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Abstract. The method for identification of the triplet of kinetic parameters 
of a heterogeneous reaction using the data of the derivatographic analysis is 
proposed. This method is characterized by high accuracy and relative 
simplicity and it can be effectively realized using MS Excel software. 

Metal nanopowder is one of the most prospective high-energy materials that is widely used 
in many spheres [1, 2]. This explains long and sustained interest in studying the features of 
metal nanopowder, in particular the kinetics of oxidation [3]. The proceeding heterogeneous 
reaction can be in full measure characterized by the so-called “kinetic triplet” – the frequency 
factor A, the activation energy 𝐸𝐸𝑎𝑎 and the mathematical description of the reaction mecha-
nism f(α) [4, 5, 6]. 

To identify these three parameters, the data of the derivatographic experiment conducted 
in the non-isothermal mode are used, when the change in the degree of transformation of the 
material α over time t is described by the differential equation 

𝑑𝑑α
𝑑𝑑𝑑𝑑 = 𝐴𝐴 ∙ exp (− 𝐸𝐸𝑎𝑎

𝑅𝑅𝑅𝑅) ∙ 𝑓𝑓(α), 𝑅𝑅 = 8.3144621 J
mol ∙ К . (1) 

Under the temperature-linear heating where the rate of temperature increase T with a 
given parameter β = 𝑑𝑑𝑅𝑅 𝑑𝑑𝑑𝑑⁄  and a specific mechanism 𝑓𝑓(α) = (1 − α)𝑛𝑛, the kinetic equation 
(1) can be represented as 

𝑑𝑑α
𝑑𝑑𝑑𝑑 = 𝐴𝐴

β ∙ exp (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅) ∙ (1 − α)𝑛𝑛, (2) 

where n – order (index) of reaction. 
Equation (2) has no analytical solution and numerical methods or approximate analytical 

ones are used to determine the kinetic parameters. 
The aim of this paper is to represent a quantitative result analysis of the derivatographic 

study of oxidation on the basis of a new approach to calculating the kinetic parameters of a 

                                                           
 Corresponding author: bvborisov@tpu.ru  

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Electronic archive of Tomsk Polytechnic University

https://core.ac.uk/display/162466654?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


2

MATEC Web of Conferences 194, 01010 (2018) https://doi.org/10.1051/matecconf/201819401010
HMTTSC-2018

Matec Web of Conferences 

heterogeneous reaction, as well as to obtain relationships for the estimation of these parame-
ters. 

Identification of the kinetic parameters is performed with measured values {𝑇𝑇𝑖𝑖, α𝑖𝑖} (𝑖𝑖 =
0,1, … , 𝑁𝑁 and is determined by minimizing the coefficient of variation calculated in accord-
ance with (2) the values of the frequency factor 𝐴𝐴𝑖𝑖 

𝐴𝐴𝑖𝑖 = β
∫ 𝑑𝑑α

(1 − α)𝑛𝑛
α𝑖𝑖

α0

∫ exp (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇) 𝑑𝑑𝑇𝑇𝑇𝑇𝑖𝑖

𝑇𝑇0

 , 𝑖𝑖 = 1, … , 𝑁𝑁. (3) 

The integral in the numerator of equation (3) has a following quadrature 

∫ 𝑑𝑑α
(1 − α)𝑛𝑛

α

α0

= − {ln[(1 − α0)/(1 − α)],                              if 𝑛𝑛 = 1,
[(1 − α0)1−𝑛𝑛 − (1 − α)1−𝑛𝑛] (1 − 𝑛𝑛)⁄ , if 𝑛𝑛 ≠ 1. 

The denominator integral of the Arrhenius shape is calculated by approximation [7] 

∫ exp (− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇) 𝑑𝑑𝑇𝑇

𝑇𝑇

0

≈ 𝑅𝑅𝑇𝑇2

𝐸𝐸𝑎𝑎
∙

𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇 + 0.25403 ln (𝐸𝐸𝑎𝑎

𝑅𝑅𝑇𝑇) + 0.36665
𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇 + 0.24598 ln (𝐸𝐸𝑎𝑎

𝑅𝑅𝑇𝑇) + 2.41457
exp (− 𝐸𝐸𝑎𝑎

𝑅𝑅𝑇𝑇), 

that provides calculation accuracy with a relative error approximately estimated to 10-4%. 
Fig. 1 shows a solution of the example from the monograph [8] by using the method 

described above; discrepancy between parameters n and 𝐸𝐸𝑎𝑎 is less than 0.01%. 

 
Fig. 1. Screenshot showing the solution of identification of kinetic parameters. 

The minimization of the spread of the calculated values (on fig.1 this functional – the 
objective function – is represented by F) was conducted using Solver tool in the mode (for 
the given case) of the nonlinear generalized decreasing gradient method [9] for the scalable 
values of 𝐸𝐸𝑎𝑎 𝑅𝑅⁄  and n. 

To estimate the kinetic parameters of the reactions 𝐴𝐴, 𝐸𝐸𝑎𝑎 and n the degree of conversion 
α as a function of temperature in some approximation can be described (approximated) by 
equation. 
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The minimization of the spread of the calculated values (on fig.1 this functional – the 
objective function – is represented by F) was conducted using Solver tool in the mode (for 
the given case) of the nonlinear generalized decreasing gradient method [9] for the scalable 
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To estimate the kinetic parameters of the reactions 𝐴𝐴, 𝐸𝐸𝑎𝑎 and n the degree of conversion 
α as a function of temperature in some approximation can be described (approximated) by 
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Heat and mass transfer in the thermal control system of technical and technological energy 
equipment 

α = 1

1 + exp [−2π(𝑇𝑇 − 𝑇𝑇0)
∆𝑇𝑇 ]

 ,     𝑇𝑇 ∈ [𝑇𝑇0 − ∆𝑇𝑇
2 ; 𝑇𝑇0 + ∆𝑇𝑇

2 ] , (4) 

that depends on two parameters: distinctive temperature T_0 of the highest reaction rate, 
that defines half reaction of a matter α = 0.55 and temperature range ∆T of an area 
(1 + eπ)−1 ≤ α ≤ (1 + e−π)−1 of aprox. 90% of material transformation (fig. 2).  

 
Fig. 2. Qualitative character of the derivatogramm 

Using the approximation differential (4) and the kinetic equation of the process (2) for 
the representative values of the temperature 𝑇𝑇𝐿𝐿 = 𝑇𝑇0 − ∆𝑇𝑇 2⁄ , 𝑇𝑇 = 𝑇𝑇0 and 𝑇𝑇𝑅𝑅 = 𝑇𝑇0 + ∆𝑇𝑇 2⁄  
we can determine the main parameters of the reaction: 

𝑛𝑛 =
2 ∙ ln (ch π

2)

ln (ch π
2) + π

4
∆𝑇𝑇
𝑇𝑇0

≈ 2
1 + 0.8537 ∆𝑇𝑇

𝑇𝑇0

 , 

𝐸𝐸𝑎𝑎 = π𝑛𝑛𝑛𝑛 𝑇𝑇0
2 − (∆𝑇𝑇 2⁄ )2

∆𝑇𝑇  , 

𝐴𝐴 = 2𝑛𝑛−1 πβ
∆𝑇𝑇 ∙ exp ( 𝐸𝐸𝑎𝑎

𝑛𝑛𝑇𝑇0
). 

(5) 

Output parameters 𝑇𝑇0  and ∆T for the ratios (5) are defined by temperatures 𝑇𝑇𝐿𝐿  and 𝑇𝑇𝑅𝑅 
using for example a method of proportional parts of initial relation {𝑇𝑇𝑖𝑖; 𝛼𝛼𝑖𝑖}. 

The analysis of the parameters of the same example [4] according to the ratios (5) results 
in the following deviations from the precise solution: 3% deviation from the reaction order n 
and 2.9% deviation from the activation energy 𝐸𝐸𝑎𝑎. 

Thus, in this paper the method for identification of the triplet of kinetic parameters of a 
heterogeneous reaction using the data of the derivatographic analysis is proposed. This 
method is characterized by high ac-curacy and relative simplicity and it can be effectively 
realized using MS Excel software, which is available on almost every personal computer 
whether at a laboratory, school or at home. In addition, the method of approximate estimation 
of kinetic parameters on the basis of dependence approximation between the degree of ma-
terial transformation and the temperature of the logistic curve is proposed. 
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