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Preface

This application book is intended for senior students of natural science faculties of universities (faculties of chemistry, physics, geology, etc.) and technical institutes, who use methods of thermal analysis for kinetic studies in their research. The book can help researchers in studies of thermal decomposition, oxidation of various substances and materials, and other similar processes. It can be used in the laboratories of industrial enterprises applying methods of thermal analysis for quality control of raw materials and final products, and also by all users of the NETZSCH-Gerätebau GmbH equipment.

We would like to thank Dr. Gayana Kirakosyan ( Institute of General and Inorganic Chemistry, Russian Academy of Sciences) for the translation into English and for useful remarks. We express our gratitude to Dr. Elena Moukhina (Netzsch-Gerätebau GmbH) for her explicit review and for the very helpful comments. We would like to thank in particular Dr. Malte Behrens and Prof. Robert Schlögl (Fritz-Haber Institute of the Max-Planck Society) for their support and assistance.


Introduction

The term “non-isothermal kinetics” appeared in the late 1950s as a result of the extensive development of thermonalytical methods. At that time, the first commercial thermal analyzers appeared, providing sufficient precision and reproducibility of recorded data. It was also recognized that any thermoanalytical curve contains kinetic information on a process in a given temperature range. Numerous methods of estimating the Arrhenius parameters from the results of thermal analysis (TA) have been suggested [1]. However, later studies have shown that the experimental simplicity is in inverse proportion to the complexity of calculations for assessing the mechanisms of processes and determining their characteristics.

It is strongly recommended to become familiar with the work of Vyazovkin et al. [2]. This paper was developed by the Kinetics Committee of the International Confederation for Thermal Analysis and Calorimetry (ICTAC) as recommendations for reliable evaluation of kinetic parameters from the data obtained by means of thermal analysis methods.

Inasmuch as the TA experiment deals basically with solid samples, kinetic studies using thermoanalytical methods pertain to heterogeneous reactions. Kinetic analysis is based mainly on thermogravimetry (TG) and, to a lesser extent, on differential scanning calorimetry (DSC) data. The reasons for this are discussed below.

A formal kinetic analysis using TA data to describe heterogeneous reactions is based on certain empirical relationships, to which a physical meaning can be assigned, making allowance for certain a priori notions of the mechanism of reactions that occur in a system.

The reasoning behind the use of an empirical approach is as follows:


	It is often rather difficult to suggest a physical and geometrical model that would correspond to the character of the process during the entire course of reaction in the temperature range under consideration. In addition, for polydisperse systems in which parallel processes occur (as in macromolecular systems with molecules of different size), modeling is a rather challenging task, so that it is better to use a physical and mathematical description of the overall process.



	For practical purposes, a detailed study of the reaction mechanism is of less importance than the optimization of the process by determining the effect of different experimental conditions on its rate.



	The use of empirical relationships in kinetics makes it possible to easily obtain numerical characteristics. However, without an adequate analysis of results, it is impossible to give them a strict physical meaning. A typical example is the indiscriminate use of the concepts of homogeneous reaction kinetics to describe heterogeneous reactions.




This manual focuses on the use of the Netzsch software for formal kinetic description of heterogeneous reactions based on TA data. The program package comprises the following programs: the Thermokinetics program for solving inverse and direct kinetic problems, that is for estimating Arrhenius parameters, for finding the most statistically probable type of function to describe the process under consideration, and for performing predictive calculations; the Peak Separation program for decomposing multimodal curves into separate components; and the Thermal Simulation program considering scaling effects on the basis of Thermokinetics calculation results.


1. Empirical Relationships and Specifics of Calculation Methods Used for Solving Non-Isothermal Kinetic Problems

The solving of the kinetic problem consists of several steps. At the first step the inverse kinetic problem is solved by evaluating of Arrhenius parameters. However, the solution requires a series of experiments with different heating rates and determination of optimal experimental conditions:

[image: ]
(1.1)
where As is the initial powdered solid reagent forming a flat layer, Bs is the solid reaction product located on the grains of the initial reagent, and Cg is the gaseous reaction product released into the environment. This process is referred to as quasi-one-stage, for reason that the reactions of the type of Equation 1.1 have at least three stages and comprise the chemical reaction stage, heat and mass transfer. However, depending on the experimental conditions, one of the stages can be limiting. In our case, we believe the chemical reaction to be the rate-limiting stage. Let us assume that the dependence of this process on time and temperature is a single-mode thermoanalytical curve.

For such a process, the change in the reaction rate as a function of temperature can be described as follows:

[image: ]
(1.2)
where A and E are the Arrhenius parameters, T is the temperature, and f(α) is some function of the conversion of the reaction characterizing its mechanism. The conversion α, according to Equation 1.1, is defined as the fraction of the initial reagent As that has reacted by time ti and changes from 0 to 1. It is worth noting that the conversion α can be calculated from both the TG and DSC data, as well as from differential thermogravimetry (DTG) data.

The so-called non-isothermal kinetic techniques are widely used owing to the apparent simplicity of processing experimental data according to the formal kinetic model described by Equation 1.2. Equation 1.2 characterizes a single measurement curve.

As applied to experimental TA data, the kinetic model can be represented in the following form:

[image: ]
(1.3)
where (1 - αi) is the experimentally measured degree of reaction incompleteness, Ti is the current temperature in kelvins (K), 
[image: ] is the instantaneous heating rate (in our experiment, βi = β = constant), А is the preexponential factor, Е is the activation energy, m and n are the kinetic equation parameter [1].

Equation 1.3 is easily linearized:

[image: ]
(1.4)
that is, it reduces to a linear least-squares problem.

The least-squares problem for Equation 1.4 reduces to solving the following set of equations:

[image: ]
(1.5)
where C is the matrix of coefficients of Equation 1.4 (Ci1 = 1/βi, Ci2 = -1/Ti, Ci3=lnαi, Ci4 = ln(1-α)), and 
[image: ] is the vector of the sought parameters. Since the experimental data are random numbers, they are determined with a certain error.

Solving the problem in Equation 1.5 involves certain difficulties.

The 1/T value changes insignificantly in the temperature range of reaction, therefore first and second column of matrix C are practically identical (up to a constant multiplier), and as a result matrix С is almost degenerate. Detailed description of this problem one can found in . To minimize uncertainty one should provide several experiments with different heating rates and calculate kinetic parameters using all experimental data.

The above arguments suggest only that the calculation of Arrhenius parameters using a single thermoanalytical curve is incorrect. The Netzsch Termokinetics Software uses a different approach, when the Arrhenius parameters are estimated using model-free calculation methods according to a series of experiments at different heating rates (see below).

The inverse kinetic problem thus solved does not guarantee the adequate description of experimental data. To verify the adequacy of the solution, it is necessary to solve the direct problem, that is, to integrate Equation 1.3 and compare the calculated and experimental dependences in the entire range of heating rates. This procedure has been implemented in the NETZSCH Termokinetics, Peak Separation, and Thermal Simulation program packages with the help of NETZSCH. These programs and their applications are discussed in detail below.

Joint processing of experimental results obtained at different heating rates necessitates the constancy of the mechanism of a process, that is, the constancy of the type of f(α) function at different heating rates. Whether this condition is met can be verified by affine transformation of experimental curves, that is, by using reduced coordinates. To do this, one should select variables on the abscissa and ordinate so that each of them would change independently of the process under consideration. In addition, it is desirable that the relationship between the selected variables and experimental values be simple. These requirements are met by reduced coordinates. A reduced quantity is defined as the ratio of some variable experimental quantity to another experimental quantity of the same nature. As one of the variables, the conversion α is used, which is defined as the fraction of the initial amount of the reagent that has converted at a given moment of time. In heterogeneous kinetics, this variable is, as a rule, the conversion of the initial solid reagent.

If it is necessary to reflect the relationship between the conversion and time or temperature in the thermoanalytical experiment (at various heating rates), then the α is used as the ordinate and the reduced quantity equal to the ratio of the current time t or temperature T corresponding to this time to the time tα* it takes to achieve the desired conversion. For example, if the time or temperature required to achieve 50 or 90% conversion (α* = 0.5 or 0.9) is selected, the reduced quantities will be t/t0.5 (T/T0.5) or t/t0.9 (T/T0.9).

The above formalism pertains to the chemical stage of a heterogeneous process [4,5]. However, it should be taken into account that in general case heterogeneous process may involve heat and mass transfer, that is, the process may be never strictly one-step. The multistage character of a process significantly complicates the solution of the kinetic problem. In this case, a set of at least three differential equations with partial derivatives should be solved, which often makes the problem unsolvable. At the same time, experimental conditions can be found under which one of the stages, most frequently, the chemical stage, would be the rate-limiting stage of the process. Such experimental conditions are found in a special kinetic experiment.


2. Kinetic Experiment and Separation Methods

2.1 Heat Transfer Conditions

As is known, the thermoanalytical experiment is carried out under variable temperature conditions, most frequently at a constant heating rate. Thereby, a so-called quasi-stationary temperature gradient appears in the bottom-heated sample. The temperature at every point of a thermally inert cylindrical sample with radius R and height H≤4R is described by the following equation:

[image: ]
(2.1)
where Ti(ri,t) is the temperature at the ith point of the sample, T0 is the starting temperature of the experiment, β is the temperature change rate dT/dt = constant, t is time, R is the radius of the cylindrical sample, ri is the radius vector of a point of the sample, a is the thermal diffusivity, 
[image: ] is the thermal conductivity, and h is the heat emission coefficient in the sample–holder system. Equation 2.1, which is an analytical representation of the solution to the heat transfer equation under certain assumptions, shows that a so-called quasi-stationary temperature regime is established in a sample, corresponding to a parabolic temperature field in the sample–holder system identical at any moment in time before the onset of thermal processes. Hence, the “conversion field” has the same shape, that is, each point of the sample is in its own state differerent from a neighboring one. Thus, different processes can occur at different points of the sample. In a chemical reaction accompanied by heat release or absorption (exo- and endothermic reactions), the temperature field can change significantly and temperature gradients can be as large as several tens of kelvins. To avoid this, conditions should be created under which the temperature gradients in the reacting system would not exceed the quasi-stationary gradient within the error of determination. This requirement is fulfilled under heat dilution conditions when the temperature field and heat exchange conditions are dictated by the thermophysical properties of the sample holder. This occurs in studying small amounts of a substance when the sample holder is made up of a metal with high heat conductance and its weight significantly exceeds the weight of the sample. Under these conditions, a so-called degenerate regime is realized, and heat exchange conditions have little effect on the kinetics of the process.


2.2 Mass Transfer Conditions

The mathematical description of mass transfer events accompanying heterogeneous processes is beyond the scope of this section. Rather, the aim is to show, at the qualitative level, how they can be experimentally affected. Let us consider the simplest heterogeneous process described by Equation 1.1.

In this process, several possible diffusion steps can be discerned. First, this is diffusion of gaseous products through the solid surface–environment interface. This mass transfer step can be controlled by purging the reaction volume with an inert gas. Figure 2.1 shows the results of studying the dehydration of CuSO4·5H2O. The curve reflecting a three-stage process was obtained under dynamic environment conditions. The air flow rate was 40 mL/min. The curve indicates the loss of five water molecules; the water is removed stepwise, two molecules at a time in 40–180°C region and the fifth molecule is released at 210–270°C.

[image: ]
Figure 2.1: Dehydration of CuSO4·5H2O in an open crucible in a dry air flow (curve 2) and in a static atmosphere (curve 1).
The TG curve of a two-stage process pertains to the process in a static atmosphere. Figure 2.1 demonstrates that the process in a static atmosphere has another mechanism as compared with the process in an open crucible in the air flow. It is believed that diffusion hindrances arising in a static atmosphere are responsible for a significant effect of the back reaction. Since the CuSO4·5H2O dehydration is a reversible process, its kinetics changes noticeably. If changing the flow rate does not change the process rate, this step of mass transfer has no effect on the overall rate.

Second, the mass transfer in the porous medium of the initial reagent is worthy of consideration. The simplest way to verify the significance of this step is to carry out a series of experiments with a sample of different thickness at the same external surface area. If the change in the layer height has no effect on the process rate, the diffusion in the porous reagent can be approximately considered to have little effect on the process as a whole.

The step of mass transfer in the layer of the solid reaction product is the hardest to identify. A possible way to reveal diffusion limitations at this step is to determine how the composition changes in different parts of the solid reagent at various depths. However, this procedure is rather laborious and necessitates the use of appropriate analytical methods and a special sample preparation. To determine the role of diffusion limitations in the product layer, it is common practice to compare the propagation kinetics of the interface measured at different conversions. If diffusion hindrances exist, the Arrhenius parameters decrease with an increase in the product layer thickness. If the temperature coefficient of the reaction rate E/R (in general case it is better to use E/R instead of E, because E is measured in J/mol while for thermoanalytical data of any material or blend using of “mol” unit is meaningless) remains constant at different conversions, it can be stated that this type of diffusion is not a rate-limiting stage.

Thus, diffusion hindrances can manifest themselves at different steps of the process under consideration and can depend on both the design of equipment and the nature of substances involved in the process.

A conclusion that can be drawn from the above is that to mitigate a noticeable effect of transfer processes of experimental results, small amounts of the initial reagent (a few milligrams) with minimal porosity or lower heating rates should be used. In addition, it is important that the sample is placed on a rather large surface and that purge gases at a rather high flow rate are used.


2.3 Nucleation

If our experiment is carried out under conditions such that transfer phenomena have no effect on the shape of thermoanalytical curves, the reaction can be thought of, to a first approximation, as a quasi-one-stage process representing the chemical transformations of reaction 1.1. However, the experimental results depend also on a change in the morphology of the initial reagent, i.e., on the formation of the reaction product, first of all, on the reagent surface. In this case, the conversion kinetics is dominated by the nucleation of the new phase and the subsequent growth of its nuclei. For heterogeneous processes, we are usually not aware of what atomic or molecular transformations lead to the nucleation of the product phase, so that the process is represented by a set of some formally geometric transformations. Non-isothermal kinetics is aimed at finding the forms of functions and their parameters describing these transformations.

Nucleation is related to the chemical stage of the process. However, because of the complexity and diversity of nucleation processes, we believe it is necessary to briefly dwell on this phenomenon, without going into theoretical descriptions of different steps of these processes. Consideration focuses on the manifestations of nucleation processes in the thermoanalytical experiment and on the proper design of the latter.

In the case of heterogeneous topochemical processes, the interface between the initial solid reagent and the solid reaction product is most frequently formed via nucleation processes. The reaction can simultaneously begin over the entire surface. In addition, nucleation can occur at separate sites of the surface, or by the branched chain mechanism, or another one. Possible mechanisms of these processes have been well documented (see, e.g., [1,4,5]). Here, we do not intend to go into details of all possible mechanisms; we will consider these phenomena in more detail when describing NETZSCH software.

For carrying out a kinetic experiment and obtaining reproducible results, it is necessary to standardize the surface of the initial reagent and create a definite amount of nuclei prior to the kinetic experiment. In the framework of thermoanalytical study, we can measure only the conversion (determination of the conversion or the overall reaction rate). Here, we do not consider the use of other physical methods for determining the number of nuclei on the reagent surface, for example, direct nucleus counting under the microscope. In thermal analysis, the most accessible and efficient method is natural nucleation under standard conditions. In this method, prior to the kinetic experiment, a noticeable amount of the initial reagent is heat treated up to a certain conversion. As a rule, the conversion amounts to several percent. The method is based on the fact that the last nucleation stages have little effect on the development of the reaction interface, since a large part of potential centers has already been activated. The sample thus standardized is used in all kinetic experiments, that is, at different heating rates.

Using the CuSO4·5H2O dehydration as an example, let us consider how the thermoanalytical curves change after natural nucleation under standard conditions as compared with the nonstandardized sample.

Figure 2.2 shows the TG and weight loss rate (DTG) curves for the initial untreated copper sulfate pentahydrate (curve 2) and for the sample subjected to natural nucleation under standard conditions (curve 1). To this end, the powder of the initial reagent was heated at T = 70 °C until 10% H2O was lost. As is seen, the shapes of the TG and DTG curves of the treated reagent differ from those of the initial reagent. Hence, the dehydration kinetics changes.

[image: ]
Figure 2.2: Dehydration of CuSO4·5H2O in an open crucible for the untreated sample (curve 2) and the standardized sample (curve 1).
Thus, using non-isothermal kinetics methods necessitates carrying out a special experiment involving a series of runs at various heating rates using the methods of separation of the rate-limiting stage, and small amounts of the solid reagent, purge gases, crucibles of appropriate size, and so forth.


3. NETZSCH ThermoKinetics Software

The NETZSCH software suite intended for use in kinetic calculations from thermoanalytical data is based on the above principles. It naturally has specific features and computational procedure. Let us consider the software design philosophy and operational principles. In this workbook, Netzsch Proteus® 4.8.3 and Netzsch Thermokinetics® 3.0 versions are used to demonstrate main operating procedures. As Netzsch continuously improve software, we strongly recommend using actual versions of Proteus® and Thermokinetics®. New versions of software always include basic procedures presented in this workbook, as well as new useful functions.

3.1 Inverse Kinetic Problem

The inverse kinetic problem is solved with the use of model-free Friedman [6] methods and Ozawa–Flynn–Wall [7,8] methods. The model-free methods (Friedman analysis, Ozawa–Flynn–Wall analysis, evaluation according to ASTM E698) are applied to non-isothermal kinetic analysis when experimental data is represented as the set of measurements at different heating rates. The model-free methods provide information on kinetic parameters, such as the activation energy and preexponential factor, without determining a concrete kinetic model. The Arrhenius parameters obtained by these methods are used as starting approximations in solving the direct kinetic problem. This solution makes it possible to find the type of function approximating the experimental data and to refine the Arrhenius parameters.

In thermal analysis, the concept of conversion is used. NETZSCH ThermoKinetics software operates with partial mass loss (for thermogravimetry), and partial area (for DSC, DTA and mass spectrometry) rather than with the common term conversion degree.

For integral measurements (thermogravimetry, dilatometry), the measured curve is converted to the plot of conversion αi versus time ti by Equation 3.1:

[image: ]
(3.1)
where (ts) is the signal at the starting moment of time ts, m(ti) is the signal at the ith moment of time ti, and m(tf) is the signal at the final moment of time tf.

For differential measurements (DSC, DTA, mass spectrometry), the conversion is calculated by Equation 3.2:

[image: ]
(3.2)
where S(t) is the signal at the moment of time t and B(t) is the baseline at the moment of time t.

3.1.1 Friedman Method

The Friedman method is a differential one, where the initial experimental parameter is the instantaneous rate dαi/dti.

[image: ]
Figure 3.1: Friedman analysis for the simulated set of data for heating rates of 0.25, 1.0, 5.0, and 20.0 K/min (Reprinted with permission from [9] © NETZSCH-Gerätebau GmbH).
Providing several measurements at different heating rates one can plot a linear dependence of the logarithm of rate on inverse temperature for given αi. As we notice above, Equation 1.4 can be easily linearized for any f(α) a linear dependence of the logarithm of rate on inverse temperature for given αi. In the Friedman method, the slope m = E/R of this line is found. Thus, the activation energy for each conversion rate can be calculated from the slope of the ln(dαi/dT) vs 1/T curve. The conversion rate on the left-hand side of the equation is found directly from the initial measured curve (e.g., thermogravimetric) by its differentiation with respect to time. This procedure is performed with the NETZSCH Proteus software used for processing the experimental data.

[image: ]
(3.3)
The second Arrhenius parameter, the logarithm of the preexponential factor, is also calculated from Equation 3.3.

Thus, the software allows the calculation of both Arrhenius parameters, the activation energy, and the logarithm of the preexponential factor. The calculation results are given in the tabulated form as the dependence of Arrhenius parameters on the conversion, as well as in the graphical form.


3.1.2 Ozawa–Flynn–Wall Method

The Ozawa method uses the integral dependence for solving Equation 1.3. Integration of the Arrhenius equation leads to Equation 3.4:

[image: ]
(3.4)
If T0 is lower than the temperature at which the reaction occurs actively, the lower integration limit can be taken as zero, T0 = 0, and after integration, Equation 3.5 takes the form of Equation 3.6:

[image: ]
(3.5)
[image: ]
(3.6)
Analytical calculation of the integral in Equation 3.6 is impossible, therefore, it is determined as follows: Using the DOYLE approximation [7] (ln p(z) = –5.3305 + 1.052z), we reduce Equation 3.5 to Equation 3.7:

[image: ]
(3.7)
It follows from Equation 3.7 that, for a series of measurements with different heating rates at the fixed conversion value α=αk, the plot of the dependence

[image: ]
(3.8)
is a straight line with the slope m = –1.052 E/R. Tik is the temperature at which the conversion αk is achieved at the heating rate βi. It is evident that the slope of the linear dependence is directly proportional to the activation energy. If the activation energy has the same value at different αk values, we can state with confidence that the reaction is one-stage. Otherwise, a change in the activation energy with an increase in the conversion is evidence that the process is multistep. The separation of the variables in Equation 1.3 is thus impossible.

[image: ]
Figure 3.2: Dependences of the logarithm of rate on inverse temperature according to the Ozawa–Flynn–Wall procedure (Reprinted with permission from [9] © NETZSCH-Gerätebau GmbH).
If E, αk, and zi are known, lnA can be calculated by Equation 3.9:

[image: ]
(3.9)
Figure 3.2 shows the plots of instantaneous rate versus inverse temperature obtained by this method. The resulting Arrhenius parameters are then used as a zero approximation in solving the direct kinetic problem.

The presence of several extreme points on the experimental TA curves is unambiguous evidence of the multistep character of the process. In this case, the use of the NETZSCH Peak Separation program makes it possible to separate individual stages and to estimate the Arrhenius parameters for each stage. The Peak Separation program is discussed below.


3.2 Direct Kinetic Problem

The direct kinetic problem is solved by the linear least-squares method for one-stage reactions or by the nonlinear least-squares method for multistage processes. For one-stage reactions, it is necessary to choose the type of function that best approximates (from the statistical viewpoint) the experimental curves for all heating rates used. The NETZSCH Thermokinetics software includes a set of basic equations describing the macrokinetics of processes to be analyzed [10].

Each stage of a process can correspond to one (or several) of the equations listed in Table 3.1. The type of f(α) function depends on the nature of the process and is usually selected a priori. For the users convenience, the notation of parameters and variables in Table 3.1 is the same as in the Thermokinetics software. Here, the p parameter corresponds to the conversion, p = α, and e = 1 – α.

If the type of function corresponding to the process under consideration is unknown, the program performs calculations for the entire set of functions presented in Table 3.1. Then, on the basis of statistical criteria, the function is selected that best approximates the experimental data.

This approach is a formal statistical-geometric method and, to a first approximation, the type of function approximating the experimental curves for all heating rates has no physical meaning. Even for quasi-one-stage processes where the chemical conversion stage has been separated, the equations presented in Table 3.1 can be correlated with a change in the morphology of the initial reagent, but no unambiguous conclusions can be drawn about the types of chemical transformations responsible for the nucleation of the reaction product. It often occurs that several functions adequately describe the experiment according to statistical

	Model abbreviation
	f(e,p)
	Reaction type

	F1
	e
	First order

	F2
	e2
	Second order

	Fn
	en
	nth order

	D1
	0.5/1-e
	One-dimensional diffusion

	D2
	-1/ln(e)
	Two-dimensional diffusion

	D3
	1.5e1/3/(e-1/3-1)
	Jander three-dimensional diffusion

	D4
	1.5/(e-1/3-1)
	Ginstling–Brounshtein three-dimensional diffusion

	R2
	2e1/2
	Reaction on the two-dimensional interface

	R3
	3e2/3
	Reaction on the three-dimensional interface

	B1
	ep
	Autocatalysis according to the Prout–Tompkins equation

	Bna
	enpa
	nth order autocatalysis according to the Prout–Tompkins equation

	C1-X
	e(1+KcatX)
	First-order autocatalysis, X is the product in a complex model, often X = s

	Cn-X
	en(1+KcatX)
	nth autocatalysis

	A2
	2e(-ln(e))1/2
	Two-dimensional nucleation (Avrami–Erofeev)

	A3
	3e(-ln(e))2/3
	Three-dimensional nucleation (Avrami–Erofeev)f

	An
	ne(-ln(e))(n-1)/n
	n-Dimensional nucleation (Avrami–Erofeev)



3.1 Reaction types and corresponding type of function f(α) in Equation 1.2) [10].



criteria. The choice of the function is based on the search for the physical meaning of the resulting relation. In this context, some a priori ideas are used concerning the mechanisms of possible processes in the system under consideration. This can be literature data, results of other physicochemical studies, or general considerations based on the theories of heterogeneous processes. However, similar kinetic analysis provides a better insight into the effect of various external factors on the change in the morphology of the initial reagent and on the course of the process as a whole. Let us consider in detail the procedure of kinetic analysis based on the thermoanalytical experimental data for the dehydration of calcium oxalate monohydrate (CaC2O4 ∙ H2O).


4. Kinetic Analysis Based on Thermogravimetry Data

4.1 Dehydration of Calcium Oxalate Monohydrate

Let us consider the dehydration as the reaction that occurs by the scheme 
[image: ] 
[image: ], that is,

[image: ]
(4.1)
Figure 4.1 shows the TG curves of the dehydration of calcium oxalate monohydrate.

[image: ]
Figure 4.1: TG and DTG curves of the dehydration of calcium oxalate monohydrate at different heating rates.
The CaC2O4 · H2O dehydration was studied on a Netzsch TG 209 F 3 Tarsus thermo-microbalance. The experiment was run at three heating rates: 5, 7.5, and 10 K/min. Three measurements were taken at each heating rate, other conditions being identical. Standard aluminum crucibles without lids were used as holders. The process was carried out in a dry air flow at a rate of 200 mL/min. The initial reagent was freshly precipitated calcium oxalate with a particle size of 15–20 μm. Weighed portions of the reagent were 5–6 mg for each heating rate.


4.2 Computational Procedure. Solution of the Inverse and Direct Kinetic Problems. Quasi-One-Stage Process

As follows from Figure 4.1, the dehydration in the given temperature range can be considered a quasi-one-stage reaction at all heating rates used. The experimental data obtained on NETZSCH equipment are processed with the NETZSCH Proteus software.

For further work with the experimental data using the NETZSCH Thermokinetics software, it is necessary to export data from the Proteus program in the tabulated form (measured signal as a function of temperature or time) as an ASCII file. To do this, the user must select the desired curve and click the Extras 
[image: ] Export data button in the Proteus toolbar. The user must enter the lower and upper limits of the data range to be exported. To correctly specify the limits, the derivative of the selected curve is used. The left- and right-hand limits are chosen in the ranges where the derivative becomes zero (Figure 4.2).

[image: ]
Figure 4.2: Selection of the number of points while exporting data.
Remember that the derivative of the selected curve can be obtained by clicking the corresponding icon in the NETZSCH Proteus program window.

An important step for further calculations is to select the number of points on the TG curve used for subsequent processing. This can be done in two ways. While exporting the data from the NETZSCH Proteus software, the user enters either the number of points of the curve to be exported (input window No.Pts., Figure 4.2) or the temperature increment between neighboring points (window Steps, Figure 4.2) from which the program calculates the number of points. In our case, from the parallel measurements performed under identical conditions, the root-mean-square deviation of the temperature for the rate curve minimum (DTG) was calculated to be S 
[image: ]. For the selected temperature range, 100 points for each curve are used. It is worth noting that the use of a smaller increment is physically unreasonable since the S value reflects the properties of the system in question, but is not the temperature measurement accuracy provided by an instrument, which is an order of lower magnitude. In this case, specific features of the process should be taken into account.

If necessary, the experimental curves can be smoothed before exporting data, using the NETZSCH Proteus Analysis program (Figures 4.3, 4.4). The smooth level (Figure 4.4) is considered sufficient when the DTG curve has no spikes.

[image: ]
Figure 4.3: Curve smoothing.
[image: ]
Figure 4.4: Selection of the curve smooth level.
After all data has been imported as ASCII files, they can be used for kinetic analysis with the NETZSCH Thermokinetics software. To do this, a new project is created (Figure 4.5). In the initialization dialog box, the project name, the sample, the number of measured curves (scans), and the type of measurement (TG, DSC, etc.) are entered.

[image: ]
Figure 4.5: Creation of a new project in the NETZSCH Thermokinetics software.
[image: ]
Figure 4.6: Initiation of a new project in the NETZSCH Thermokinetics software.
The user imports then the data into the program. To do this, the type of loaded data should be specified (Figure 4.7). In the dialog box (Figure 4.8), the type of measurement is specified. In the case of thermogravimetry, GTA TG is selected.

[image: ]
Figure 4.7: Selection of the type of measurement for loading in the NETZSCH Thermokinetics software.
[image: ]
Figure 4.8: Selection of the measurement type for loading in the NETZSCH Thermokinetics software.
The data is loaded by clicking the Load ASCII file icon (Figure 4.9). In the popup window, the user specifies the desired data file.

[image: ]
Figure 4.9: Loading data into the NETZSCH Thermokinetics software.
If necessary, the user corrects the evaluation range limits (Figure 4.10).

[image: ]
Figure 4.10: Selection of the evaluation range limits in the NETZSCH Thermokinetics software.
The loaded files are checked by clicking the Check scans icon (Figure 4.11).

[image: ]
Figure 4.11: Check of the loaded data in the NETZSCH Thermokinetics software.
The next step is to perform the model-free analysis. To do this, the user should enter the Model free menu (Figure 4.12).

[image: ]
Figure 4.12: Model-free analysis.
[image: ]
Figure 4.13: Logarithm of heating rate versus inverse temperature.
The Ozawa–Flynn–Wall analysis is started by pressing the corresponding button to show the graph of the logarithm of heating rate versus inverse temperature (Figure 4.13).

[image: ]
Figure 4.14: Activation energy and preexponential factor versus conversion.
The activation energy and preexponential factor are then calculated as a function of conversion (Figure 4.14). Analogous calculations can be performed by the Friedman method (Figure 4.15).

[image: ]
Figure 4.15: Model-free Friedman analysis.
The resulting activation energies and preexponential factors are used as a zero approximation to solve the direct kinetic problem. To do this, the Linear regr.-toolbar is used (Figure 4.16). This procedure is applicable to one-step processes.

[image: ]
Figure 4.16: Linear regression.
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Figure 4.17: Model selection in case of linear regression.
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Figure 4.18: Graphical comparison of the computation results (solid line) and experimental data (symbols) for TG curves of the CaC2O4∙H2O dehydration. Three heating rates; one-step reaction.
[image: ]
Figure 4.19: Kinetic parameters of the CaC2O4 · H2O dehydration.
If the kinetic model of a process is a priori unknown, it is advisable to perform calculations using all models (Figure 4.17). To do this, in the Selection box, the user should click on ‘Yes’ in the corresponding cell of the column ‘Selected’. The program outputs a graph of measured and calculated curves, as well as tables.


4.3 Analysis of Computation Results

Let us consider the computation results obtained by the linear regression method for the CaC2O4 · H2O dehydration (Figure 4.19).

Figure 4.19 presents the Arrhenius parameters and the form and characteristics of the function best fitting the experimental results (from the statistical viewpoint). For the reaction under consideration, the best fitting function is the Prout–Tompkins equation with autocatalysis (the Bna code), which is indicated at the top left of the table. However, before discussing the meaning of the results obtained, let us consider the F-test: Fit Quality window (Figure 4.20).

[image: ]
Figure 4.20: Fit quality for different models.
4.3.1 The F-test: Fit quality and F-test

Step significance windows present the statistical analysis of the fit quality for different models. This allows us to determine using the statistical methods which of the models provides the best fit for the experimental data.

To perform such an analysis, Fisher’s exact test is used. In general, Fisher’s test is a variance ratio which makes it possible to verify whether the difference between two independent estimates of the variance of some data samples is significant. To do this, the ratio of these two variances is compared with the corresponding tabulated value of the Fisher distribution for a given number of degrees of freedom and significance level. If the ratio of two variances exceeds the corresponding theoretical Fisher test value, the difference between the variances is significant.

In the Thermokinetics software, Fisher’s test is used for comparing the fit qualities ensured by different models. The best-fit model, that is, the model with the minimal sum of squared deviations, is taken as a reference (conventionally denoted as model 1). Then, each model is compared to the reference model. If the Fisher test value does not exceed the critical value, the difference between current model 2 and reference model 1 is insignificant. There is no reason to then believe that model 1 provides a more adequate description of the experiment in comparison to model 2.

The Fexp value is estimated by means of Fisher’s test:

[image: ]
(4.2)
The Fexp value is compared with the Fisher distribution Fcrit(0.95) for the significance level of 0.95 and the corresponding number of degrees of freedom.

Figure 4.20 shows that three models meet this requirement: the Prout–Tompkins nth-order equation with autocatalysis (Bna), the nth-order equation with autocatalysis (Cnb), and the nth-order reaction (Fn) (see Table 3.1). To discriminate between these functions, a nonlinear regression calculation is performed for each function separately under the assumption of a one-step process. To do this, the Nonlin regr. toolbar is opened (Figure 4.21).
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Figure 4.21: Nonlinear regression.
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Figure 4.22: Menu for model selection.
[image: ]
Figure 4.23: Selection of the model and function type in the nonlinear regression menu.
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Figure 4.24: Table of initial parameters.
In this toolbar, the Model Selection button is pressed (Figure 4.22) to select the process model. In the opened window (Figure 4.23), we select the one-step process and the Cn model (nth order reaction with autocatalysis). The program is started by clicking on the green triangular button (Figure 4.22). The table of initial parameters that should be verified then appears (Figure 4.24).

In the Const. column, the option ‘false’ is set for the parameters that should be varied and the option ‘true’ is chosen for the parameters that remain constant. The three columns to the right of this column are intended for imposing constraints on the selected values. The computation results are presented in Figure 4.25.

[image: ]
Figure 4.25: Computation results for the Cnb function.
The calculation for the Fn function is performed analogously. The results are shown in Figure 4.26. To compare the parameter values obtained for three statistically equivalent functions, these parameters should be evaluated with allowance for correlation of the initial data. In the Statistics menu (Figure 4.25), the Durbin–Watson test value is presented (4.3) which should be added to the calculated tS error, where t is the Student’s test for a given number of degrees of freedom, and S is the mean-square deviation. Thus, we obtain the following set of parameters and their errors (Table 4.1) for all statistically equivalent functions.

[image: ]
Figure 4.26: Computation results for the Fn function.
The following conclusions can be drawn from Table 4.1: first, the autocatalysis parameters for the Bna and CnB functions are almost zero, that is, all is reduced to the Fn function. Second, the error of the Arrhenius parameters for Fn are minimal. Hence, the calcium oxalate dehydration is better described by the nth-order function. The reaction order can be considered to be 1/3, that is, the process is described by the “contracting sphere equation.” This means that the sample consists of spherical particles of the same size and that the dehydration is a homothetic process, that is, the particles during decomposition undergo a self-similar decrease in size. Such a mechanism is inherent in thermolysis of inorganic crystal hydrates. Thus, the problem of CaC2O4·H2O dehydration macrokinetics can be thought of as solved.

	Function code
	log A
	E, kJ/mol
	Reaction order n
	log K cat 1
	Exp a1

	Bna
	6.8±0.6
	73±6
	0.34±0.25
	—
	0.06±0.14

	CnB
	6.8±1
	74±8
	0.41±0.48
	-0.45±1.9
	—

	Fn
	7.0±0.1
	75.2±0.8
	0.34±0.25
	—
	—



4.1 Kinetic parameters of the CaC2O4∙H2O dehydration process



The project created in the NETZSCH Thermokinetics software is saved by clicking on the common button (Figure 4.27).
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Figure 4.27: Saving the project in the NETZSCH Thermokinetics software.
The output data of the NETZSCH Thermokinetics software can be exported as an ASCII file by clicking on a button in the Nonlin regr. toolbar (Figure 4.28). In the opened dialog box, the user can select data that must be exported: kinetic parameters, statistics, and so on. (Figure 4.29).
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Figure 4.28: Export of the results from NETZSCH Thermokinetics as an ASCII file.
[image: ]
Figure 4.29: Selection of data for export as an ASCII file.

5. Kinetic Analysis Based on Differential
Scanning Calorimetry Data

The procedure of kinetic analysis of a reaction based on DSC experiment data can be exemplified by the curing of an epoxy resin. The curing reaction involves the opening of the epoxy ring by amine and is accompanied by an exotherm, which is recorded on a differential scanning calorimeter. The fraction of the cured resin is directly proportional to the evolved heat quantity. The knowledge of how the conversion (that is, the fraction of the reacted resin) depends on time and temperature provided by DSC enables one, in studying actual epoxy binders, to optimize the conditions of their treatment and the forming of products, for example, a polymer composite material. It is worth noting that curing occurs without weight change. TG measurements are therefore inapplicable in this case.

[image: ]
Figure 5.1: Chemical structures of the epoxy diane resin based on bisphenol A.
It is well known [11], that, depending on the composition of reagents and process conditions, curing would occur as a one-stage as well as a two-stage process. In the present section both variants are considered.

Let us consider a classical system consisting of an epoxy diane resin based on 4,4’-dihydroxydiphenylpropane (bisphenol A) (Figure 5.1) and a curing agent, metaphenylenediamine (Figure 5.2). The curing of this system was studied on a Netzsch DSC-204 Phenix analyzer. Measurements were taken at five heating rates: 2.5, 5, 7.5, 10, and 15 K/min. Samples were placed in Netzsch aluminum crucibles with a lid. A hole was preliminarily made in the lid. The process was carried out in an argon flow at a flow rate of 100 mL/min. A mixture of the resin components were freshly prepared before taking measurements. The samples were 5–5.5 mg for each of the heating rates.

[image: ]
Figure 5.2: Chemical structure of the curing agent, metaphenylenediamine.
5.1 Computation Procedure. Solution of the Inverse and Direct Kinetic Problems. Quasi-One-Stage Process

Experimental data acquired using the NETZSCH equipment is processed with the NETZSCH Proteus program. Figure 5.3 demonstrates that the curing of an epoxy resin in the given temperature range can be considered quasi-one-stage at all heating rates used.

The procedure of kinetic analysis for DSC data is analogous to that for TG measurements described above. Here, we focus on the differences between these procedures. First of all, when loading data in the NETZSCH Thermokinetics software, the user select Differential Scanning Calorimetry as the type of measurement (Figure 5.4).
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Figure 5.3: DSC curves of the curing of an epoxy resin at five heating rates.
[image: ]
Figure 5.4: Selection of the type of measurement for loading in the NETZSCH Thermokinetics software.
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Figure 5.5: Example of the change in the peak shape for indium metal melting after the correction of the DSC signal (reprinted with permission from [9] © NETZSCH-Gerätebau GmbH).
The DSC results not only provide information on the transformation of an analyte, but also depend on the heat exchange conditions in the analyzer–sample system. Because of the thermal resistance between the sample and the sensor, the thermal flow released as a result of processes in the sample is smeared in time (Figure 5.3). To correctly perform kinetic analysis, the true signal shape should be found, that is, data should be corrected for the time constant of the instrument and for thermal resistance. These corrections can be applied with the DSC Correction routine.

As a rule, the melting peak of pure metal (indium in this case) serves as the calibration measurement for determining the correction parameters. This metal is chosen because it melts in the same temperature range in which the epoxy resin is cured. The path to the file with preliminarily calculated correction parameters is specified in the same window (Figure 5.6).

[image: ]
Figure 5.6: Project initialization for DSC measurements.
The data is loaded by clicking the Load ASCII file icon (see Figure 4.9), analogously to the procedure with TG data. If necessary, the user corrects the evaluation range limits (Figure 5.7). For further calculation, the type of baseline should be selected (Figure 5.8). In this case, we use a linear baseline.
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Figure 5.7: Selection of the evaluation range limits in the NETZSCH Thermokinetics software.
[image: ]
Figure 5.8: Choice of the baseline.
The loaded data is checked and model-free analysis is performed (Figure 5.9).

[image: ]
Figure 5.9: Logarithm of heating rate versus inverse temperature (calculation by the Ozawa–Flynn–Wall method).
[image: ]
Figure 5.10: Activation energy and preexponential factor versus conversion (calculation by the Ozawa–Flynn–Wall method).
The resulting activation energies and preexponential factors are used as a zero approximation in solving the direct kinetic problem.


5.2 Analysis of Computation Results

Let us consider, first of all, the computation results (Figure 5.11) obtained by the linear regression method under the assumption of a one-stage process.

Figure 5.11 presents the Arrhenius parameters, the form of function, and its characteristics best fitting the experimental results (from the statistical viewpoint). The calculation was performed for all models. As expected, however, the only relevant model turned out to be the model of reaction with autocatalysis described by the Prout–Tompkins equation (Bna code) (Figure 5.12), which is indicated at the top left of the table showed in Figure 5.11.

Refinement of the model parameters by the nonlinear regression method led to results analogous to those in Figure 5.11. The statistical characteristics of the model are shown in Figure 5.13. With the inclusion of the Durbin–Watson test value, the resulting model parameters are as follows: E = 47 ± 3 kJ/mol, log A = 3.7 ± 0.4, n = 1.2 ± 0.15, a1 = 0.50 ± 0.05.
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Figure 5.11: Arrhenius parameters obtained by non-linear regression.
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Figure 5.12: Graphical comparison of the computation results (solid line) and experimental data (symbols) for DSC curves of the epoxy resin curing process. Five heating rates; one-step reaction; the Prout–Tompkins equation.
[image: ]
Figure 5.13: Statistical analysis of quality fits for different models.
As is known, the epoxy resin curing reaction occurs due to the autocatalysis mechanism [12]. The reaction is promoted by hydroxyl groups formed upon cross-linking [11]. At the early step of the reaction, the reaction rate increases with an increase in the conversion because of the catalytic effect of the reaction product. With a lapse of time, the amount of the starting reagent decreases, and so does the reaction rate. Thus, the plot of the reaction rate versus time passes through a maximum. In the simplest case, this mechanism is described by the Prout–Tompkins function, which also follows from our preliminary calculation. However, the curing process is known to comprise at least two independent steps. This function is therefore often unable to adequately describe the curing process. It is more preferable to use the following equation for calculation of the curing process [11]:

[image: ]
(5.1)
In the software, this equation is represented as a model with two parallel reactions: a reaction with autocatalysis described by the Prout–Tompkins equation (Bna) and an nth order equation (Fn).

[image: ]
Figure 5.14: Kinetic parameters for the two-step model.
Model with two parallel reactions: a reaction with autocatalysis described by the Prout–Tompkins equation and an nth order reaction (Fn). The kinetic parameters corresponding to a two-step model with two parallel reactions are presented in Figure 5.14. However, the difference between the fits provided by the one- and two-stage models is statistically insignificant, as follows from Figure 5.15. In both cases, the Fexp value does not exceed the critical value. We may assume that the one- and two-step processes are equiprobable. This phenomenon can be explained by the presence of hydroxyl groups in the initial resin: even at a zero conversion rate, catalytic sites exist, and the autocatalytic mechanism prevails during the entire course of the reaction.

[image: ]
Figure 5.15: Statistical analysis of the fit quality for different models.
Table 5.1 presents the calculation results for both models. As is seen, the errors of the Fn function parameters for the two-stage process are significant, whereas the average parameter values do not differ from those of the Bna function. Hence, we can state that the above calculation does not confirm the occurrence of the two-stage curing process.

	Function code
	log A
	E, kJ/mol
	Reaction order n
	Exp a1

	Bna
	7.7±0.4
	47±3
	1.2±0.15
	0.50±0.05

	Bna
	3.75±0.7
	47±6
	1.3±0.2
	0.6±0.2

	Fn
	2.4±5
	48±26
	0.4±0.6
	—



5.1 Parameters for the one- and two-stage models.




5.3 Plotting the Conversion-Time Curves

The above calculation can be successfully used for selecting optimal conditions for the curing process (temperature and time). Let us consider how to obtain the conversion versus time plot (at a given temperature) from the calculated data. To do this, we open the Predictions toolbar. The curves are shown in Figure 5.16. In this case, calculations are performed assuming the kinetic control of the reaction. In reality, once a certain curing degree has been achieved, the initially liquid sample is converted to the viscous flow and then to the solid state. The diffusion of resin and curing agent molecules thereby slows down, and the process becomes diffusion-controlled. Thus, the kinetic calculation should be completed with measurements of the rheological properties of the system. The resulting relationships show that the resin is completely cured within 16 min at 153 °C.

[image: ]
Figure 5.16: Degree of curing of the resin versus the time of exposure of the sample to constant temperature.

6. Analysis of Multistage Processes

For multistage process, it is recommended to perform kinetic analysis using the following algorithm. Kinetic analysis is performed separately for each of the stages of the process as for a one-stage reaction, and the corresponding kinetic model and kinetic parameters are determined. Then, kinetic analysis is performed for the entire process using the data obtained for the model of each stage. In so doing, the kinetic parameters of each stage are refined. Thus, when the process is studied as a whole, there is already no need to try different kinetic models since they have been chosen for each stage.

However, for most multistage processes, the effects overlap. To separate quasi-one-stage processes, the Peak Separation software can be used. In general case reaction steps are dependent, so the separation procedure is formal. Obtained peaks does not refer to the single reactions and may be used just for the initial approximation of the Arrenius parameters. In the case of the independent reactions separated peaks refer to the single reactions and thus may be used for calculation of the Arrenius parameters.

6.1 Peak Separation Software

In multistage processes with competing or parallel reactions, separate stages, as a rule, overlap, which can lead to considerable errors in the calculated Arrhenius parameters and to an incorrect choice of the scheme of the processes. This in turn will lead to significant errors of the nonlinear regression method because of the nonlinearity of the problem. To solve this problem, the experimental curve is represented by a superposition of separate one-stage processes. This procedure in implemented in the NETZSCH Peak Separation software (Figure 6.1).

The NETZSCH Peak Separation software [13] fits experimental data by a superposition of separate peaks, each of which can be described by one of the following functions:


	Gaussian function,



	Cauchy function,



	pseudo-Voigt function (the sum of the Gaussian and Cauchy functions with corresponding weights),



	Fraser–Suzuki function (the asymmetric Gaussian function),



	Pearson function (monotonic transformation from the Gaussian to the Cauchy function),



	modified Laplace function.




[image: ]
Figure 6.1: Peak separation using the Peak Separation software (reprinted with permission from [13] © NETZSCH-Gerätebau GmbH).
In thermal analysis, chemical reaction steps are described in most cases by the Fraser–Suzuki function (asymmetric Gaussian function). For other processes, e.g., polymer melting, the modified Laplace function must be used. Figure 6.1 shows the decomposition of a multimodal curve with the use of this function and its analytical representation. The Fraser–Suzuki function (asymmetric Gaussian function) and its graphical representation are given below.


[image: ]
(6.1)
[image: ]
(6.2)
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Figure 6.2: Graph of the Fraser–Suzuki function (reprinted with permission from [13] © NETZSCH-Gerätebau GmbH).
The software outputs the following parameters:


	the optimal curve parameters and their standard deviations,



	statistical parameters characterizing the fit quality (correlation coefficient and so on.),



	the initial and simulated curves with the graphs of separate peaks,



	calculated areas under separate peaks and their contribution to the total area under the curve.





6.2 Multiple Step Reaction Analysis as Exemplified by the Carbonization of Oxidized PAN Fiber

First, multimodal curves are decomposed into separate components and parameters of each process are found by the above procedures, assuming that all processes are quasi-one-stage reactions. Then, the phenomenon is described as a whole. For multiple step processes, the program suggests a list of some schemes of similar transformations, and appropriate schemes are selected from this list. The schemes are presented in Figure 1 of the Appendix. The choice of the corresponding scheme is based on some a priori ideas about the character of stages of the process under consideration.

As an example of the kinetic analysis of multistage processes, let us consider the carbonization of oxidized polyacrylonitrile fiber yielding carbon fiber. The results of thermogravimetric analysis are convenient to use as input data (Figure 6.3).

[image: ]
Figure 6.3: Initial TG weight loss curves recorded at different heating rates: (1) 10, (2) 15, (3) 20, (4) 30, and (5) 40 K/min.
The carbonization is a complex process and occurs in several stages [14,15], which is clearly reflected by the presence of several DTG peaks (Figure 6.4). Kinetic description of a multistage process starts with the decomposition of the complex DTG profile into separate components. It is assumed that the carbonization is, at least, a four-stage process [14,15]. To separate different stages, the initial DTG curves should be loaded into the Peak Separation software, which provides the best-fit description of the initial process by varying the position, asymmetry, and width of discrete peaks (Figure 6.5) at each heating rate.

[image: ]
Figure 6.4: DTG curves obtained by differentiation of the initial TG curves recorded at (1) 15 and (2) 30 K/min.
[image: ]
Figure 6.5: Decomposition of the overall DTG profile (10 K/min) into components with the Peak Separation software.
Then, the resulting peaks are sorted on the basis of the number of stage and the inverse kinetic problem is solved. As a result, we obtain the type of model for the given stage and approximate Arrhenius parameters. As a rule, several models of comparable statistical significance satisfy the solution of this problem. If no information is available on the true mechanism of the process, both variants are used for solving the direct kinetic problem.

The estimated parameters and types of models calculated at this step of calculations are listed in Table 6.1, and statistical data of the calculation is presented in Table 6.3. In Table 6.1, the “apparent” activation energy is expressed in kelvins since the notion of mole has no physical meaning for fiber. The Ea/R constant is the temperature coefficient of the reaction rate.

	N
	Kinetic model
	Ea/R*103K
	t•S
	log A
	t•S
	n
	t•S

	1
	Avrami–Erofeev equation
	25.0
	0.6
	14.8
	0.4
	0.28
	0.3 x 10-3

	2
	nth order equation
	17.2
	0.8
	7.2
	6.5
	3.0
	0.13

	3
	Avrami–Erofeev equation
	41.1
	2.3
	16.2
	1.0
	0.29
	0.1 x 10-3

	4
	Avrami–Erofeev equation
	54.8
	1.3
	16.0
	0.4
	0.32
	3.3 x 10-3



6.1 Estimated kinetic models and parameters of separate stages of the carbonization process.



	N
	Kinetic model
	EaR*103K
	t•S
	log A
	t•S
	n
	t•S

	1
	Avrami–Erofeev equation
	26.1
	0.6
	15.7
	0.4
	0.25
	4.2*10-3

	2
	nth order equation
	35.5
	2.1
	18.8
	1.2
	1.98
	0.14

	3
	Avrami–Erofeev equation
	38.3
	2.1
	16.7
	1.0
	0.28
	0.1*10-3

	4
	Avrami–Erofeev equation
	56.8
	4.7
	16.8
	1.6
	0.19
	0.1*10-3



6.2 Calculated kinetic models and parameters of separate stages of the carbonization process.



	Parameter
	Stage 1
	Stage 2
	Stage 3
	Stage 4

	Least-squares value
	22.3
	32.0
	2.6
	7.1

	Correlation coefficient
	0.9988
	0.9926
	0.9956
	0.9979

	Average difference
	2.2 x 10-3
	21.0 x 10-3
	8.6 x 10-3
	14.5 x 10-3

	Durbin–Watson test value
	2.8 x 10-3
	1.4 x 10-3
	1.6 x 10-3
	1.4 x 10-3

	Durbin–Watson ratio
	19.0
	26.9
	25.0
	27.0



6.3 Statistical data of the calculation.



[image: ]
Figure 6.6: Complete kinetic description of experimental data with the use of the model of four successive reactions.
One of the basic tasks of formal kinetic description is to determine the sequence of stages. First, the direct kinetic problem is solved using multivariate nonlinear regression for the successive processes (the qfff scheme in Figure 2 of Appendix, four-stage). Then, for each of the stages, kinetic parameters are refined separately on the basis of statistical tests. As shown by preliminary calculations, stages 1, 3, and 4 are well fitted by the Avrami–Erofeev equation (Equation 3.5) and stage 2, by the nth order equation.

[image: ]
(6.3)
The calculated results and experimental data for successive processes are compared in Figure 6.6. The kinetic parameters and statistical characteristics of this sequence of stages are presented in Tables 6.4 and 6.5.

	Parameter
	Value

	Least-squares value
	1448.7

	Correlation coefficient
	0.9998

	Average difference
	0.21

	Durbin–Watson test value
	5.09 x 10-3

	Durbin–Waton ratio
	14.4



6.4 Statistical data of the calculation.



	N
	Kinetic model
	EaR*103K
	t•S
	log A
	t•S
	n
	t•S

	1
	Avrami–Erofeev equation
	24
	3
	11
	1.5
	0.23
	1.2 x 10-2

	2
	nth order equation
	34
	7
	10
	3
	5
	1

	3
	Avrami–Erofeev equation
	63
	5
	25
	5
	0.02
	0.1

	4
	Avrami–Erofeev equation
	99
	230
	53
	116
	0.8
	10



6.5 Calculated kinetic models and parameters of separate stages of the carbonization process for the successive-parallel scheme.



According to the authors [14] carbonization process may be represented by a set of successive-parallel processes. Let us consider this situation (the qffc scheme in Figure 3 of the Appendix). The results shown in Figure 6.3 and summarized in Table 6.5 have been obtained with the use of the same set of functions.

The F test value for the latter scheme with respect to the former one is

Fexp = 58.6, Ftheor = 1.11.

Comparison of the calculation results for each scheme reliably shows that, from the formal kinetic viewpoint, the scheme of successive stages best describes thermoanalytical data as a whole.

[image: ]
Figure 6.7: Comparison of calculated and experimental data for the scheme of successive-parallel stages.
Thus, formal kinetic analysis makes it possible to choose the type of function best fitting the experimental curves (TG, DTG, DSC), evaluate kinetic parameters, determine the number of stages and their sequence (successive, parallel, etc.). In addition, the statistically optimal kinetic parameters allow one to model temperature change conditions resulting in constant weight loss or enthalpy change rate and obtain dependences of these characteristics under isothermal conditions or in other temperature programs.
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Figure 1: Two-step
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Figure 2: Three-step
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Figure 3: Four-step
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