Journal of Thermal Analysis, Vol. 52 (1998) 933-943

THE NON-PARAMETRIC KINETICS
A new method for the Kinetic study of thermoanalytical data

R. Serra, R. Nomen and J. Sempere

Department of Chemical Engineering, Institut Quinvic de Sarria, Universitat Rameon Llull
Vig Augusia 390, Barcelona E-08017, Spain

Abstract

The application of the new method non-parametric kinetics for kinetic analy-
sis is discussed. It is shown that this method is able to obtain all the kinetic infor-
mation needed to reproduce accurately the experimental data. To validate this
method a set of numerical simulations of the most commonly used kinetic mod-
els has been performed and analysed with the method.
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Introduction

The non-parametric kinetics (NPK) methed [1] is a new method for the ki-
netic treatment of non-isothermal thermoanalytical data. The development of the
method is based on the classical assumption that the reaction rate can be ex-
pressed as a product of two independent functions, g(w) and A7), as shown in
Eq. (1). The first function accounts for the kinetic model, and is a function of the
degree of conversion, while the second accounts for the temperature dependence,
not necessarily an Arrhenius-type equation.

o= gl (hH

In this method, the reaction rate, ¢, is discretised and organised as an n>m matrix
whose rows correspond to different degrees of conversion, from o to ¢, and
whose columns correspond to different temperatures, from 7' to Ty, thercfore,
the element i, j of matrix A is defined by Ajj=g(0t)AT,). Then the functions g(or)
and f(7) can also be discretised and expressed as column vectors, named g and f
respectively, whose clements arc the discretised values of functions g(w) and

AT

g=(glo) gloz) . . glom) (2)
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f=(AT) AT . . ATa)' (3)

Subsequently the general expression of the reaction rate, Eq. (1), can be ex-
pressed in the form of a matrix product, as shown in Eq. 4):

A=gf’ )

The NPK method uses the Singular Value Decomposition (SVD) [2] to de-
composc matrix A in the two vectors f and g. The most important featre of this
method is its ability to provide a kinetic model that fits the experimental data
without any assumption either about the functionality of the reaction rate with
the degrec of conversion or the temperature.

To simulate the behaviour of the system under any conditions the reaction rate
has to be calculated. Classically the reaction rate is calculated as a function of a
kinetic model, which includes some parameters, and an Arthenius equation, that
is function of the activation energy and the frequency factor. The NPK method is
able to evaluate the reaction rate using the vectors f and g, because any value of the
reaction rate can be expressed as &, T)=g(c)A{T), where g(o) and f{T) are obtained
by interpolation of the elements of f and g at the required values o and T.

Validation of the method

Tn order to validate the NPK method, a set of numerical simulations of DSC
curves (expressed as reaction rate vs. temperature and degree of conversion vs.
temperature) of several systems characterised by typical values of activation en-
ergy (150 kJ mol™) and frequency factor (1- 10'% sy combined with the kinetic
models most commonly used in the literature [3, 4, 5] have been performed. The
heating rates used for the simulations are 2, 4, 8 and 16 K min™'. The results of
these simulations were used as model experiments aid they were analyscd using
Table 1 The mathematical expression of the kinetic models

Madel Symbol Equation, g{o)

Johnson-Mehl- Avrami IMAGn) m(l — o)[-in(1 ~ o] Eq. ()
Two-parameter model SB{n,m) a™(1—o)" Eq. {6)
Two-dimensionat diffusion D2 [In(1-e0)]™ Eq. (7)
Jander cquation D3 3/2(1-00”[17(1—@)” ] Eq. (8)
Gistiing-Brounhstein equation D4 B/L[(lﬂx)*wfl]il Eq. (9)
Reaction order RO(n) (1-o)" Eq. (10)
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the NPK method. The mathematical expressions corresponding to the kinetic
models used to carry out the simulations are listed in Table 1.

Simulation of the model JMA

The particular case corresponding to m=2 in Eq. (5) has been studied, the
sirmmulations of the reaction rate corresponding to a DSC experiment performed
with heating rates of 2, 4, 8 and 16 K min™' are presented in Fig. 1a.
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Fig, 1 Simulation of the reaction rate (s™") vs. temperature (K}, for the kinetic model IMA(2).
Range of simulation 0.03<0:<0.99, Heating rates 2, 4, 8 and 16 K min™ (a).

Comparison between the obtained vector g (+) and the calculated function glo) (con-
tinuous line}, Eq. (3) (b)
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Fig. 2 Graphical representation of the elements of vector f in front of the temperature (a).
Anhenius plog of vector f (b)

These simulated data are analysed with the NPK method in order to obtain the
corresponding vectors f and g that contain all the kKinetic information of the pro-
cess. Figure 1b shows that the NPK method reproduces the shape of the kinetic
model with high accuracy. In Fig. 2a are plotted the elements of vector £, which
follows an Arrhenius-type functionality, Fig. 2b.

This allows to find the Arrhenius parameters, obtaining a value of activation
energy of 150.2 kI mol™ and the frequency factor of 1.06-10'®s™', which are in
good agreement with those fed to the simulations. The data reconstruction using
Eq. (4) is shown in Fig. 3.

There have also been studied the particular cases of IMA corresponding to
m=3 and m=4. Figure 4a presents the simulations of the reaction rate for these ki-
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Fig. 3 Data reconstruction: comparison between the simulated data (+) and the reconstructed
data (continuous line) using Eq. (4)

netic models for a DSC experiment performed at a heating rate of 2 K min™". The
obtained vectors g are presented in Fig. 4b, while the calculated activation en-
ergy and frequency factors are shown in Table 2.

Simulation of the model SB

The two-parameter model SB, Eq. (6), has been studied in three different
cases, corresponding to {a) n=1, m=1; (b) n=1, m=0.5; (¢) n=2, m=1. As ane¢xam-
ple, the simulations of these kinetic models corresponding to a heating rate of
2 K min~" are shown in Fig. 5a. The analysis of the simulated data with the NPK
method provides the shape of the kinetic models, shown in Fig. 3b, and after the
rectification of vector f using an Arrhenius type equation, the values of the ki-
netic parameters, presented in Table 3.

Simulation of the models D2, D3 and D4

The simulations of an DSC experiment carried out with & heating rate of
2 Kmin™' for the kinetic models D2, D3 and D4, Eqs (7)-(9) respectively, arc
presented in Fig. 6a. The corresponding vectors g obtained for each model are
plotted in Fig. 6b, where are compared with the theoretical shapes of the mathemati-
cal equations. The parameters of the Arrhenius equation are shown in Table 4,

Simulation of the RO model

Four different cases of the RO model have been simulated, corresponding to
the cases defined by n=1/2, 2/3, I and 2. The simulation of the behaviour of the
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Fig. 4 Simulation of the reaction rate (s} vs. temperature (K), for the kinetic modcels IMA
with m=3 and m=4, Range of simulation 0.03<0<0.99. Heating ratc 2 K min™ (a).
Comparison between the oblained vectors g (+) and the calculated functions g(ct) (con-
tinuous line}, Eq. (5) (b)

Table 2 Comparison of the values of the kinetic parameters obtained from vector f wlth the values
used to perform the numerical simulation

E/kT mol™ Error/% Afs™! Error/%
m=3 150.2 0.11 1.04-10' 4.6
me=d 150.1 0.05 1.02:10'6 2.3
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Fig. 5 Simulation of the reaction rate (s’"l) vs. temperature {K}, for the kinetic modei SB.
Range of simulation ¢.03<e<0,99. Heating rate 2 K min . (a) n=1, m=1: (b) n=1,
m=0.5; (c) n=2, m=1(a). Compariscn between the obtained vectors g (+) and the calcu-
lated functions g{®) (continuous line), Eq. (6) (b)

Table 3 Comparison of the values of the kinelic parameters obtained from vector f with the values
used to perform the numerical simulation. Models SB(1.1), SB(1.0.5), SB(2.1}

E/XI mol” Error/% AfsT! Error/%
n==t, me=1 150.0 0.03 9.91.10" 0.9
n=1, m=0.5 150.2 0.11 1.05.10" 48
n=2, m=1 150.1 0.06 1.03-10' 23
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Fig. 6 Simulation of the reaction rate (s"} vs, temperature (K), for the kinetic modets D2, D3
and D4, Range of simulation 0.03<a<0.99. Heating rate 2 K min~! fa). Camparican he-
tween the obtained vectors g (+) and the calculated functions g{o) (continuous line),
Eqs (7)-(9) (b)

Table 4 Comparison of the values of the kinetic parameters obtained from vector £ with the values
used to perform the numerical simulation. Models D2, D3 and D4

EikJ mol”! Ercor/% Als™! Error/%
D2 150.4 0.26 1.12-10' 12,0
D3 150.4 0.26 1.13-10" 12,5
D4 150.4 0.26 1.12-10'¢ 12.4
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Fig. 7 Simulation of the reaction rate (s ‘1) vs. temperature (K), for the kinetic model RO with =
1/2, n=2/3, n=1 and n=2. Range of simulatior: 0.03<0t<0.99. Heating rate 2 K min™" (a).
Comparison between the obtained vectors g (+) and the calculated functions g{et) (con-
tinuous line), Eq. (13) (b)

Table 5 Comparison of the values of the kinctic parameters obtained from vector { with the values
used to perform the numerical simulation. Models RO(1/2), RO(2/3}, RO(1), RO(2).

E/K] mol™ Error/% Ats’! Errot/%
n=1/2 150.3 0.21 1.09-10'° 9.4
n=2/3 150.3 .21 1.09-106° 9.3
n=i 150.3 0.23 11010 10.0
n= 150.4 0.29 11210 12.2
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system during an DSC experiment is presented in Fig. 7a. These simulated data
is analysed with the NPK method, which gives the shape of the kinetic models
and allows the calculation of the activation energy and the frequency factor,
These results are presented in Fig. 7b and Table S respectively.

Conclusions

The non-parametric kinetics method is able to obtain both the activation en-
ergy and the kinetic model that better fit the thermoanalytical data without any
previous assumption.

In all the tested cases, the new NPK method gives with high accuracy the
shape of the kinetic equation that generates the simulated data.

Itis worth mentioning the accuracy in the calculation of the activation energy,
being the calculation error below 0.3 %.

Comparing with the classical methods, like methods described in references
[3] and [4], this new method is not restricted to the kinetic equations presented in
Table 1, it is open to any other equation.

Another advantage of this method is how it calculates the activation energy.
Classical methods calculate it using only few points, usually three or four, corre-
sponding to the maximum of the thermoanalytical curves, however the NPK
mcthod uses a larger number of points and a wider range of temperatures. Su, the
results obtained by this method seem to be applicable in a wider range of situ-
ations.

Symbols
A Arrhenius frequency factor 57!
A reaction ratc matrix 7!
E activation cnergy kI mol™!
f vector related to temperature dependence, defined in Eq. (3) =
g vector related to degree of conversion dependence, defined in Eq. (2)
a kinetic parameter
m kinetic parameter
o degree of conversion
o reaction rate g7t
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