™! InA/s™! B/K min~!

60 10, 12 2,5,10,20
80 15, 17,18, 19 2,5,10,20
90 18, 19 2,5,10,20
100 20, 25 2,5,10,20
120 25,30 2,5,10,20

in kinetic analysis of TG measurements of various PCMs
[2, 33], the values of E and InA of Table 2 selected for the
theoretical simulations are in good agreement with the ones
experimentally obtained.

The shape of simulated a-T and dTG-T curves depended
on the reaction mechanism and hence on the associated
function f{a) being the differences more clearly observed in
dTG-T curves (i.e., peak curves). In this sense, mechanisms
F1, A2, A3 and A4 led to quite symmetric curves, mecha-
nisms R2, R3, F2 and D3 led to curves with higher asym-
metry, whereas mechanisms FO, D1 and P2 led to spikelike
curves. In Fig. 1, simulated dTG-T curves for the heating
rates recorded in Table 2 are displayed for the reaction mech-
anisms A2 (a), R2 (b) and D1 (c), each one representing an
example of curve shape. The values of E and InA used in the
simulations are displayed in each graph. The curves simu-
lated for the other reaction mechanisms included in Table 1
are shown in Fig. S1 of the supplementary material. It is
important to mention here that not all combinations of E and
InA were used for simulating all mechanisms since the effect
of these parameters on dTG-T curves is only the temperature
interval they cover. This is clearly shown in Fig. 1 (d), where

@ Springer

curves simulated with #=2 K min~" and different values of
E and InA are displayed. In Fig. S1 of supplementary mate-
rial, further examples of this effect can be found for various
reaction mechanisms.

Following a procedure similar to the one used by Gra-
nado [29] and Sbirrazzouli [32], kinetic curves (a-T and
dTG-T) were simulated for multi-step reaction mecha-
nisms with two parallel independent reactions whose over-
all reaction rate can be expressed as:
da -E -E

dt =x1A1e(R_Tl)f1(“1) +x2Aze(R_T2)f2(“2) )

witha = a; + ¢y andx; +x, =1

Combinations of two reaction mechanisms with differ-
ent kinetic parameters were simulated including one of
the cases already studied by Sbirrazzouli [32] (CASE 7).
The combination of mechanisms with their corresponding
kinetic parameters is given in Table 3.

In Fig. 2, both (1-a)-T (a) and dTG-T (b) curves cal-
culated at 2 K min~! are displayed for each combina-
tion CASE. In Fig. 2a, we can see how (1-a)-T curves of
CASES 1, 2 and 6 clearly show one step at the o value
that corresponds to the contribution fraction of each sin-
gle-step reaction. However, (1-a)-T curves of CASES 3,
4 and 5 do not show any clear step, which means that
both mechanisms are highly overlapping. This behavior is
also observed in dTG-T curves of Fig. 2b; while CASES
1, 2 and 6 show two peaks clearly separated and quite
independent, the curves of CASES 3, 4, 5 and 7 present
overlapping peaks.
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(b) R2 mechanism
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(d) F1 mechanism
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Fig. 1 Examples of dTG-T curves simulated for different reaction mechanisms f(a): A2 (a), R2 (b), D1 (¢) and effect of the kinetic parameters E

and InA in dTG-T curve of 2 K min.™! for the mechanism F1 (d)

Table 3 Kinetic parameters of single-step reactions 2 and 2 used for
simulating the multi-step reaction mechanisms of Eq. 5

Mechanism  E; , /kJ mol ™! lnAl’Z/s_] X1.2
CASE 1 F1 80 18 0.5
A2 100 20 0.5
CASE 2 F1 80 17 0.8
A2 100 20 0.2
CASE 3 F1 80 17 0.5
A2 90 18 0.5
CASE 4 F2 60 15 0.5
R3 120 30 0.5
CASE 5 F2 60 15 0.2
R3 120 30 0.8
CASE 6 D3 80 18 0.5
P2 120 25 0.5
CASE7[32] Fl 80 19 0.5
F1 90 19 0.5

As example, Fig. 3 shows the evolution of dTG-T curves
with heating rate, f, for CASE 1, with slight peak overlap-
ping (a) and CASE 3 (b) with strong peak overlapping.

Model-free isoconversional methods
for the analysis of single- and multi-step
reaction mechanisms

Model-free isoconversional methods allow the activation
energy to be estimated as a function of conversion without
choosing any reaction mechanism. The basic assumption of
these methods is that the reaction rate at constant conversion
degree, a, depends only on temperature so that constant E
values can be expected [3]. However, if multi-step processes
occur, E varies with a due to the different relative contribu-
tions of each single-step to the overall reaction rate and also
to the fact that those reactions can take place either in paral-
lel or in consecutive form. For this reason, the results from
the isoconversional methods may not be fully accurate, but
still can serve as a preliminary estimation and, of course, for
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checking whether a reaction is composed by one or various
single-step processes [15]. The traditional isoconversional
methods are based on linear plots with 1/T in the abscissa
axis when the same conversion degree occurs. This is done
for TG measurements taken at different heating velocities,
and the corresponding activation energy is usually obtained
from the slope of the linear plot. Table 4 summarizes the

B =2Kmin"'

0.6 1
051 CASE 1: F1+A2
—+— CASE 2: F1+A2
0.49 4 CASE 3: F1+A2
0.3 ]—— CASE 4: F2+R3
0 2_—%—- CASE 5: F2+R3
*= |—=— CASE 6: D3+P2
0.1 {—<«— CASE 7: F1+F1

0.0
250

1-o

300 350

400
T/K

mathematical expressions of the isoconversional methods
applied in this work for analyzing the simulated kinetic
curves [6, 7,9, 10].

These four methods were implemented in a self-devel-
oped MATLAB® code for automatic calculation. The code
allows obtaining E-a curves for each of the four methods
recorded in Table 4 and also the intercepts of both Friedman

(b)
0.07
—e— CASE 1: F1+A2 B =2 K min-
0.06 { —*— CASE 2: F1+A2
—+— CASE 3: F1+A2
0.05{ —*— CASE 4: F2+R3
_ —v— CASE 5: F2+R3
& 0.04-{ —=— CASE 6: D3+P2
% —<— CASE 7: F1+F1 r
S

Fig.2 (1-a)-T (a) and dTG-T (b) curves simulated for CASES 1-7 that combine two single-step reaction mechanisms (see Table 3 for kinetic

parameters details)

(a)

0.03

CASE 1: F1+A2

—o— 3 =2Kmin”
—#—f=5Kmin”’
—&— =10 K min™

0.02 4 —*— =20 Kmin™'

do/dTIK™

0.01

0.00 4= 227
300 325 350 375 400 425 450 475 500 525 550

T/K

(b) CASE 3: F1+A2
0.03
—e—f3=2Kmin”'
#—f=5Kmin
—A— 3 =10 K min”’
0.02{ —*—f=20Kmin™'
x
=
3
)
0.014
0.00sasmassaasfaliapETT o Ayasa
300 325 350 375 400 425 450 475 500 525 550

K

Fig.3 Evolution of dTG-T curves with heating rate, p, for simulated for CASE 1 with slight peak overlapping (a) and CASE 3 (b) with strong

peak overlapping (see Table 3 for kinetic parameters details)

Table 4 Isoconversional

L Method Kind Linear plot equation
methods used in this work for
the kinetic analysis of simulated Friedman (FR) Differential da da P
kinetic curves [3] ln[(E)a] =In [ﬂ<5)a] =1In [f(a)Aa] -
Coats—Redfern (CR) Integral Il = ln[ _AR (1 _ RT )] _E
T2 Eg(a) E RT
Kissinger—Akahira—Sunose (KAS) Integral m% = Const. — %
Flynn-Wall-Ozawa (FWO) Integral d'"_/gﬁ ~ 0457
dyT R
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and Coats—Redfern ones. It is important to mention here
that in this work we have only used the traditional isocon-
versional methods because according to the results obtained
by Luciano and Svoboda [29], some of these methods lead
to similar E-a curves as the numerical method developed
by Vyazovkin [13, 14]. For assessing the most accurate iso-
conversional methods of Table 4, kinetic curves (a-T and
dTG-T) constructed for all the reaction mechanisms included
in Table 1 with some of the parameters of Table 2 were
analyzed. In Fig. 4, the variation of E with « obtained from
the different isoconversional methods is displayed as exam-
ple for various reaction mechanisms: F1 (a), F1 (b), F2 (¢),
F2 (d), D1 (e), A2 (f), R3 (g) and P2 (h). The correspond-
ing E and InA values used in the simulation of the kinetic
curves are included in each graph. The E-a curves for the
mechanisms FO, D3, A3, A4 and R2 mechanisms are given
in Fig. S2 of supplementary material. As we can see, except
Flynn—Wall-Ozawa method, which clearly leads to the less
accurate values, the other isoconversional methods lead to £
values very close to the used in the simulation of the kinetic
curves.

In Fig. 5, the mean relative error of E has been repre-
sented for all the reaction mechanism simulated with dif-
ferent activation energies. Clearly the method leading to the
highest error is the Flynn—Wall-Ozawa; however, it is inter-
esting to note that this error increases as activation energy
decreases. On the other hand it is also clear that the most
accurate results are obtained with the Friedman’s, which
uses da/dT values (i.e., dTG-T curves) in the linear plots
for estimating the activation energy (see Table 4). For this
method, it is also possible to calculate InA from the inter-
cept of the linear fit performed for each a value. In Fig. 6,
InA calculated from the intercept of Friedman method has
been plotted for various reaction mechanisms with different
Arrhenius parameters (E and InA). As we can see, InA values
calculated from the intercept are coincident with the corre-
sponding ones used in the simulations of the kinetic curves.

From these results, we can conclude that, although all
isoconversional methods lead to activation energy values
within an error range quite low (<7%), Friedman method is
clearly the most accurate, at least for the case of single-step
reaction mechanisms. Actually, being a differential isocon-
versional method that does not make use of any approxima-
tion, it should potentially be more accurate than the integral
methods. However, as discussed by Vyazovkin et al. [3]
the differential methods should not be considered as being
necessary more accurate and precise than the integral ones.
In their work, Luciano and Svoboda [29] also mention the
relative errors of both KAS and FWO methods. For the first
one, they obtained 0,15% while for the second one the error
was about 0,8% and hence higher. In our case, relative errors
are clearly above the values obtained by Luciano and Svo-
boda, but this may be due to the fact that our curves were

simulated at a much lower points/curve density (100 instead
of 10,000) that the E values used by these authors are in the
range of 110-300 kJ mol~! but also that they only simu-
lated F1 and A2 mechanisms. In fact, our calculations for
mechanism F1 simulated with E =120 kJ mol~! showed that
relative errors of KAS and FWO methods were 0,228 and
1,06%, respectively, so that very close to the values obtained
by Luciano and Svoboda.

Isoconversional analysis was also applied to the multi-
step reaction mechanisms of Table 3 so that E-a curves were
obtained for each method used in this work. The results for
all simulated cases (1-7) are displayed in the graphs of
Fig. 7a—g with the E values used in the single-step mecha-
nisms included for comparison.

As we can see, for CASES 1 and 2 in which the two
mechanisms are clearly differentiated (i.e., peaks in dTG-T
curves are slightly overlapping), the transition between the
two E values is a well-defined step. This step occurs at the
same «a value where the step was observed in (1-a)-T curves
(see Fig. 2 a), which also corresponds to the contribution
of each reaction mechanism to the overall one: CASE 1
with x; =x,=0,5 and CASE 2 with x; =0.8 and x,=0.2. As
occurred in the analysis of the single-step mechanisms, the
curves from FWO method deviate from the E values used in
the simulations more than the curves obtained with the other
methods, especially when the energy values of the single-
step mechanisms are close (CASES 1, 2, 3 and 7). However,
it leads to most accurate activation energy values when those
energy values are not very close (CASES 4, 5 and 6). As for
FR method, it is interesting to note that it usually produces
strong discontinuities (CASES 1, 2 and 6) in the transition
interval of E and, in many cases, strong deviations from the
activation energy values used in the simulations (CASES
3,4 and 7). In contrast, KAS and CR methods clearly lead
to the most accurate values of activation energies for all
simulated cases of multi-step reaction mechanisms, with a
smooth and continuous variation of E in the transition inter-
val. It is important to mention that the energy value used for
the mechanism R3 (120 kJ mol™!) is only attained in CASE
5, in which the contribution of F2 mechanism is x; =0.2
but it is not attained in CASE 4 even for the highest values
of conversion when the contribution of F2 mechanism is
x;=0.5. This must be due to the fact that both mechanisms
are highly overlapping, and hence, the one with the lowest
energy prevents the one with the highest energy to prevail.
Similar results were obtained by Luciano and Svoboda [29]
when they compared the results of FR, KAS and FWO meth-
ods applied to kinetic curves simulated for multi-step reac-
tion mechanism with different extents of peak overlapping.

From these results, we can conclude that for the case of
multi-step reactions, the traditional isoconversional meth-
ods are able to give only an estimation of the range of the
activation energies associated with the different single-step
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«Fig. 4 Results of FR, KSAS, CR and FWO isoconversional methods
for simulated kinetic curves of different reaction mechanisms and
Arrhenius parameters. F1 (a), F1 (b), F2 (¢), F2 (d), D1 (e), A2 (f),
R3 (g) and P2 (h)

mechanisms. Moreover, although Friedman differential
method resulted to be the most accurate when analyzing
single-step reaction cases, we have seen that the integral
methods of Coats—Redfern and Kissinger—Akahira—Sunose
lead to better estimations when multi-step reactions are tak-
ing place.

Mathematical deconvolution analysis
of dTG-T curves

Definition of the peak functions

As discussed above, the use of isoconversional methods in
the kinetic analysis of TG measurements is expected to lead
to reliable results when single-step reactions occur. How-
ever, the most usual situation in real cases is that differ-
ent processes of decomposition overlap each other so that
E varies with a. In general, the overlapping processes are
better observed in dTG-T curves (see Fig. 2b) and one of
the procedures to separate them is the so-called mathemati-
cal deconvolution analysis (MDA). In this kind of analysis,
two or more peak curves are used for fitting the experimen-
tal dTG-T curves so that single-step reaction mechanisms
can be separated and subsequently analyzed. According
to the previous experience of different authors [19-22],
Fraser—Suzuki (FS) function is very appropriate for decon-
voluting curves into single peaks. Most of them have used
FS function for deconvoluting either do/dt-t curves [19, 22]
or do/dT-T curves [20], and in some cases also for decon-
voluting heat flow curves [21]. In this work, FS function
has been be applied to dTG-T curves so that the general
mathematical expression is:

2
da In2 I'-p
7 =hexp{—s—2[ln(l+25 " )] } 6)

The four parameters of the function are:

h: amplitude (peak height)
s: shape parameter

p: position

w: half height width

The main advantage of using da/d7-T curves in the
deconvolution is that their integral along the tempera-
ture range should be equal to 1 because, usually, the final

conversion degree of a reaction is a =1, and this applies
for both single- and multi-step mechanisms. Therefore, if
a da/dT-T curve is deconvoluted in various curves with a
certain contribution, this implies that the integral of each
single curve must be equal to 1. Hence, FS curves used in
the deconvolution process should meet this requirement,
i.e., have a normalized area. According to the authors [17],
the area under the Fraser—Suzuki curve is calculated with
the following expression, which depends on h, w and s:

hw §2 T )1/2
area = 5 P\ Im2 (E )

If this area has to be equal to 1, then the parameter A
can be expressed in terms of the other two:

B 2exp( -5 (@)1/2 o
=3P T )\ ®)

Therefore, the expression for the normalized
Fraser—Suzuki (NFS) function has only 3 parameters: s,
p and w.

2 1/2 _»1?
g—; = [%exp(—ﬁ) (%) / ]exp{—l?—zz [ln(l + 2sTW p)] }
©))

It is important to note that, in the field of real numbers,
the argument of a natural logarithm cannot be zero or neg-
ative, so this has to be taken into account in the computing
procedure used in da/dT-T curve deconvolution.

For overcoming this issue, in this work we wanted to
check another asymmetric peak function for fitting decon-
voluting dTG-T curves. The selected alternative curve
is the generalized logistic probability density function
(GLOG) [23] whose mathematical expression is:

da _ B

B(TT.) [1 " Qe—B(T—TC)] (5+1) (10)

Being a statistic function, it is already normalized so
that the area under the curve is equal to 1. GLOG function
has three parameters as well: peak position, T.; B and Q,
while peak height is calculated from the first derivative
at T, as:

da| _ B
Ty — . (i) 1D
~ a+olet)

It is important to highlight that both NFS a GLOG
functions have three parameters, and hence, many com-
binations could lead to good fitting in a certain MDA
procedure. This means that stablishing the range for
the initialization parameters and their most appropriate
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values may be quite difficult if the reaction mechanism is
unknown. Therefore, prior to any MDA it would be worth
having an estimation of the values taken by the parameters
of these functions depending on which reaction mecha-
nism they are representing.

Fitting dTG-T curves of different reaction
mechanisms with NFS and GLOG functions

In order to investigate whether these peak functions can
properly fit the different reaction mechanisms or which
one would be the most appropriate in each case, dTG-T
curves simulated by using Eq. 2 were fitted with both
NFS and GLOG functions. Curve fitting was done with
the “Nonlinear curve fit” tool of Origin 8° software by
creating generic NFS and GLOG functions. dTG-T curves
were simulated for the reaction mechanisms recorded in

@ Springer

Table 1 and the kinetic parameters: E =100 kJ mol~!; In[A
(s™)]1=25 and #=5 K min~!. The parameters of both NFS
and GLOG fitting curves for each case are listed in Table 5
together with the values of the regression parameter R? for
which we have recorded until the first significant figure
that is not 9, so that we can compare the accuracy of the
fits made with both kinds of curves.

For the majority of reaction mechanisms analyzed, fit-
tings with NFS function led to a higher R? value so that this
curve seems to be more appropriate than GLOG for sub-
stituting the kinetic curves in MDA process. Perejon et al.
[19] also compared Gaussian, Lorentzian and Fraser—Suzuki
functions for fitting dTG-T curves of various reaction mech-
anisms (F1, R2, R3, A2, A3, A4, D2, D3, D4 and L2). In
their study, they came to the conclusion that FS function led
to the best fitting results and hence was the most appropri-
ate for deconvoluting experimental dTG-T curves. Cheng
et al. [20] also showed that FS function fitted very well the
curves of distributed activation energy models (DAEM)
for Fn mechanisms with n values from 1 to 2.5, obtaining
the best fitting results for the first-order (F1) mechanism.
However, our study clearly shows that GLOG function leads
to a better dTG-T curve fitting for the reaction models FO,
F2 and D1 (see R? column in Table 5). In terms of fitting
parameters, peak position (p in NFS and T, in GLOG) is the
one directly associated with the activation energy. Actually,
as shown in Table 5, its value remains almost constant not
only for all mechanisms but also for both types of fitting
curves. However, the other two parameters (w and s for NFS;
B and Q for GLOG) strongly vary from one mechanism to
another. In Fig. 8a—f, examples of the best curve fittings are
displayed. For mechanisms F1, A2, R3 and P2 a—d, NFS fit-
ting is shown while for mechanisms FO and D1 (e-f) GLOG
fitting is the one displayed.

Effect of kinetic parameters in NFS and GLOG
parameters

As discussed in previous section, peak position (p in NFS
and T, in GLOG) is the parameter that most clearly depends
on the activation energy, E, but in fact if we have a look to
the sets of curves plotted in Fig. 1, peak position also varies
with the heating rate, . Therefore, to carry out deconvolu-
tions with kinetic sense it is necessary to find out the pos-
sible correlations between the kinetic parameters (f(o), E,
InA and f) and the parameters of NFS and GLOG functions,
and specially the interval of coherent values.

In this sense, we applied a procedure similar to the one
introduced by other authors [20, 21], which consists in
simulating dTG-T curves in which all the kinetic param-
eters are varied within a certain range and then determining
their influence in the parameters of NFS and GLOG func-
tions used in the curve fitting. In our case, dTG-T curves
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were simulated for all the reaction mechanisms recorded
in Table 1 and by varying the kinetic parameters within the
following interval: E=60-120 kJ mol™'; InA[ s™']=12-30;
and #=2-20 K min~!. Then we used both NFS and GLOG
functions for fitting the simulated curves. For simplifying the
discussion, the results have been graphically presented below.
The specific values of both simulation and fitting parameters
are given in Table S1 of supplementary material.

For the case of dTG-T curves fitted with NES function, p
and w depend on both the kinetic parameters and the heating
rate while the shape parameter, s, only depends on the reac-
tion mechanism used in the simulation. In Fig. 9, the varia-
tion of both p (a) and w (b) with the heating rate f is plotted
as example for the case of dTG-T curves constructed for F1
mechanism and different values of E and InA. In all cases, both
p and w increase with the heating rate. For the same E, both
parameters decrease as InA increases, whereas for the same
InA, they increase with E.

When dTG-T curves are fitted with GLOG function, Q
is the only parameter depending on the reaction mechanism
chosen. However, as happens with NFS function, T, and B
depend on the kinetic parameters and heating rate for a given
mechanism. In Fig. 10, the variation of both 7 (a) and B (b)
with heating rate /3 is plotted as example for the case of dTG-T
curves constructed for FO and D1 mechanisms and different
values of E and InA.

In the case GLOG function, only 7 increases with the heat-
ing rate while B has a decreasing trend. It is quite obvious that
T, in GLOG must follow the same trend as p in NFS because
both represent the position of the dTG-T curve maximum.
Hence, for the same E, T, is higher for lower InA, while for
the same InA, T is higher if E is higher. As for B parameter, it
slightly decreases with the heating rate, and for the same E, it
has higher values for higher InA while for the same InA, this
parameter decreases if E is increased.

Since s and Q parameters are only dependent on the reac-
tion mechanism f(a), the values recorded and highlighted in
Table 5 should be used at least as boundary conditions in the
whole MDA process. Also it would be important to check
which set of s or Q values leads to the best deconvolution
results, meaning that each single-step reaction should be repre-
sented by a single s or Q value taken from Table 5. In contrast,
since the other parameters (p and w for NFS curve; 7, and B
for GLOG curve) depend on Arrhenius parameters (£ and InA)
and heating rate (f3), their inter-correlation is not as straight-
forward so that they must remain free in the MDA process.
Moreover, we have to take into account that apart from the
parameters included in the peak functions, each deconvolution
requires a contribution coefficient for each single-step mecha-
nism included in the overall dTG-T curve, which may not be
the same for all the heating rates. This would increase even
more the number of possibilities in the MDA fitting parameters
and make it more complicated.

Deconvolution of simulated dTG-T curves
for multi-step reaction mechanisms

In this section, MDA process was applied to the dTG-T
curves of the multi-step reaction mechanisms recorded in
Table 3. In all cases, either NFS or GLOG functions were
used in order to see whether the single-step mechanisms
used in the construction could be easily separated and sub-
sequently analyzed. In Fig. 11, the deconvolutions for dTG-T
curves simulated with #=2 K min~! for CASE 1 (a), CASE
3 (b), CASE 4 (c) and CASE 6 (d) are displayed as example.
In all the graphs, the simulated curves are plotted with the
deconvoluted single-step mechanism curves and the total
curve. As we can see, the curves resulting from deconvolu-
tion fit quite well the simulated curves. The parameters of
the single-step curves for each case are given in Table S2
(NFS) and Table S3 (GLOG) of supplementary material.
The residuals of the deconvolutions displayed in Fig. 11
are shown in Fig. S3 also included in the supplementary
material.

Kinetic analysis of deconvoluted curves

Once dTG-T curves of multi-step reaction mechanisms have
been deconvoluted and single-step mechanisms separated,
different approaches can be applied for obtaining the cor-
responding kinetic triplets. Activation energy, E, can be cal-
culated by applying some of the isoconversional methods
discussed in Sect. "Model-free isoconversional methods for
the analysis of single- and multi-step reaction mechanisms."
In such case, the resulting E should be a constant value
independent of a. However, if a single-step mechanism is
assumed, E could be also calculated by the Kissinger method
[21] derived from Eq. 1 under the condition of maximum
reaction rate [11], which implies that d>a/d’t = 0 leading
to the equation:

Ep ()

— = —Af'(a)e\¥n

RT2 () (12)
m

where T, corresponds to the temperature at which maximum

reaction rate occurs, i.e., where dTG-T curve maximum is

located. After a simple rearrangement, Eq. 12 is transformed

in:

AR ,, E
ln<T%1> =ln[—Ff (am)] R (13)

Hence, by plotting ln<%>vs.rl, E is obtained from the

slope of the linear fitting. We applied this method to the
single-step reaction sets of curves obtained in Sect. "Decon-
volution of simulated dTG-T curves for multi-step reaction
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«Fig.7 E-a curves calculated for kinetic curves multi-step reaction
mechanisms of CASE 1 (a), CASE 2 (b), CASE 3 (c), CASE 4 (d),
CASE 5 (e), CASE 6 (f) and CASE 7 (g)

mechanisms" from MDA performed with both NFS and
GLOG functions. For the case of NFS curves, T, corre-
sponds to the parameter p, whereas for the GLOG curves,
T,, corresponds to the T, parameter. In Table 6, E values
calculated from the linear fittings of Eq. 13 are recorded for
each simulated case together with the relative error. In gen-
eral, we can say that calculated E values are very close to the
ones used in the curve simulations not only for the case of
the NFS functions but also for the GLOG functions. Actu-
ally, both fittings lead to similar errors in terms of accuracy
of E.

For calculating the pre-exponential factor and deter-
mining the reaction mechanism, several approaches can
be applied as well. One of them is the so-called com-
bined kinetic analysis [19, 34], which allows obtaining
the kinetic triplet by using a general expression for f(a).
Another method is the one based on master plots of two
special functions: y(a) = Af(a) and z(a) = f(a)g(@) [3, 35].
However, according to Eq. 12, it should also be possible
to obtain the pre-exponential factor InA and the reaction
mechanism f{a) from the intercept of the linear fitting and
this is the method we have used in this work because we
already know the single-step reaction mechanisms and we
wanted to check the validity of Kissinger method. For that
purpose, a-T curve has to be calculated by numerically
integrating the fitted curves so that the values of a,, at T},
can be selected and then used for calculating f (a,,) for
the different heating rates. In principle, a,, should remain
constant for all rates and so should be f’(a,,). The math-
ematical expressions of f’(«) for the reaction mechanisms
of Table 1 are recorded in Table S4 of supplementary
material. The calculations were performed only for some
cases so that the validity for different reaction mechanisms
could be checked (see Table 6). Apparently, the InA values
calculated from the intercept seem to be quite close to the
values used in the simulations of the different multi-step
reaction mechanisms not only for MDA performed with
NFS but also with GLOG functions. However, since these
are logarithmic values the relative error of this parameter
is in some cases very high, especially if the mechanisms
have dTG-T curves highly asymmetric. To our opinion
these errors could be due to the fact that the peak func-
tions used in MDA are only able to reproduce with highly
accuracy reaction mechanisms with highly symmetric
dTG-T curves [19, 20]. In those cases, the value of a,,
(and f*(at,,),) obtained from the numerical integration of
the peak functions may have some deviations that strongly
affect the calculation of InA from the intercept of Kiss-
inger method. However, if we take into account that other

authors have mainly used F1 mechanism for simulating
and deconvoluting dTG-T curves of multi-step reactions
[19-22], our results extend the validity of using either NFS
or GLOG functions for MDA of dTG-T curves of multi-
step reactions composed by single-step reaction mecha-
nisms other than F1. In any case, it has to be assumed
that the less symmetrical the dTG-T curves are, the less
accurate is the MDA procedure either using NFS or GLOG
function. This means that other methods should be applied
as well for the kinetic analysis of TG measurements where
multi-step reaction mechanisms are taking place.

Application to experimental TG
measurements of polymeric PCM

The theoretical background introduced in previous sec-
tions for simulated kinetic curves was applied to the case
of TG measurements taken for polyethylene glycol (PEG)
with two molecular sizes: PEG3000 and PEG12000 with
the aim of having a preliminary kinetic analysis of the
thermal degradation of this PCM. For this purpose, TG
measurements were taken under N, and air atmospheres
(50 mL min~! flow rate) at heating rates 2, 5, 10 and
20 K min~! in a XTAR 6000 TG apparatus. TG measure-
ments also provided differential thermal analysis (dTA)
signal from which melting temperature was estimated
since the apparatus was calibrated in terms of heat flow
with metallic indium as reference material. Both polymers
PEG3000 and 12000 led to similar onset melting tempera-
tures in the range 53-56 °C for the measurements taken
under both air and N, atmospheres. These values are in
agreement with the values obtained by other authors for
this polymeric PCM [26-28].

In Fig. 12, dTG-T curves of PEG12000 are displayed
for all the heating rates used in the TG runs performed
under air (a) and N, (b). Strong differences are observed
in the polymer behavior depending on the flowing gas used
in the measurements. This indicates that the degradation
reactions depend on the surrounding atmosphere. It is
important to mention that PEG3000 showed quite the same
thermal behavior as PEG12000 leading to dTG-T curves
with similar shapes and temperature positions for the dif-
ferent heating rates. The curves of PEG3000 are shown
in Fig. S4 of supplementary material. From these curves,
it is quite clear that the temperature at which maximum
degradation rate occurs strongly depends on the heating
rate used in the TG experiment and so is the temperature
at which PEG degradation is expected to start. This sup-
ports the importance of carrying out a kinetic analysis of
the TG measurements that requires tests at various heating
rates [24-28].
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Table 5 Parameters of NFS and

GLOG functions associated IES fit GLOG fit

with different reaction Model p/K S w/K R? TJ/K B/K™! Q R?

mechanisms f{a)
FO 398.6 -1.33 6.9 0.98 399.5 4.263 52.00 0.997
Fl1 400.0 -0.32 30.8 0.99995 400.0 0.172 2.40 0.996
F2 399.2 0.095 47.6 0.997 399.4 0.074 0.75 0.99991
D1 396.7 -1.34 13.3 0.97 399.3 4.156 100.00 0.997
D3 372.9 —0.49 41.8 0.998 373.1 0.152 3.20 0.990
P2 399.4 -1.23 4.1 0.990 399.3 2.561 16.00 0.97
A2 400.6 —0.36 15.3 0.99994 400.6 0.357 2.60 0.996
A3 400.7 —0.38 10.1 0.99993 400.7 0.535 2.60 0.996
A4 400.8 -0.38 7.6 0.99992 400.7 0.712 2.60 0.996
R2 391.5 —0.68 18.7 0.997 391.9 0.428 6.00 0.990
R3 386.8 —-0.55 21.9 0.9990 387.2 0.321 4.50 0.991

Calculation of E-a curves

The isoconversional methods discussed in Sect. "Model-
free isoconversional methods for the analysis of single-
and multi-step reaction mechanisms" were applied to the
sets of experimental TG measurements of PEG3000 and
PEG12000 and the resulting E-a curves are displayed in
Fig. 13. Strong differences are observed between the curves
obtained for the TG measurements under N, (Fig. 13 a, ¢)
and under air (Fig. 13 b, d), with both PCMs showing a simi-
lar behavior. For the case of TG measurements under N,, £
goes from values around 40 kJ mol~! at low conversions up
to 150 kJ mol~! at high conversions. Moreover, important
differences are observed between the E-a curve obtained
by FR method and the curves obtained with KAS-CR and
FWO methods. However, this behavior also happened
when the simulated multi-step mechanisms were analyzed
with the isoconversional methods (see Fig. 7), especially
when the single-step mechanisms were highly overlapping.
This means again that FR method might not be the most
appropriate for predicting E values when multi-step reac-
tion mechanisms occur. The isoconversional analysis of
TG measurements under air flow leads to a more constant
value of E with a for both PCMs. For PEG3000 this value
is 50 + 12 kJ mol~! while PEG12000 shows a stronger vari-
ation range that goes from 75 to 50 kJ mol~'. Again the
results of FR method rather deviate from the results of the
other isoconversional methods. The fact that the E values
obtained for the TG experiments performed under air clearly
indicate that the combustion is the main thermal degradation
process occurring in this polymer.

@ Springer

Deconvolution of dTG-T curves

In order to have a preliminary estimation of the possible
single-step mechanisms occurring in the degradation of
these two PCMs, which clearly are not the same under air
or nitrogen, dTG-T curves were deconvoluted by using both
NFS and GLOG functions. It must be pointed out that this
was not a simple task because, as shown in Fig. 12, the
behavior of the experimental curves is quite far from the
behavior displayed by the curves theoretically simulated (see
Fig. 2). Moreover, for more than two single-step reactions,
deconvolutions involve many parameters even if some of
them may have the restricted values given in Table 5 as was
already discussed in Sect. "Fitting dTG-T curves of differ-
ent reaction mechanisms with NFS and GLOG functions."
In Fig. 14, some deconvolution examples of dTG-T curves
of PEG12000 by using NFS functions are displayed. In
principle, it seems that quite good deconvolutions can be
achieved with either 3 or 2 NFS functions. Similar results
were obtained for dTG-T curves of PEG3000.

Kissinger method of Eq. 12 was applied to the deconvo-
luted curves so that E could be estimated for each single-step
mechanism. In Table 7, the activation energies obtained for
the different sets of deconvoluted curves with NFS functions
have been recorded for the measurements under N, and air
atmospheres of both PCMs.

If we compare E values of Table 7 with the corresponding
E-a curves calculated from the isoconversional methods and
displayed in Fig. 13, we can see that they are in quite good
agreement and quite well correlated, taking into account
that these are only preliminary estimations. According to
Table 7, for the measurements under N, there are two single-
step mechanisms: one with much lower activation energy
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Fig.8 Examples of dTG-T curves simulated for different reaction mechanisms f(a) and numerical fitted with NFS (a-d) and GLOG functions

(d-f)

(47-64 kJ mol™!) than the other (162—196 kJ mol ™). This
should lead to strong variation of E with the conversion, as
it is observed in the curves of Fig. 13. In contrast, for the
measurements under air, the activation energies of the three
single-step mechanisms are not that different which leads to
only a slight variation of E with a. It is interesting to note
that according to the E values obtained, PEG12000 seems
to degrade faster than PEG3000 because it has lower values
of activation energy specially under nitrogen. However, this
conclusion may not be fully correct since the studies found

in the literature for PEG with molecular weights between
1500 and 6000 do not show big differences in terms of TG
behavior. Hence, if a correlation wants to be obtained in
terms of PEG molecular size, TG measurements and kinetic
analyses for other PEG with different molecular weights
should be carried out.

As for the determination of the other kinetic parameters
InA and f{a) associated with the single-step mechanisms,
they would require the development of the methods of
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Fig. 11 Deconvolution of dTG-T curves for some simulated multi-step reaction mechanisms: a CASE 1; b CASE 3; ¢ CASE 4; and d CASE 6

(see Table 3)

Table 6 Kinetic parameters obtained with Kissinger method for the multi-step reaction mechanisms simulated and then deconvoluted with both
NFS and GLOG functions

E and InA from Kissinger method

Simulated NFS GLOG

Mechanism X E/kJ mol™! InA/s™! E/kJ mol™! InA/s™! E/kJ mol™! InA/s™!
CASE 1 F1 0.5 80 18 79.71 (0.36%) 17.89 (10.4%) 79.90 (0.13%) 17.97 2.9%)

A2 0.5 100 20 99.73 (0.27%) 20.02 (22.14%) 99.63 (0.37%) 19.94 (5.8%)
CASE 2 F1 0.8 80 17 78.50 (1.87%) 79.76 (0.30%)

A2 0.2 100 20 100.39 (0.39%) 99.45 (0.55%)
CASE 3 F1 0.5 80 17 79.58 (0.53)% 79.07 (1.16%)

A2 0.5 90 18 89.54 (0.51%) 89.89 (0.12%)
CASE 4 F2 0.5 60 15 59.57 (0.72%) 14.81 (17.3%) 57.52 (4.13%)

R3 0.5 120 30 120.30 (0.25%) 32.76 (1479%) 119.96 (0.03%)
CASE 6 D3 0.5 80 18 78.47 17.43 (43.4%) 79.11 17.63 (30.9%)

P2 0.5 120 25 119.46 24.81 (17.3%) 119.24 24.74 (22.9%)
CASE 7 F1 0.5 80 19 79.97 (0.04%) 79.04 (1.2%)

F1 0.5 90 19 89.93 (0.08%) 89.30 (0.08%)
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Fig. 14 Examples of dTG curves deconvolutions using NFS functions for PEG12000 at different heating rates and TG measurements under air

and N, atmospheres

Table 7 Estimated E for deconvoluted peaks obtained with NFS func-
tions

E from Kissinger method/kJ mol ™!

Atmosphere Curve 1 Curve 2 Curve 3
PEG 3000 N, 64 196 -

Air 50 40 93
PEG 12000 N, 47 162 -

Air 57 37 93

combined kinetic analysis and master plots, which for the
moment are beyond the scope of this paper.

Conclusions

In this work, theoretical kinetic curves a-T and dTG-T were
simulated for both single-step and multi-step reaction mech-
anisms by using different sets of kinetic triplets (f{a), E and
InA). These curves were analyzed with various isoconver-
sional methods so that E-a curves were obtained and com-
pared with the energy values used in the simulations. For the

single-step reaction mechanisms, all methods lead to activa-
tion energies within an error range below 7% in relation to
the values used in the simulations, being Friedman method
the most accurate. For the multi-step reaction mechanisms,
the obtained E-a curves were only a rough estimation of the
activation energies used in the simulations and, in this case,
Kissinger—Akahira—Sunose and Coats—Redfern methods
were the ones leading to the most accurate results.
Simulated dTG-T curves of single-step mechanisms
were fitted with two kinds of peak functions (normalized
Fraser—Suzuki—NFS and generalized logistic—GLOG) in
order to determine which one better represented the differ-
ent reaction mechanisms. Although both functions led to
regression values above 0,99, the NFS proved to better fit
dTG-T curves of the majority of reaction mechanisms ana-
lyzed. From the fitting, the relationship between the kinetic
triplet used for simulating dTG-T curves and the param-
eters of NFS and GLOG functions was obtained as well.
Both functions had only one parameters that depended on
the reaction mechanism used in the simulation (s for NFS;
Q for GLOG) while the other two depended on both the
Arrhenius parameters, E and InA, and the heating rate, § (p
and w for NFS; T, and B for GLOG). These relationships
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will be strongly helpful when experimental dTG-T curves of
multi-step reactions have to be analyzed by applying math-
ematical deconvolution analysis (MDA). In this sense, the
values of s and Q parameters associated with the different
reaction mechanisms should be used as boundary conditions.
Moreover, to the author knowledge this is the first time both
normalized Fraser—Suzuki and generalized logistic functions
have been used for fitting dTG-T curves of different reaction
mechanisms.

MDA was applied to dTG-T curves of multi-step reac-
tion mechanisms by using both NFS and GLOG functions
and taking into account the relationships between the kinetic
triplet and the function parameters obtained in this work.
With this procedure, single-step reaction peaks were sepa-
rated and their corresponding kinetic parameters calculated.
In general, the curves resulting from deconvolution fitted
quite well the simulated curves and the analysis of the sin-
gle-step peaks with Kissinger method leads kinetic triplets
quite close to the ones used in the simulations mainly for
single-step mechanism with dTG-T curves with high sym-
metry. Compared with similar studies found in the literature,
which are mostly focused in reaction mechanism F1, our
results extend the validity of using either NFS or GLOG
functions for deconvoluting dTG curves composed by many
other reaction mechanisms. However, it must be taken into
account that deconvolution of experimental dTG-T curves
may be complicated if single-step reaction mechanisms are
strongly overlapped and their contribution to the overall
reaction varies with the conversion.

A similar procedure of kinetic analysis was applied to
thermogravimetric measurements taken under both air and
N, atmospheres for two PCMs: PEG3000 and PEG12000.
In first stage E-a curves were obtained for the different iso-
conversional methods used in this work. The curves from
the measurements under N, showed E values going from
around 40 kJ mol~! at low conversions up to 150 kJ mol~!
at high conversions, whereas the curves from TG measure-
ments under air showed more constant E values of about
50-75 kJ mol~!. The lower activation energies obtained for
the measurements under air are most probably an indica-
tion of the polymer combustion.

Finally, experimental dTG-T curves were deconvoluted
with the most appropriate peak functions in order to have
a preliminary estimation of the possible single-step reac-
tion mechanisms occurring in these PCMs. For both PEG,
fairly good deconvolutions were achieved with either 3
or 2 NFS functions and the resulting single-step reaction
curves were analyzed with the Kissinger method. The acti-
vation energies obtained from Kissinger method were in
good agreement with the E-a curves calculated with the
isoconversional methods. As for the other kinetic param-
eters associated with the single-step mechanisms, they

@ Springer

would require a further kinetic analysis, which is beyond
the scope of this paper.
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