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ORUCAHUIO NPOUECCA MEPMOXUMUYECKOT KOHEepcuUu mamepuanoe. Paccmompenwt eapuanmut Knaccu-
dukayuu ucnonp3yemuvix Memoooe 00padomKu KuHeMUUeCcKUxX KpUeslx, a maxyice AHaiu3 6apuanmos
GKJIIOUEHUA 6 DACYem annpoOKCUMAUUU meMnepamyprnozo unmezpana Appenuyca. Beinonnena uoen-
mugukayus KuHeMUYeCKUX NApaAMempos Ha OCHOBe AHATIU3A PE3YTbIAN08 MEPMUYECKO20 PA3TI0dHCe-
HUSL MOOENIbHO20 MAMEPUATIA 6 HEUZOMEPMUUECKUX YCII08UAX HECKOTIBKUMU U3BECHIHBIMU MEMOOAMU,
He npeononazarouwiumu evluucienue memnepamyprnozo unmezpana. Illokazano, umo npoeedenue 06-
PAmno2o pacuema 6 pAmMKax i0H020 U3 UCnOIb3yeMbIX MEMO008 C Ue1bI0 NPOZHOZUPOGAHUA 6ETUYUHbBL
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CPeOHeK8Adpamuieck020 OMKI0HEHUA PACUEMHBIX OAHHBIX OM IKCHEPUMEHMANbHBIX. YKaA3aHHAaA 3a-
oaua 0bl1a peuteHa Memooom nepeoopa napamempos 01 onpeodeneHus 10KAAbH020 ONMUMYMA KOM-
ounayuu A u E npu uucnennom mnaxodxcoenuu memnepamyprozo unmezpana. Ilokazano umo, He-
CMOMPs HA OOALULOTL 00bEM GLIUUCTUMENBHBIX ONEPAUUTL, NPU MAKOM ROOX00e MOJHCen (bimb noJly-
ueno couemanue A u E, 06ecneuusaionjux MuHUMAIbHOE NPU 3A0AHHOT MOYHO CIUL 6bIYUCICHUIL Pac-
X03cOeHUEe MeNHCOY IKCREPUMEHMATIbHLIMU U HPOZHO3UPYEMbIMU 3HAYEHUAMU.
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FORMAL KINETIC APPROACHES TO THE DESCRIPTION OF THERMAL DECOMPOSITION
OF MATERIALS - PROBLEMS OF PARAMETER IDENTIFICATION
AND RESULTS INTERPRETATION: A BRIEF REVIEW

A.V. Mitrofanov, [V.E. Mizonov, M.V. Mal’ko, S.V. Vasilevich, Z.V. Zarubin

The paper provides an overview of the principal approaches to the formal kinetic description
of the process of thermochemical conversion of materials. The variants of classification of the meth-
ods used for description of kinetic curves are observed, as well as the analysis of options for including
the approximation of the Arrhenius temperature integral in the calculation. The kinetic parameters
were identified based on the analysis of the results of thermal decomposition of the model material
under non-isothermal conditions by several well-known methods that do not involve the calculation
of the temperature integral. It is shown that performing a reverse calculation within the framework
of any of the methods used in order to predict the conversion rate of decomposition gives adequate
results. The task of comparing the methods was not set by itself, since the calculations were per-
formed for the model material with a very small set of experimental data. The calculation results are
used as illustrative material confirming the possibility of identifying the parameters A and E of the
Arrhenius equation by these methods. Within the framework of this study, a solution was also found
to the two-dimensional optimization problem of finding the minimum value of the standard deviation
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of the calculated data from the experimental ones. This problem was solved by iterating over the
parameters to determine the local optimum of the combination of A and E when numerically finding
the temperature integral. It is shown that, despite the large volume of computational operations with
this approach, a combination of A and E can be obtained, providing the minimum discrepancy be-
tween experimental and predicted values for a given accuracy of calculations.

Key words: thermochemical conversion, formal kinetic, thermogravimetric analysis, Arrhenius law, re-
action order, temperature growth rate, temperature integral

Amnnpeii Bacunbesua Mutpoganos (ORCID 0000-0002-4651-7473) - n.1.H., kKadeapa MpUKIATHON MATEMATHKH,
HBaHOBCKMIT TOCYJapCTBEHHBII SYHEPTETHIECCKUIT YHHBEPCUTET, YiI. PabdakoBckas, 34, iBanoBo, Poccuiickas De-
nepauws, 153003.

Obnacme HayuHblx UHMeEPecos: TEXHOIOTNYECKUE MPOLECCHl MepepabOTKH ChITyYHX CPEA M OIMCAHHUE 3THX IIPO-
[[ECCOB C HCIIOJIB30BAaHUEM IIPOMEKYTOUHBIX (ME30CKONMUECKIX ) MACIITA00B MOJICITUPOBAHIS.

Andrey V. Mitrofanov - Dr., Department of Applied Mathematics, Ivanovo State Power Engineering University,
Rabfakovskaya st., 34, lvanovo, 153003, Russia.

Research interests: technological processes of processing granular media and description of these processes using
intermediate (mesoscopic) scales of modeling.

E-mail: and2mit@mail.ru

Bagum Esrennesud Musonos (ORCID 0000-0002-9363-3493) - n.1.H., mpodeccop, kadeapa MpuKIagHON Marte-
MaTHKHU, MIBaHOBCKHI TOCYAapCTBEHHBIN SHEPTeTHUECKUH YHUBEPCHTET, yiI. PaGdakoBckas, 34, MiBanoso, Poccuii-
ckasa @eneparms, 153003.

Ob6nacmp HayuHbix unmepecog: IPUMeHeHHe TeOpHUH Iierielt MapKoBa B XUMHYECKOH HHKEHEPUU.

Vadim E. Mizonov - Dr., Prof., Department of Applied Mathematics, lvanovo State Power Engineering Univer-
sity, Rabfakovskaya st., 34, lvanovo, 153003, Russia.
Research interests: application of the theory of Markov chains in chemical engineering.

Muxaui Baagumup osuy Masnsko (ORCID 0000-0003-1984-8610) - k..-M.H., BHC, JabopaTopust «Bo300HOBIIsI-
emasi sHepreTukay, uctutyt sneprerukn HAH benapycu, yn. Akanemndeckas, 15, kopi. 2, MuHck, Pecry6nmka
Bemapycs, 220072.

Obnacmb HayuHbIX UHMEPEeCcos: BO30OHOBIIsIEMas SHEPTEeTHKA, MMOJYyYSHUE OHMOTOILIHB.

Mihail V. Mal’ko — PhD, Laboratory «Renewable energy», Institute of Power Engineering of the NAS of Bel-
arus, Akademicheskaya st., 15, b. 2, Minsk, 220072, Belarus.

Research interests: renewable energy, biofuel production.

E-mail: mikhailvm@bas-net.by

Cepreii Biragumuposuy Bacuiiesua® (ORCID 0000-0002-9250-2926) - k.T.H., AOIIEHT,
HayuHo-uccnenoBatesnbsckas gadoparopust, benopycckas rocyiapcTBeHHast akaaeMus aBHalui, yi. Y 6opesuua, 77,
MuHck, Pecrry6nmka benapycs, 220096.

Obnacme HayuHblX uHMepecos: BO30OHOBIIIEMas SHEPTETHKA, MTOJyYeHHE OHOTOTLIHB.

Sergej V. Vasilevich — PhD, Research laboratory, Belarusian State Academy of Aviation, Uborevich st., 77,
Minsk, 220096, Belarus.

Research interests: renewable energy, biofuel production.

E-mail: svasilevich@yandex.ru (asmop oz cesizu)

3axap Baagumuposuu 3apyoun (ORCID 0000-0002-3268-1993) - kadenpa TeopeTHuecKOi U NPHKIIAIHON Mexa-
HUKH, /IBaHOBCKHI TOCYIapCTBEHHBIH YHEPreTHIeCKHi YHIBepCHTeT, yi. Pabdakosckas, 34, MBanoBo, Poccuiickas
Deneparus, 153003.

06.acmb HAY4HbIX UHMeEpPecos: MaTeMaTH4eCKOe Mo/leJIMPOBaHHe PU3NKO-XUMHUYECKHX ITPOLECCOB.

Zakhar V. Zarubin - Department of Theoretical and Applied Mechanics, Ivanovo State Power Engineering Uni-
versity, Rabfakovskaya st., 34, Ivanovo, 153003, Russia.

Research interests: mathematical modeling of physical and chemical processes.

E-mail: zvzarubin@gmail.com

J1st ntuTHpPOBaHMA:
MuTtpodanos A.B., , Maneko M.B., Bacunesnu C.B., 3apy6un 3.B. ®opManbsHO-KMHETUYECKHE MOAXO0BI K
OIMUCAHUIOTEPMHUYCCKOTO PA3JIOKCHHUA MaTCPHUATIOB — HpO6J'IeMLI I/I}IeHTI/I(l)I/IKaLII/II/IHapaMG’II)OB W UHTCpHIPETAIUU PE3YJIbTATOB:
Kpatkuit 0630p. M36. 6y306. Xumust u xum. mexnonoeus. 2022. T. 65. Bem. 7. C. 6—16. DOI: 10.6060/ivkkt.20226507.6579.
For citation:
Mitrofanov A.V., Mizonov V.EJ, Mal’ko M.V., Vasilevich S.V., Zarubin Z.V. Formal kinetic approaches to the description of
thermal decomposition of materials - problems of parameter identification and results interpretation: A brief review. Chem-
ChemTech [lzv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2022. V. 65. N 7. P. 6-16. DOI: 10.6060/ivkkt.20226507.6579.

ChemChemTech. 2022. V. 65.N 7 7


https://e.mail.ru/compose?To=mikhailvm@bas%2dnet.by

A.B. Mutpodanos u p.

INTRODUCTION

In the past decades, thermo-chemical treat-
ment of biomass has been the subject of increasing at-
tention [1-4]. However, thermal decomposition of such
solids, which occurs when chemical compounds are
heated, is very complex chemical process for determin-
istic modeling, and therefore formal kinetic approaches
are widely used [5-7]. Therefore, kinetic analysis of
solid-state decompositions is usually based on consid-
eration of a single step kinetic equation [6-7]. In the
past decades, a wide range of simplified methods have
been proposed and accepted for modeling of biomass
reaction kinetics [5-9]. A common basis for classifying
the analytical methods is to divide them into model-
fitting and model-free once. A more detailed scheme
[5, 10] is presented in fig.1.

Model-fitting and model-free approaches both
have some advantages and disadvantages over each
other [25-27]. Over the past two decades, a significant
increase in popularity of model-free approaches can be
found [25]. Partially, this is because many of the sim-
pler model-free methods are easy for programming and
realization, whereas the model-fitting methods usually
require specialized software [25-26]. The most signifi-
cant difference between model-free and model-fitting
methods is that using model-fitting scheme the entire
kinetic triplet (the activation energy, preexponential
factor, and reaction model) can be found through a sin-
gle computational step. Model-free methods to evalu-
ate the Kinetic triplet need several computational steps
[25-26].

Analytical methods for extracting Kinetic parameters

¢

( Modelfitting Model-free

«Coms-Redfern [ 1]
sFreeman-Caroll [ 12]
sDirect differentinl [13]|

J

.

Usoconversional) { Non-isoconyersionul )

| 1

[ * Standart [14] [ |s Generalized direet method[20]
« Ozawn-Flynn-Wall [15-16] [* Friedman [21)
* Fricdman [17) [* McGrattan [22]
* Vynzovkin [15) [* Lyon [23]

* Kissinger-Akahira-Sunose [19]| |+ Kissinger [24)

Fig. 1. Analytical methods for evaluating the kinetic parameters
from experiments with thermal transformation of materials [5, 10]
Puc. 1. AHanmuTHYECKHE METOIBI OLICHKN KHHETHYECKHX MapameT-

POB M3 3KCIIEPUMEHTOB C TEPMOTPEOOPa30BaHUEM MATEPHATIOB

[5, 10]

Another way to classify the same schemes will
be to divide them into two types, namely, the allocation
of integral and differential methods [28]. The essence
of the methods will be clarified in the next section of
the paper; here we will only give some integral and dif-
ferential approaches to illustrate the classification on
this basis (Fig. 2).

Analytical methods for extracting kinetic parameters |

— -

\_ Differential analysis ) (_Integral analysis )

——— P S ——————

+ Direct differential [13])
* Friedman |17]
* Friedman [21]

» Ozawa-Flynn-Wall [I5-16]
« Kissinger-Akahira-Sunose [19]
» Coats-Redfem [11]

* Flynn 29
:\'wu[ Iu * Lyon[23]
e e ay | [ Malko-Vasievich (31
. reemuan-Caroll [12 + Starink [34]

Fig. 2. Some integral and differential approaches for evaluating
the kinetic parameters from experiments with thermal transfor-
mation of materials
Puc. 2. Hexotopsie uarerpanbHeie 1 AuddepeHnnatbabe moa-
XOJbI IJId OUCHKH KUHETUYCCKUX IMMapaMETPOB U3 SKCIEPUMEHTOB
¢ TepMOTpeoOpa30BaHIEM MaTCPHATIOB

THEORETICAL BACKGROUND

The essence of the differential methods

First consider the differential method follow-
ing Flynn [29]. The complex process of thermo-chem-
ical treatment of a biomass sample is considered here
as a single gross reaction. The following equation rep-
resents the reaction Kinetics:

dm 2

S k-(m-m_), (1)
where m is the current value of the sample mass, t is
the reaction time, m. is the terminal value of the sam-
ple mass (corresponded to the highest possible value of
mass loss), k is the temperature-dependent reaction
rate constant, n is the order of the reaction. The term
M can be defined as a «ballast», while the term (m—
m.) denotes the mass of a reactant m.

In order to use a kinetic analysis method the
mass term is transformed into the conversion term o,
which is defined as [25-31]:

m, -m
0=, (2)
m,-m,
or, in the other form, as
m,-(m +m
o= 0 ( r oc), (3)

mO - moc
where mo is the initial sample mass.
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The following differential equation is normally
used to describe the process kinetics [25-31]:
do
G (4)
where f(a) is the function called a reaction model.
The rate constant k depends only on the pro-
cess temperature and can be described by Arrhenius

equation [25-31]:
E
k=A-exp| -— |, 5
ol - ©)

where A is the pre-exponential Arrhenius factor
(min™"), E is the activation energy (J mol™") and R is
the gas constant (8,314 JK 'mol ). These variables do
not depend on the process temperature T (K).
The following Kkinetic relationship [25-31]
comes from Egs. (4), (5):
do

_ E
E =A. exp [-ﬁjf(a) . (6)

Taking the natural logarithms on both sides of
Eq. (6) gives

do ) _ E
In(aj =In(A-f(a)) BT (7

According to [29] the reaction rate at the de-
gree i (do/dt)i is a function of the current (i-th) values
of f(ai) and T(ou)

do) | _ E 1
In[(alj = In(A~f(ai))-ETai). 8)

By plotting from Eq. (8) a graph In[(do/dt)i]
against the reciprocal of temperature 1/T(ai), one can
determine the kinetic parameters for isothermal ther-
mogravimetric analysis (TGA). If the graph is linear,
then the slope defines (-E/R) and the ordinate intercep-
tion defines In(A-f(ai)). Thus, for a given form f(a) the
slope and the ordinate interception of the plot of
In(do/dt) against 1/T(a) allows estimating kinetic pa-
rameters.

This scheme can also be employed for non-iso-
thermal TGA with a constant heating rate B = dT/dt. In
this case Eq. (6) is modified by multiplying both sides
of the equation by B # 0 and we get [27-31]

_._:_.exp(-ijf(a). 9)

Thus, the obvious modification gives the fol-
lowing expression [17]:
do E
In[Bde In(A-f(a)) =
The isoconversional assumption permits the
estimation of the apparent activation energy without
the knowledge of reaction model, and for a specific

(10)
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value of a allows to consider In(A-f(a)) = const. In
Friedman’s method [17], a indicates the value related
to a considered conversion and the subscript «i» refers
the heating rate:

In| B, (d_aj =consta-i.
at /), RT,,

The activation energy at a constant value of o
can be estimated from the slope of the plot of the left
hand side of the Eq. (11) against the inverse of the tem-
perature [17, 32-33]. The Friedman method has a
clearly mathematical basis but creates uncertainties as-
sociated with the accuracy of the measurement and the
calibration of the analysis equipment [34]. Thus, the
Friedman method is characterized by high sensitive to
systematic errors from the total heat released with the
process, therefore the results can be inaccurate (to
16%) [35].

The essence of the integral methods

The integral methods are based on the integral
form of the Eq.(9) when the left hand part of it is inte-
grated up to the conversion a and the right hand part of
it is integrated over a time dependent temperature
range [25-28]

(11)

o T
J'd—azéj'exp(-ide.
o flo) B To RT
Introducing the new variable x = E/(RT) al-
lows transforming Eq.(12) to the following form [31]:

©exp(-x)dx
I:—a=g(a)=ﬂ'[#,
o (o) PRS X
where g(a) is called the integral conversion
function [25-31].

Difficulties of the temperature integral estimation

The exponential integral on the right hand part
of Eq. (13) has no exact analytical solution and various
approaches are used for its reasonable evaluation by
series solutions or other approximations [6, 30]. It is
possible to classify these solutions into three catego-
ries: 1) approximate calculation; 2) series solution;
3) numerical integration [6, 30-31]. Following [30],
we will call the integral in the right part of equations
(12)-(13) the «temperature integraly.

The Doyle method can be used as the example
of approximate calculation method for right hand part
of Eqg. (13) [36]. Following this method and introduc-
ing a new notation p(x) for right hand part integral in
Eqg. (13) it can be obtained:

00~ G ).
Doyle established [36] that the function p(x) is

linear with respect to x over a short range of x values,
and hence

(12)

o

(13)

(14)

In(p(x)) ~-a-b-x. (15)
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Using the first three terms of the Schlemilch
series expansion in Eq.(15) for the x values in the range
for the degree of transformation 28 — 50 Doyle esti-
mated the parameters of this equation [36]:

In(p(X)) ~-2.315-0.457 - X . (16)

Ozawa [15] and Flynn&Wall [16] independently
developed a method for calculating non-isothermal ki-
netics. They suggested taking the logarithm of Eq. (14)
to obtain the following form:

In(g(o)) = 1n§+ln(p(x>) .

Then, solving the exponential integral p(x) by
using the Doyle’s approximation (Eq. (16)) for the
temperature integral, they obtained the following result
[15-16, 37]:

In(g(0)) = In 2 -2.315-0.457. -
BR RT

(17)

(18)

One way to avoid involvement of the tempera-
ture integral in the analysis is to perform the analysis
directly upon the differential TGA curve. There are
some methods to do this [30].

As an example of avoidance of the temperature
integral, we consider the integral method proposed in
the paper [31]. The proposed method is initially as-
sumes following the algorithm of Coats-Redfern
model-fitting method [11].

The key equation of the method is as follows

(827
T? BE E RT'

where Tm IS average reaction temperature.
Taking into account that the (2RT/E)<<1, Eq.
(19) can be written in the following form [31,38-39]:

In[@j - In [ﬁj £ (20)
T BE ) RT

It can be seen that, in the regression Eq. (20)
the term In(g(a)/T?) increases linearly as the function
of (1/T) with the slope (-E/R). The activation energies,
reaction model, and pre-exponential factor can be de-
termined through analysis of this function (the clip part
of the Y-axis allows to evaluate the reaction model, and
the activation energy can be determined from the fitted
value of the logarithm in the right hand part of Eq.
(20)). In other words, under conditions of absolute con-
vergence between experimental data and predictions
by Eg. (20), we have to obtain the coefficient of total
determination R? equal to 1. Thus, the sequence of the
Coats-Redfern method implementation consists of
looping through the possible variants of the kinetic
models. The variants of the kinetic models are pre-
sented in the Table 1.

[11]:

(19)

Table 1

Differential, f(a), and integral, g(e), kinetic functions for various solid-state reaction models [6-7, 38]
Tabnuya 1. Indpepenunanbusie, f(a), 1 HHTErpaabHble, g(0), KUHeTHYEeCKHE (PYHKINH, COOTBETCTBYIOIINE pa3-
JIMYHBIM MeXaHU3MaM XHMHYECKHX peaKimii TBepaoro teua [6-7, 38]

Ne Reaction model Code f(a) g(o)

1 Power law P1 1 o

2 Power law Pan (2/3)-07*? P

3 Power law P, 2-012 ol

4 Power law Ps 3-028 ol

5 Power law P4 4-0,%" ol

6 Avrami-Erofe’ev A (3/2)-(1- a)-[-In(1- a)]*3 [-In(1- 0)]?®

7 Avrami-Erofe’ev A 2-(1- o) [-In(1- o)]¥2 [-In(1- a)]*?

8 Avrami-Erofe’ev As 3-(1- a)-[-In(1- a)]?? [-In(1- )]*3

9 Avrami-Erofe’ev A 4-(1- a)-[-In(1- a)]*"* [-In(1- a)]*

10 Prout-Tompkins B a(1- o) In[a (1- a)]+e*

11 Contracting area R, 2-(1- a)t? 1-(1- a)'?

12 Contracting volume R3 3-(1- a)?" 1-(1- )3

13 1-D Diffusion D; 1/(2-a) a?

14 2-D Diffusion D, [~In(l-a)]* (1- @) In(1- @)+ o
3.(1- o)

15 3-D Diffusion Ds m (1_ (1- a)l/s)z

16 Reaction order: first order, F1 (1-a) -In(1-0)

17 Reaction order: n-th order Fn (1- )" [1-(1- o)t "/(1-n)

According the method [31] the search of suita-
ble variant from the possible kinetic models is still re-
quired and this procedure is accompanied with the con-

10

ventional Coats-Redfern method. However, the pre-ex-
ponential Arrhenius factor and the activation energy
can be evaluated by using of the following approach.
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For the selected reaction model, the reaction rate con-
stant k is obtained directly from the experimental data
according to the following relationship:

_ (o)

] t?xp

where j is the measurement number, g is the accepted
integral model. The experimental time t>® indicates the
time during which the a®® changes sufficiently. In
other words, it is the process time excluding the induc-
tive period of the reaction to. This can be expressed as
follows:

: (21)

= -1, (22)

The inductive period of the reaction to can be
evaluated by using the following procedure. The ac-
cepted reaction model g(a) is expressed as a function
0 = f(k,t,to). In particular, this relationship for the
third order reaction has the form (see the line 17 in Ta-
ble 1 for n =3) [31]:

cale _ 1

BT e ()

cale

(23)

The calculated values of a** with various val-
ues of to are compared to the corresponding values of
experimental a®®, and tmin is determined as the value
that minimizes the average deviation o, which is de-
fined as follows:

g for oY
%N ]Zl[ = ] : (24)
where N is the number of experimental points, j is the
number of testing value of the induction time.

Egs. (23)-(24) are introduced here to show the
formalized procedures of evaluation of inductive pe-
riod of the reaction. These procedures allow determine
its values clearly. When the empirical relationship (21)
is evaluated, the values of the kinetic parameters can
be determined through analysis of the In(kj) as a func-
tion of the inverse absolute temperature (1/Tj). This lin-
earization plot allows determining the values of the ac-
tivation energies and pre-exponential factor [31]. The
method, described in the paper [31], can serve as an
example of avoidance the calculation of the tempera-
ture integral. These methods are widely used for ki-
netic studies of wood and derivatives of plant materials
[28, 38-45].

Actually, it follows from Eq. (12) that we have
to use the following forms for second-order reactions:

oe) = (1-a)™* -1=%jexp(-R—ETde . (25)

where To is the temperature at the end of the induc-
tion period.
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Then, instead of Eq. (23), we have to use the
more strict following relationship:

af:alc —1_ 1

] Tj )
1+Ajexp(- E de
B RT
However, this way makes it very difficult to
identify kinetic parameters, although the mathematical
formalization of identification procedures is increasing
(Aand E).

(26)

RESULTS AND DISCUSSIONS

In this section, we will set some model data on
the thermal decomposition of the model material. In
fact, we take a very limited set of kinetic data from our
previous study [31]. We don’t set the task to compare
the accuracy of various methods, but only want to per-
form several calculations as an illustration of some in-
accuracies that will be discussed further. To clarify the
model situation, we will assume that the value of the
conversion rate does not change in the initial period
equal to 224 min (respectively before reaching To=530 K).
The temperature increased linearly during the process
with rate B =2.37 K-min™. Thermal transformation of
the model material is considered to be of second order
reaction model (F2).

£
e

el g 536

() [ ] Lo L7 LE L9
100QT

I.\".Hl 353 38 (0] 630 L)) (- ]
b T.K
Fig. 3. a— linearization plot In(g(c.)/T2)=y(L/T) for Coats-Redfern
method [11], markers are experimental data; b — the conversion rate ver-
sus temperature: markers — experimental data, line — calculation data
Puc. 3. a — rpadux nuneapuzannu (y=In(g(a)/T2), x=1000/T) npu
ucrosk3oBannu Metoaa Koyrca-Pendepna [11], mapkepsr — 9kc-
TICPUMCHTAJIbHBIC 3HAYCHUA b — 3aBHCHMOCTE CTEIIEHU npeBpa-
IICHUS OT TEMIIEPATYPhl: MAPKEPhI — SKCIICPUMEHTANIbHBIC JaH-
HBIC, JIMHUA — paCUCTHBIC JaHHBIC
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The kinetic parameters were first estimated by by the Doyle method [36]. The linearization plots ob-
four conventional methods described above: by the tained for the second order reaction model and the ob-
Coats-Redfern method [11], by the method proposed tained results of the reverse calculation for prediction
Malko et. al. [31], by the differential method [29] and  of a are shown in Fig. 3-6.

o0

Fig. 4. a— linearization plot In(Bda/dT)-In(f(.))=y(L/T) for direct differential method [29], markers are experimental data; b — the con-
version rate versus temperature; markers — experimental data, line — calculation data
Puc. 4. a— rpadux muneapuzanuu In(fde/dT)-In(f(a))=y(1/T) npu ucnons3oBannu auddepeHnnaIb-Horo MeToaa [29], Mapkepsl — 9Kc-
MePHUMEHTAIbHBIC 3HAYCHUST; b — 3aBHCHMOCTbD CTENICHH IPEBPALICHUS OT TEMIIEPaTyPhl: MapKePhl — SIKCIEPUMEHTAIbHbIC TaHHBIE, JTH-
HUS — PpaCYCTHLIC JJAaHHBIC

‘ll i.5 I.h 1.7 X (&) 30 244 e, e EX £54 & Y.
100 ' b I K
Fig. 5. a— linearization plot In(k)=y(1/T) for integral method [31], markers are experimental data; b — the conversion rate versus temper-
ature: markers — experimental data, line — calculation data
Puc. 5. a— rpaduk muneapusanun In(k)=y(1/T) npu ncrons30BaHNM HHTETpAIBHOTO MeToa [31], MapKepsl — SKCIepUMEHTaIbHBIE
3Ha4eHus ; b — 3aBUCHMMOCTb CTEIICHH NPEBPALLCHUS OT TEMIIEPaTypbl: MapKePbl — 3KCIIEPUMEHTAJIbHbIE JAHHBIC, JIMHHUS — PACUCTHBIC
JIaHHBIC

4 ‘ ' ’ ‘ 10 A s 0 (3% Wy o

LK

oo b
Fig. 6. a— linearization plot In(g)=y(1/T) for Doyle method [36], markers are experimental data; b — the conversion rate versus tempera-
ture: markers — experimental data, line — calculation data
Puc. 6. a — rpaduk mureapmzannu In(g)=y(1/T) npu ucrons3oBannu Meroaa Joiina [36], Mapkepbl — SKCIIEpUMEHTAIbHbIC 3HAYCHHUS;
b — 3aBHUCUMOCTD CTCTICHU NPEBPALLICHUA OT TEMIIEPATYPBI: MAPKEPHI — SKCIIEPUMEHTAJIbHBIE TaHHBIC, JTUHUSA — PACUCTHBIC TaHHbIC
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Within the present study a two-dimensional
parametric identification was carried out by iterating
through the parameters to determine the local optimum
of the combination of A and E (o was determined with
using Eq.(26), A was varied within range of 1...10 and
E was varied within range 500...80000. The integral
was calculated numerically by the trapezoid method
with an integration step equal to 0.005 K. The mean
square deviation with the inverse sign was considered
as an optimization parameter y:

— 1 4 exp calc 2 H
7 _N;(al -0 ) —min,

Fig. 7 shows two approximations to the opti-
mal value, namely with a coarse step within wide limits
(a) and with a smaller step within mare narrow limits
(b). The obtained in this study Kkinetic parameters are
summarized in the Table 2.

(27)

Table 2
Estimates of parameters A and E during identification
by various methods
Tabnuya 2. 3navenns napamerpos A u E npu ugenTu-
(puxanum pasaMYHBIMH METOJAMHU

. o . 1 |E, kJ-mol"|Algorithm for A and
Ne B, Kemin™ A, min : E identification
1] 2.23-10° | 91.2 | Coats-Redfern [11]
1 2 | 2.58-10 | 76.1 Malko et al. [31]
Differential method
.106
i 237 7.27-10 102.5 [29]
| 4| 432-10° | 957 | Doyle method [36]
106 optimization with
5 1.2-10 88.1 using Eq.(28)

CONCLUSIONS

Various approaches to describe the kinetics of
materials thermal decomposition were classified, de-
scribed and compared from the viewpoint of their par-
ametric identification. The thermal decomposition of
the model material under non-isothermal conditions
was discussed. The calculation results are used to illus-
trate the possibility of identifying of the parameters A
and E by these methods. Within the framework of this
study, a solution to the two-dimensional optimization
problem of finding the minimum value of the standard
deviation of the calculated data from the experimental
ones was also found. This task was solved by iterating
over the parameters to determine the local optimum of
the combination of A and E when numerically finding
the temperature integral. It is shown that, despite the
large volume of computational operations with this ap-
proach, a combination of A and E can be obtained,
providing the minimum discrepancy between experi-
mental and predicted values for a given accuracy of

ChemChemTech. 2022. V. 65. N 7
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calculations. It is also shown that the combinations of
A and E found using "traditional" methods are in a cer-
tain range of “"comparatively optimal values”, the ex-
istence of which is due to the nature of the solution of
the "temperature integral™. It can be concluded that the
kinetic parameters obtained using various methods
should be taken with caution. High accuracy of the pre-
dictions can be reached only when using the methods
that were used to identify kinetic parameters.

X

0.9
0.8
0.7
0.6
0.5
04
0.3
021

0l

if

530 558

680 700
K

b
Fig. 7. a— the approximation to the optimal value (a) with a step
2-10° for A and 3-108 for E (the arrows show the positions of
combinations A and E for the methods whose numbers are given
in Table 2: 1 — via algorithm Coats-Redfern [11], 2 — with the use
of the integral method [31], 3 via differential method [29], 4 via
Doyle method [36], 5 — via optimization with using Eq.(26); b — the
conversion rate versus temperature: markers — experimental data,
line — calculation data (via optimization with using Eq.(26))
Puc. 7. a — npubnmKkeHrue K ONTUMATIBLHOMY 3HAYCHUIO (a) C Ia-
rom 2-10° aas A u 3-10% s E (CTpesky NOKa3hIBaOT HO3UILMK
koMmOuHarwii A 1 E 111 MeTooB, HOMepa KOTOPBIX IIPHBEICHBI B
tabmure 2: 1 — ¢ nomonisio anroputma Koyrca-Pendepna [11],
2 — MIpY UCTIONB30BAHUN UHTETpabHOTO MeToza [31], 3 — ¢ mo-
MoIieio quddeperimaisroro Mmeroaa [29], 4 — ¢ MOMOIIBIO Me-
Tona Jloina [36], 5 — MOUCK ONTUMATBHBIX 3HAYEHUH C MCIIOJIB30-
BaHNEM ypaBHeHHs (26); b — cTemneHp MpeBpanieHus B 3aBUCUMO-
CTH OT TEMIIEPATYPhbI: MAPKEPHI — SKCIIEPUMEHTAJIbHBIC JaHHBIC,
JIMHUA — JaHHBIE pacdyeTa (HOI/ICK ONTHMAJILHBIX 3HAYEHUH C HC-
N0JIb30BaHUEM ypaBHEeHU (26))
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