J Therm Anal Calorim (2017) 127:789-797
DOI 10.1007/s10973-016-5413-y

=
@ CrossMark

Kinetic analysis of poly(ethylene oxide)/lithium montmorillonite

nanocomposites

Matko Erceg' - Irena Kresi¢' - Mice Jaki¢' - Branka Andridi¢!

Received: 29 October 2015/ Accepted: 23 March 2016/ Published online: 9 April 2016

© Akadémiai Kiado, Budapest, Hungary 2016

Abstract Poly(ethylene oxide)/lithium montmorillonite
(PEO/LiIMMT) nanocomposites were prepared by melt
intercalation method. The degradation of PEO/LiMMT
nanocomposites was performed by non-isothermal ther-
mogravimetry in nitrogen atmosphere at four heating rates
(2.5, 5,10 and 20 °C min_l). The obtained data were used
for the kinetic analysis of the degradation process. Kinetic
analysis was performed using the isoconversional Fried-
man method in combination with the multivariate nonlinear
regression method. Kinetic analysis revealed the com-
plexity of the thermal degradation process for both pure
PEO and all PEO/LiMMT nanocomposites. The contribu-
tion of the each individual degradation stage was deter-
mined, and each of them was independently analyzed.
Kinetic parameters (activation energy, pre-exponential
factor and kinetic model) were also calculated for each
degradation stage of all investigated samples.

Keywords Kinetic analysis - Multivariate nonlinear
regression method - Poly(ethylene oxide) -
Lithium montmorillonite

Introduction

Poly(ethylene oxide) (PEO)-based solid polymer elec-
trolytes (SPE) are becoming increasingly important for the
development of rechargeable lithium polymer batteries due
to their enhanced safety, flexibility and manufacturability.
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Consequently, PEO-based SPEs are among the most studied
polymer ionic conductors [1-5]. However, the high crys-
tallinity of PEO limits the lithium ion transport resulting in a
poor ionic conductivity of PEO-based electrolytes at
ambient temperature. In order to reduce crystallinity and
increase its ionic conductivity, nanocomposites of PEO with
lithium montmorillonite (LiMMT) have been prepared and
characterized, as presented in our earlier work [6]. Obtained
results have shown the significant increase in ionic con-
ductivity at ambient temperature with the addition of
LiMMT. Furthermore, results obtained from the non-
isothermal thermogravimetric (TG) analysis have shown
that addition of LIMMT lowers the thermal stability of PEO
and influences the mechanism of PEO thermal degradation.

The experimental data obtained by the non-isothermal
thermogravimetry are very often used for kinetic analysis.
Kinetic analysis aims to reveal the mechanism of thermally
stimulated process and to calculate kinetic parameters of the
investigated process, i.e., the activation energy (E), the pre-
exponential factor (A) and kinetic model (f{(«)), the so-called
kinetic triplet. Kinetic analysis of the non-isothermal
degradation of PEO has already been studied and reported in
the literature. Pielichowski and Flejtuch [7] have investi-
gated thermal degradation of PEO and by applying the
nonlinear regression method, and F test concluded that
three-dimensional phase boundary reaction (R3) gave the
best fit of the non-isothermal degradation of PEO.
Calahorra et al. [8] have obtained E value of 129 kJ mol ™
assuming the first-order reaction (F1) kinetic model for PEO
of M, = 365,000. Barbadillo et al. [9] have found that nth-
order reaction models are not applicable for kinetic
description of the non-isothermal degradation of PEOs of
M,, from 1500 to 3000. In our earlier work [10], we have
concluded that the non-isothermal degradation of PEO of
different molecular masses in the conversion range
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0.10-0.90 occurs through a mechanism like those repre-
sented by Avrami-Erofeev equation (An). Finally, in our
latest work on the non-thermal degradation of poly(vinyl
chloride) and PEO blends [11], the kinetic analysis indicated
complex degradation mechanism of PEO (M,, = 100,000)
where Avrami—Erofeev (An) kinetic model is defined as the
main kinetic model for characterization of the degradation
process.

To our knowledge, besides our recently published paper
[6] in which complexity of the non-isothermal degradation
of PEO/LiMMT nanocomposites is only noticed but not
analyzed in details, there are no published papers con-
cerning the kinetic analysis of the non-isothermal degra-
dation of PEO/LiIMMT nanocomposites. Therefore, the
purpose of this article is to reveal the complexity of the
non-isothermal degradation of PEO/LiIMMT nanocompos-
ites and to calculate corresponding kinetic parameters in a
whole conversion range. For this purpose, isoconversional
Friedman (FR) [12] method in combination with the mul-
tivariate nonlinear regression method was used.

Experimental

PEO powder with viscometric average molecular mass of
300,000 was purchased from Sigma-Aldrich. LIMMT was
prepared by ion exchange from natural montmorillonite
(Cloisite®Na+, Southern Clay Products Inc., USA) and
lithium chloride (Kemika, Croatia). Ion exchange has been
carried out by suspending 15.0 g of Cloisite®Na™ in 400 cm®
of 1.0 mol dm—> LiCl solution in de-ionized water. The
suspension was stirred on a magnetic stirrer for 48 h at40 °C.
The mixture was then centrifuged at 5000 rpm until a clear
separation was obtained and the supernatant was decanted. A
series of washings with de-ionized water and again centrifu-
gation were performed until the chloride ions were com-
pletely removed (tested using AgNOj3 solution). The obtained
residue is LIMMT. LIMMT was then dried in an oven for 5 h
at 120 °C and then in a vacuum oven for48 hat 100 °C. PEO/
LiMMT nanocomposites with compositions 100/0 (pure
PEO), 95/5, 90/10, 85/15, 80/20 and 75/25 by mass were
prepared by melt intercalation. Powders of PEO and LIMMT
in the required mass ratios were manually mixed for 10 min
using an agate mortar and shaped into pellets by a hydraulic
press and a load of 5 tons. The obtained samples were 13 mm
in diameter, with a thickness of 0.7-0.8 mm. Melt interca-
lation was performed at 90 °C for 8 h in a vacuum oven.
The experimental data for the kinetic analysis were
obtained by non-isothermal thermogravimetry (TG). The
thermal degradation of PEO/LIMMT samples (sample
mass 9.3 £ 0.5 mg, standard platinum sample pan) was
performed in the temperature range 50-500 °C at the
heating rates 2.5, 5, 10 and 20 °C min~! using a Perkin-
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Elmer Pyris 1 thermobalance. The nitrogen flow rate was
30 cm® min~". Before operating, the system was stabilized
for 1 h at initial temperature and nitrogen flow.

Kinetic analysis

Kinetic analysis of the solid-state reactions is based on
Eq. (1):

—uﬁ——Axexp(—%> x f(a) (1)

where o is the degree of conversion, f3 is the linear heating
rate (°C min~ '), T is the absolute temperature (K), R is the
general gas constant (J mol ™! Kil) and 7 is the time (min).
Kinetic analysis should begin with the investigation of the
process complexity by determining the dependence of E on
o by isoconversional methods [13-17]. Dependence of
E on « is taken as a reliable criterion of the process com-
plexity, and isoconversional methods are considered as the
most reliable methods for the calculation of E and E versus
o dependence of thermally activated reactions. If E is
roughly constant over the entire conversion range and if no
shoulders are observed in the reaction rate curve, it is likely
that a process is dominated by a single reaction step and
can be adequately described by a single-step model [13]. If
E changes with «, the process is complex and the shape of
the E versus o curve may indicate the possible reaction
mechanism [13-15, 18]. Therefore, E values and E versus o
dependence can be calculated directly from experimental
data by using an isoconversional Friedman method without
knowledge or assumption of kinetic model (model-free
method). On the other hand, Friedman method does not
give any information about A and f(x).

To overcome this problem, kinetic analysis in this work
was performed using model fitting multivariate nonlinear
regression method incorporated in Netzsch Thermokinetic
3.1 software. This method is based on fitting of either
single- or multi-step models to experimental data. A series
of reaction model types is listed in Table 1. This list con-
tains classic models for homogeneous reactions and for
typical solid reactions. In comparison with known reaction
model types [13], the list is extended with the combined
autocatalytic model types Cl and Cn [19]. Fitting of
selected model(s) is commonly accomplished by mini-
mizing the difference between the measured and calculated
data. In order to find the best kinetic model, a method of
least squares and F test method are used.

Isoconversional Friedman method

Isoconversional Friedman (FR) method enables determi-
nation of E directly from experimental o-7 data
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Table 1 Reaction model types and corresponding reaction equations de/dt = —A exp(E/RT)f(e,p): e is start concentration of the reactant

(e =1 — ), and p is concentration of the final product (p = ) [19]

Code f(ep) Reaction type

F1 e First-order reaction

F2 & Second-order reaction

Fn e nth-Order reaction

R2 2¢' Two-dimensional phase boundary reaction

R3 32 Three-dimensional phase boundary reaction

D1 0.5/(1 — e) One-dimensional diffusion

D2 —1/In (e) Two-dimensional diffusion

D3 1.561/3/(671/3 -1 Three-dimensional diffusion (Jander’s type)

D4 1.5/(e71/3 -1 Three-dimensional diffusion (Ginstling—Brounstein type)

Bl ep Simple Prout-Tompkins equation

Bna ep? Expanded Prout-Tompkins equation (na)

C1-X e (1 4+ KcatX) First-order reaction with autocatalysis through the reactants, X
X = a product in the complex model, frequently X = p

Cn-X e" (1 + KcatX) nth-Order reaction with autocatalysis through the reactants, X

A2 2e (—ln(e))l/2 Two-dimensional nucleation

A3 3e (—In(e))*”? Three-dimensional nucleation

An ne (—In(e))™@=/m n-Dimensional nucleation/nucleus growth according to Avrami-Erofeev

(o0 = (mg — m)/(mg — myg), where mgy, m and m; refer to the
initial, actual and residual mass of the sample obtained at
several heating rates without the knowledge of f{x). FR
method is a linear differential method based on Eq. (2):

E
RT (2)

do

ln{ﬂﬁ] =In A+1In f(a) —
Plots In[f(da/dT)] versus 1/T obtained for each selected
o = const. from o7 curves recorded at several heating
rates should be straight lines whose slopes allow calcula-
tion of E by means of FR method.

Results and discussion

The experimental data for the kinetic analysis were
obtained from the corresponding non-isothermal thermo-
gravimetric (TG) measurements. As the representative
experimental data, the TG curves of PEO, PEO/LIMMT
90/10 and PEO/LiMMT 80/20 are presented in Fig. 1. The
experimental data for other samples are used for the kinetic
analysis, and obtained results are shown in corresponding
tables and figures.

For each selected o = const., the corresponding plots
according to Eq. (2) had been obtained, and from their
slopes, E values are calculated. The dependences of E on «
evaluated by means of FR method in a whole conversion
range are shown in Fig. 2. It is obvious from Fig. 2 that if
the whole conversion range is observed, E depends on « for
all investigated samples, which indicates the complex

(multi-step) degradation mechanism. Consequently, since
E depends on «, the whole degradation process cannot be
described adequately by a single reaction model and a
single pair of Arrhenius parameters. In this case, it is
advised to resort to a multi-step kinetic analysis that would
yield an individual reaction model and a pair of Arrhenius
parameters for each of the reaction steps. Such an analysis
can be accomplished by using the model fitting multivari-
ate nonlinear regression method [13-15, 20].

Inspection of Fig. 2 clearly shows that there are also
conversion regions for all investigated samples where
E can be considered almost constant. This conversion range
where E does not depend on « is the largest for pure PEO
and it is getting smaller with the increasing addition of
LiMMT. This is obvious indication that addition of
LiMMT changes the degradation mechanism of PEO and
this article aims to reveal and quantify that change.

In our previous study of the non-isothermal degradation
of PEO [10], it has been concluded that degradation takes
place in one main stage in a conversion range 0.10-0.90
since in that conversion range E did not significantly
depend on «. Kinetic analysis has been performed by
combining the isoconversional (Friedman, Flynn—Wall-
Ozawa and Kissinger—Akahira—Sunose) and invariant
kinetic parameters (IKP) methods. Avrami—Erofeev kinetic
models have been found as the most probable ones for the
kinetic description of the non-isothermal degradation of
PEO [10]. But, IKP method is limited to the conversion
range where E does not change significantly with «, and
therefore, the whole conversion range could not be
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Fig. 1 Thermogravimetric (TG) curves for PEO (a), PEO/LIMMT
90/10 (b) and PEO/LiMMT 80/20 (c) nanocomposites

investigated. Mathematical tools available for the purpose
of this work (model fitting multivariate nonlinear regres-
sion method incorporated in Netzsch Thermokinetic 3.1
software) enable kinetic analysis in the whole conversion
range. Upon a detailed examination of apparent activation
energy of PEO non-isothermal degradation calculated by
the FR method (Fig. 2), three conversion areas with dif-
ferent E values can be observed. This means that from the
kinetical point of view PEO degradation can be adequately
described by three individual reaction models and corre-
sponding pairs of Arrhenius parameters. These three stages
of the PEO degradation can also be visualized by checking
derivative thermogravimetric curves (DTG curves). To
justify the occurrence of multiple degradation stages, a
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Fig. 2 Dependence of E on o determined by Friedman method in a
whole conversion range for thermal degradation of all analyzed
samples

deconvolution procedure described in details by
Perejon et al. [21] was performed. MagicPlot Pro computer
program and different fitting functions (Gaussian and
Lorentzian) were used for the deconvolution process. The
fitting results for PEO are given in Fig. 3a. Figure 3a
shows experimental DTG curves (circles), fitted (dotted)
and cumulative (solid lines) curves at 5 °C min~,
respectively. Cumulative curves are obtained by summa-
tion of individual fitting curves. It is obvious from Fig. 3a
that DTG curve of pure PEO is asymmetrical and can be
well fitted with three functions, supporting the above-
mentioned conclusion that its thermal degradation can be
adequately described by three individual reaction steps.
The residual mass of pure PEO does not depend on the
heating rate (Fig. 1a) which eliminates the possibility of
the branched reaction path. Namely, the dependence of
residual mass on the heating rate is a serious indication that
the branched reaction path exists and unbranched reaction
path is present if the remaining mass does not depend on
the heating rate [22].

As much as PEO/LiIMMT nanocomposites are con-
cerned, there are no data in the literature on their kinetic
analysis. In our earlier work [6], isoconversional analysis
(Friedman method) has been performed and it was con-
cluded that the addition of LIMMT made thermal degra-
dation of PEO more complex. Detailed examination of
apparent activation energy of PEO/LiMMT nanocompos-
ites calculated by the FR method (Fig. 2) also indicates
existence of conversion areas with different £ values. The
occurrence of multiple degradation stages of the PVC/
LiMMT samples was also confirmed by deconvolution of
their DTG curves. The fitting results for two specific
selected samples (90/10 and 80/20) are given in Fig. 3b, c,
respectively. It is obvious from Fig. 3b that DTG curve of
PEO/LiMMT 90/10 can be well fitted with four functions,
while DTG curve of PEO/LiMMT 80/20 can be well fitted
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Fig. 3 Overlay of experimental DTG curves (circles) at 5 °C min™",

fitted (dotted) and cumulative (solid lines) curves for PEO (a), PEO/
LiMMT 90/10 (b) and PEO/LiIMMT 80/20 (¢) nanocomposites

with five functions. The residual mass of PEO/LIMMT
90/10 nanocomposites does not depend on the heating rate
(Fig. 1b), and therefore, branching reaction path cannot be

expected. The residual mass of PEO/LIMMT 80/20
(Fig. 1c) depends on the heating rate which is an indication
that the branched reaction path exists. All other analyzed
PEO/LiMMT nanocomposites show behavior similar to
sample 90/10, i.e., degradation in four stages without
branching. It should be emphasized that the number of
steps is determined by increasing it consecutively until the
introduction of a new step did not result in statistically
significant improvement of the fit, as suggested by Vya-
zovkin [23].

In order to find the most probable kinetic model and
calculate kinetic parameters of thermal degradation of PEO
and PEO/LiIMMT nanocomposites, the multivariate non-
linear regression was employed. The analysis was based on
the values of the activation energy as well as on the shape
and slope of experimental points and isoconversional lines
from Friedman plots. In order to ease the setup of the
model, one firstly needs to answer the question whether the
remaining mass of the sample depends on the heating rate.
It is also important to analyze the experimental points at
the start of the reaction (o = 0.02 — 0.10) and compare
them with Friedman analysis (Fig. 4). If experimental
points show a lower slope than the isoconversional Fried-
man lines, this is a certain indication of the presence of
diffusion reaction [22]. Applying statistical criteria, F' test
and correlation coefficient and especially the similarity of
obtained E values with those calculated by FR method
made it possible to find the best fit of flo) functions that
reasonably describe kinetic scheme of PEO/LiMMT non-
isothermal degradation.

Table 2 shows apparent activation energy values obtained
by the FR method for each degradation stage. The results of
calculations for the most probable kinetic models on the basis
of F test and correlation coefficient are given in Table 3.
Finally, in Fig. 5 the comparison of the experimental data
(lines) and data calculated from multivariate nonlinear
regression for the pure PEO, PEO/LiMMT 90/10 and PEO/
LiMMT 80/20 nanocomposites is shown.

As explained earlier, since the activation energy, cal-
culated by Friedman method, depends on the conversion
(Fig. 2a) and the remaining mass of PEO does not depend
on the heating rate (Fig. la), it is reasonable to conclude
that the non-isothermal degradation of PEO occurs
through multi-step unbranched reaction, in this case
through consecutive reactions. The best fit between the
experimental data and the assumed kinetic models was

also obtained for the three-stage degradation mechanism

A-5B i>Ci>D, which was confirmed by the high
correlation coefficient, * of 0.99996. Since the experi-
mental starting points coincide with Friedman isoconver-
sional lines (Fig. 3a), F1, F2, R2 and R3 kinetic models
are suggested as possible ones [22]. Indeed, performed

@ Springer



794

M. Erceg et al.

—_
Q
N’
|
o
=}
L

-3.0

In [3(do/d T)/min~1

25
-3.0 1
351
_4.0 1
-451
5.0

(©) 201
2.5 1
-3.0 ]
-35 1
-4.0]
-45]
-5.0

In [8(do/d T)/min-1

-5.5 T T T T T T T T
1.4 15 1.6 1.7 1.8 1.9 2.0 2.1

1000 K/T

Fig. 4 Friedman plots for the thermal degradation for PEO (a), PEO/
LiMMT 90/10 (b) and PEO/LiMMT 80/20 (¢) nanocomposites

kinetic analysis shows that all these four kinetic models
are statistically equally probable. Since there is no reason
for a special reaction type, the universal nth-order (Fn)

kinetic model is selected as the kinetic model for the start
of reaction. According to FR analysis, the apparent acti-
vation energy of the first stage (« = 0.00-0.05) of thermal
degradation of PEO (Fig. 2; Table 2) amounts in the
range 152.4-203.1 kJ mol~'. The activation energy
obtained by the multivariate nonlinear regression corre-
sponding to Fn model amounts 199.0 kJ mol~' (Table 3)
and is in accordance with the values obtained by FR
methods. The second stage (o = 0.05-0.85) and third
stage (o = 0.85-1.00) of thermal degradation of PEO
were described by two Avrami-Erofeev reaction types
(An) (Table 3). These results support our earlier conclu-
sions that An is the best kinetic model for description of
the thermal degradation of PEO [10]. It is important to
notice that the sensitivity of the applied kinetic software
revealed that in practically the same conversion range as
in our earlier investigation [10], two An models can be
observed instead of one. But, it is the same kinetic model
(An) with somewhat different kinetic parameters and we
are inclined to state that this is in an agreement with both
our [10] and Madorsky and Strauss [24] investigation who
have established that after initiation, PEO decomposes in
one main stage by random scission of the chain links
without chain-end-initiated depolymerization. The activa-
tion energies of 214.9 kJ mol™' and 187.3 kJ mol™'
obtained by the multivariate nonlinear regression for the
second and third stages (Table 3) are in a very good
accordance with the values obtained by FR methods
(Table 2) which is a very important indication of cor-
rectness of kinetic analysis. Finally, Fig. 5a shows that
calculated values are able to describe the experimental
data (lines) of the non-isothermal degradation of PEO
with very high precision.

The best fit between the experimental data and the
assumed kinetic models for PEO/LiMMT 95/5, 90/10,
85/15 and 75/25 nanocomposites was obtained for the
four-stage degradation mechanism with unbranched,

Table 2 The range of apparent activation energy values of thermal degradation of PEO/LiMMT nanocomposites obtained by Friedman method

Stage of reaction Parameter PEO/LiMMT
100/0 95/5 90/10 85/15 80/20 75125
Stage I E\/kJ mol ™! 152.4-203.1 62.0-86.6 103.0-138.8 171.0-185.6  237.3-295.8  44.1-69.5
Conversion range, o 0.00-0.05 0.00-0.05 0.00-0.05 0.00-0.05 0.00-0.02 0.00-0.10
Stage II E>/kJ mol ™" 210.5-220.6 144.5-199.4 140.0-188.3 186.0-199.2  235.0-241.3 100.7-192.1
Conversion range, o 0.05-0.85 0.05-0.10 0.05-0.20 0.05-0.10 0.02-0.05 0.10-0.20
Stage IIT E3/KJ mol ™! 145.0-212.1 204.7-213.0 194.1-203.5 202.0-213.7  244.5-250.3 195.7-215.2
Conversion range, «  0.85-1.00 0.10-0.75 0.20-0.60 0.10-0.95 0.05-0.65 0.20-0.90
Stage IV E,/kJ mol ™ - 197.3-259.2 192.2-3152  211.8-3422  249.8-270.0  225.8-372.3
Conversion range, «  — 0.75-1.00 0.60-1.00 0.95-1.00 0.65-0.90 0.90-1.00
Stage V Es/kJ mol ™! - - - - 251.1-350.2 -
Conversion range, o =~ — - - - 0.90-1.00 -
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Table 3 The most probable kinetic models of thermal degradation of PEO/LIMMT nanocomposites according to F test and correlation

coefficient obtained by using multivariate nonlinear regression method

Stage of reaction Parameter Sample
100/0 95/5 90/10 85/15 80/20 75125

Stage 1 E,/kJ mol ™" 199.0 77.6 104.1 171.5 246.8 66.1

log A, 17.6 6.3 6.4 17.0 25.6 2.7

n 2.8 - - - - -

Model Fn D3 D3 D3 D3 D3
Stage II E>/kJ mol ™! 214.0 144.4 169.2 190.9 235.6 120.9

log A, 14.6 12.4 11.4 14.2 19.0 8.0

n 1.3 0.7 0.8 0.3 - 1.2

Model An Fn Fn An D3 An
Stage 111 E5/kJ mol ™ 187.3 2129 201.4 205.3 248.1 214.8

log A3 20.9 17.3 13.5 13.9 17.6 15.2

n 0.2 1.4 1.5 0.7 0.8 1.1

Model An An An Fn An An
Stage IV E,/kJ mol™! - 222.2 201.1 235.7 269.7 360.0

log A4 - 21.7 21.2 16.2 20.3 27.9

n - 3.8 3.8 0.3 39 3.6

Model - Fn Fn Fn Fn Fn
Stage V Es/kJ mol ™" - - - - 253.3 -

log As - - - - 144 -

n - - - - 0.4 -

Model - - - - Fn -
Correlation coefficient, 2 0.99992 0.99996 0.99991 0.99992 0.99989 0.99997

consecutive reaction A LN B 2, C 2, D 4, E (Table 3).
The best fit for PEO/LIMMT 80/20 was obtained for the

five-stage degradation mechanisms with branching reaction
4

A-5B-2C-D 5 E (Table 3). This is in accor-
—

dance with the earlier conclusion made on the basis of
deconvolution procedure of these samples, as shown in
Fig. 3b, c.

Correlation coefficients for all degradation mechanisms
are very high and all above 0.9998. Since the experimental
starting points have a lower slope than Friedman isocon-
versional lines (Fig. 3b, c), it is a certain indication of
diffusion process [22]. Our calculations show that kinetic
model for the start of degradation of all PEO/LIMMT
nanocomposites is three-dimensional diffusion (Jander’s
type) (D3) (Table 3). It is well known that silicate layers of
nanoclays act as a mass barrier to volatile products gen-
erated during thermal decomposition of polymers [25, 26].
They are impermeable for them and therefore increase the
diffusion pathway of volatile products which makes the
diffusion rate controlling process at these early stages of
degradation. The diffusion is the rate controlling process up

to o = 0.05 for all samples except the sample with the
highest addition of LIMMT (PEO/LiMMT 75/25) where
diffusion is the rate controlling up to o = 0.10. LIMMT
delays chain scission of PEO described with An kinetic
model to higher conversions compared to pure PEO
(Table 3). It is important to note that sample 80/20 has two
D3 stages which take place up to conversion of o = 0.05.
They are recognized by the computational procedure as
two stages since they have somewhat different kinetic
parameters (E and In A). But, if they are considered as one
stage, for reasons discussed earlier for pure PEO, then
thermal degradation of all PEO/LiMMT nanocomposites
could practically be described with four-stage process.

In our opinion, it would be too complicated and maybe
counterproductive to describe each individual sample and its
degradation steps. Therefore, we can summarize that all
other stages of degradation for all PEO/LiIMMT nanocom-
posites can be described with either An or Fn kinetic model
(Table 3). These results prove that the addition of LIMMT
really influences the thermal degradation and kinetics of
PEO. In all PEO/LIMMT nanocomposites except PEO/
LiIMMT 85/15, An remains the main kinetic model for
characterization of the degradation process, while Fn occurs
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Fig. 5 Comparison of experimental data (points) and best-fitted
kinetic models (solid lines) calculated from multivariate nonlinear
regression method for PEO (a), PEO/LIMMT 90/10 (b) and PEO/
LiMMT 80/20 (c¢) nanocomposites

either at the beginning or at the end of degradation process.
The kinetic analysis has also shown that the presence of
LiMMT as nanofiller lowers the initial activation energy of
the PEO degradation (except PEO/LiMMT 85/15) and
consequently lowers the onset temperature of degradation as
observed in our earlier work [6]. The nanofiller barrier also
causes increased charring, which in turn causes higher
activation energies at the final stages of degradation of PEO/
LiMMT nanocomposites compared to pure PEO.

Figure 5b, ¢ shows the comparison of the experimental
data (lines) and calculated data for PEO/LiMMT 90/10 and
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PEO/LiMMT 80/20 nanocomposites, respectively. Calcu-
lated values describe the experimental data (lines) with
very high precision.

The kinetic models for the description of the thermal
degradation of PEO and PEO/LiMMT nanocomposites
presented in this work are selected as the most probable
ones on the basis of F test and correlation coefficient, as
suggested mutually complement statistical criteria. It is
very important to emphasize that calculated E values for
calculated kinetic models (Table 3) are in very good
agreement with values obtained by isoconversional kinetic
models (Table 2). This criterion of similarity with iso-
conversional E values is crucial for selection of correct
kinetic models. Namely, almost all kinetic models can be
forced to fit experimental data with a very high correlation
coefficient, but only in case of ‘true’ kinetic model E val-
ues similar to those obtained with isoconversional methods
will be obtained. In other cases, fitting will be made on the
expenses of E and In A deviation from the real values.

Conclusions

The isoconversional Friedman method in combination
with the multivariate nonlinear regression method is
employed in order to find the most probable kinetic
models of thermal degradation of PEO and PEO/LIMMT
nanocomposites. The kinetic analysis indicates three-stage
degradation mechanism with consecutive reactions for
pure PEO and four-stage degradation mechanism with
consecutive reactions for PEO/LIMMT nanocomposites.
Exception of this pattern is PEO/LIMMT 80/20 sample
which shows five-stage degradation mechanism with a
branched reaction path. Kinetic analysis shows that first
stage of the non-isothermal degradation of PEO can be
well described with nth-order (Fn) kinetic model, fol-
lowed by two Avrami—Erofeev (An) kinetic models with
different kinetic parameters. The addition of LiMMT
influences thermal degradation of PEO. The diffusion
(D3) is the rate controlling process at the beginning of
degradation for all PEO/LIMMT nanocomposites where
its influence increases with increasing amounts of
LiMMT. An remains the main kinetic model for charac-
terization of the degradation process, while Fn occurs
either at the beginning or at the end of degradation pro-
cess in PEO/LiMMT nanocomposites. Correspondence of
activation energies calculated by model fitting multivari-
ate nonlinear regression method with those calculated by
the isoconversional Friedman method together with sta-
tistical F test and correlation coefficient verified the
validity of calculated kinetic models.
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