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ABSTRACT

DEVELOPMENT OF A SOFTWARE FOR DETERMINATION OF KINETIC
PARAMETERS IN THERMAL ANALYSIS

Ertunç, Göker
M.Sc., Department of Petroleum and Natural Gas Engineering
Supervisor: Prof. Dr. Mustafa Verşan Kök

September 2011, 101 pages

In this thesis, a new software, THERA-Kinetics was developed for the evaluation of
kinetic parameters using non-isothermal data. Different computational methods,
available in the software, were applied to a set of experimental and simulated data
distributed in the ICTAC (International Confederation for Thermal Analysis and
Calorimetry) Kinetics Project. The reliability of the software was verified by
comparing the kinetic results, which were in good agreement, with those obtained by
the participants of the ICTAC Kinetics Project.
It was also within the scope of this study to examine the combustion characteristics
and kinetics of three same origin coal samples. A series of thermogravimetry (TG)
and differential scanning calorimetry (DSC) measurements were carried out in nonisothermal conditions at heating rates of 5, 10 and 15 K/min. Reaction regions, peak
and burn-out temperatures, weight loss percentages and heat of reactions of the
samples were determined for each heating rate from TG and DSC curves. A variety
iv

of computational methods, available in the software developed, were applied to
experimental data for the evaluation of the kinetic parameters of the coal samples. It
was observed that there was no general trend in the activation energy values from the
point of heating rate.

Keywords: kinetic analysis, thermogravimetry, differential scanning calorimetry,
ICTAC Kinetics Project, coal
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ÖZ

TERMAL ANALİZDE KİNETİK PARAMETRELERİN BELİRLENMESİ
İÇİN YAZILIM GELİŞTİRİLMESİ

Ertunç, Göker
Yüksek Lisans, Petrol ve Doğal Gaz Mühendisliği Bölümü
Tez Yöneticisi: Prof. Dr. Mustafa Verşan Kök

Eylül 2011, 101 sayfa

Bu tez çalışmasında, eş ısısal olmayan verilerden kinetik parametreleri belirlemek
amacıyla yeni bir yazılım (THERA-Kinetics) geliştirilmiştir. Yazılımda bulunan
farklı kinetik metotlar, ICTAC (Uluslararası Termal Analiz ve Kalorimetri
Konfederasyonu) Kinetik Projesi kapsamında hazırlanan deneysel ve simülasyon
sonucu elde edilmiş veri serisine uygulanmıştır. Bu sayede, yazılımın doğruluğu ve
güvenilirliği test edilmiş olup, bulunan sonuçlar ICTAC Kinetik Projesinde elde
edilen sonuçlar ile paralellik göstermiştir.
Ayrıca, bu tez çalışması kapsamında, aynı bölgeden alınan üç farklı kömürün yanma
davranışları incelenmiş ve kinetik analizleri yapılmıştır. Termogravimetri (TG) ve
türevsel taramalı kalorimetri (DSC) teknikleri kullanılarak, üç farklı ısıtma hızında
(5, 10 ve 15 K/dk) deneyler gerçekleştirilmiştir. Reaksiyon aralıkları, peak ve burnout sıcaklıkları, kütle kaybı yüzdeleri ve reaksiyon ısısı miktarları her bir ısıtma hızı
için TG ve DSC eğrilerinden belirlenmiştir. Geliştirilmiş olan yazılımda bulunan
vi

farklı kinetik metotlar kullanılarak, deney sonuçlarından elde edilen veriler
incelenmiş ve kinetik parametreler hesaplanmıştır. Aktivasyon enerjisinin ısıtma
hızına bağlı olarak değişmediği gözlemlenmiştir.

Anahtar sözcükler: kinetik analiz, termogravimetri, türevsel taramalı kalorimetri,
ICTAC Kinetik Projesi, kömür
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CHAPTER 1

INTRODUCTION

Thermal analysis was developed more than eleven decades ago and since then, many
different techniques have been emerged. Thermal analysis has been applied to a wide
variety of materials, such as minerals, inorganic substances, metals, ceramics,
electronics materials, polymers, organic substances, pharmaceuticals, food stuff and
biological organisms. While application in each field began in research, it has been
diffusing through development into control of processes and qualities. In recent
years, thermal analysis is an essential tool for materials research and development,
and the application of thermal analysis to the quality assurance has become one of
the hot topics [1].
Basically, thermal analysis is a series of techniques that measure changes in the
physical or chemical properties of materials as a function of time, while the material
is subjected to a programmed heating and/or cooling in a controlled atmosphere [2].
Although, thermal analysis comprises a variety of techniques, thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) are the two of the
techniques that have gained wide acceptance among researchers in recent years [3].
TGA measures weight changes of a sample as a function of temperature, while DSC
measures heat flow into or out of a sample. TGA is widely used for compositional
analysis and thermal stability studies. Also, by analyzing TG/DTG curves, it is
possible to obtain information about the kinetics of decomposition to predict
estimated lifetimes. On the other hand, DSC provides quantitative and qualitative
information about physical and chemical changes that involve endothermic or
1

exothermic processes, or changes in heat capacity. The biggest advantage of DSC is
that it is an easy and fast technique that can be used to detect glass transitions, curing
processes and phase changes. Although the procedures of the TGA and DSC
analyses are simple and the results can be obtained easily, these techniques are
grounded in complex thermodynamic and kinetic principles.
Kinetics is the study of the dependence of the extent of a chemical reaction on time
and temperature [4]. Kinetic analysis is used for the interpretation of the kinetic
processes by calculating the kinetic parameters, which are the activation energy
the pre-exponential factor

and the reaction model

,

. These three parameters

are also known as the kinetic triplet. Many attempts have been made to obtain kinetic
information from the data produced by thermal analysis techniques. As a result, a
considerable number of computational methods, each based on different kinetic
approaches and equations have been developed. These methods can be generally
grouped as:

model-free (isoconversional) and

model fitting methods.

Due to the large amount of data produced from thermal analysis experiments as well
as the variety of computational methods that available, computer programs to do
kinetic analysis are necessary. Recently developed software packages, doubled by
further progress in the field, allow the evaluation of kinetic parameters in a much
more adequate and user-friendly manner [5]. In addition, the dynamic handle of the
data sets, parameters and different computational methods makes the evaluation
process faster and easier.
The main purpose of this study is to develop a new software to perform kinetic
analysis with various computational methods. The software was developed in C#
language and named as “THERA-Kinetics” originating from the “thermal analysis”
and “kinetics” keywords. The user-friendly interface of the software makes the
evaluation of the kinetic parameters easier by guiding users step by step through a
kinetic analysis process. A typical kinetic analysis process with THERA-Kinetics
software has three major steps:

2

(1) Data input
(2) Selection of the kinetic methods
(3) Displaying the kinetic results
The software was designed to import ASCII format data files, but it is possible to
import data files in other formats. The software gives to the user the possibility to
make kinetic analysis by both using model-free (isoconversional) and model fitting
methods and compare results. The results may be the values of activation energy and
pre-exponential factor at different conditions, e.g. activation energies at different
degree of conversion (α) values. Also, graphical representation of the data and
resulting calculation plots for different methods are available.
Kinetic analysis of the data produced has been the subject of numerous criticisms [6].
These criticisms arise partly from the computational methods, their range of
application and validity, and partly from the quality of experimental data. To address
these problems and offer guidance for a reliable evaluation of kinetic parameters,
ICTAC Kinetics Project was established by several researchers.
The ICTAC Kinetics Project was first suggested during the 11th International
Congress on Thermal Analysis and Calorimetry in Philadelphia, USA, in August
1996. A Kinetics Workshop was held and one of the suggestions arose was that sets
of kinetic data should be prepared and distributed to volunteer participants for their
analysis using any, or several, methods they wished. Eight sets of data were
distributed and participants evaluated these data sets with different computational
methods. Data sets consist of both experimental and simulated data in isothermal and
non-isothermal conditions. Experimental data were distributed in six sets for the
decomposition of calcium carbonate and ammonium perchlorate under nitrogen and
vacuum both in isothermal and non-isothermal conditions. Two data sets were
simulated isothermally and non-isothermally using two equally-weighted, parallel,
first-order reactions (A1=1010 min-1, E1= 80 kJ/mol; A2=1015 min-1, E2= 120 kJ/mol)
[6].

3

In present study, in order to check the reliability of the software, non-isothermal data
sets of the ICTAC Kinetics Project were used to determine kinetic parameters and
kinetic results were compared with those obtained by the participants of the ICTAC
Kinetics Project.
In addition, this study also intends to investigate the combustion characteristics and
kinetics of three same origin coal samples from the Thrace region of Turkey. A series
of TGA and DSC measurements were carried out in non-isothermal conditions at
heating rates of 5, 10 and 15 K/min. Several computational methods, available in the
THERA-Kinetics software, were applied to experimental data to determine kinetic
parameters. At the end of the analysis, kinetic parameters of the coal samples
presented and discussed in many aspects.

4

CHAPTER 2

LITERATURE REVIEW

Many mathematical models and different kinetic approaches proposed to study
kinetics of materials in the literature. This review will focus on the ICTAC Kinetics
Project, and computational methods, specifically model-free (isoconversional) and
model-fitting methods of kinetic analysis.
Brown et al. [6] discussed the results of the kinetic parameters obtained at different
methods for the ammonium perchlorate and calcium carbonate at isothermal and
non-isothermal conditions for the hypothetical simulated data and the experimental
data. Different computational methods were applied by the participants of the
ICTAC Kinetics Project. The results showed that for describing the multi-step
kinetics of the simulated data, the isoconversional and multi-heating rate methods
were suitable. The kinetic results of the isothermal and non-isothermal data were
agreed with each other. The exact determination of the kinetic parameters for the
experimental data is not possible; for this reason, the results obtained by different
participants were compares. It was concluded that there was a need for the
investigation of the reaction mechanism of the multi-step solid-state reactions.
Maciejewski [7] discussed the results of kinetic data obtained from different
participants by the experiments performed on the calcium carbonate in isothermal
and non-isothermal conditions under nitrogen and vacuum. From the results, it was
emphasized that the kinetic data were affected from the experimental conditions and
multi-heating rate methods should be used to obtain reliable kinetic results. The
5

single-heating rate methods lost their reliability. It was stressed that kinetic triplet
should be determined for a better kinetic description. Determination of only the
activation energy did not mean anything.
Vyazovkin [8] examined the isothermal and non-isothermal decomposition of
ammonium perchlorate from simulated and experimental data. The participants of the
ICTAC Kinetics Project examined the data at different heating rates by using modelfree methods. Model-free methods were successful in determining the multi-step
kinetics. Fitting data to multi-step kinetics had been successful in simulated data;
however, it was uncertain in experimental data.
Burnham [9] compared the kinetic results obtained from various participants of the
ICTAC Kinetics Project by using different kinetic methods. It was observed that the
results of the isoconversional methods agreed with nonlinear regression models
quantitatively. However, the results obtained from single-heating rate methods do not
corporate with each other. The nonlinear regression models found by Opfermann,
Burnham and Roduit were very close sometimes same. The thermal analysis
committee decided that the single heating rate methods were not acceptable.
Roduit [10] investigated the kinetic results of thermal decomposition of calcium
carbonate and ammonium perchlorate using simulated and experimental data. The
results showed that the model-fitting methods were suitable when multi-step kinetic
models were assumed. The multi heating rate data should be used for the kinetic
calculations since the single heating rate cannot comprise the complexity of the
process.
Budrugeac and Segal [11] presented the general procedure of the derivation of
fundamental equations for isoconversional nonlinear methods. A new integral
isoconversional nonlinear method was suggested by using the resultant equation and
integration of the general rate equation for a given range of the degree of conversion.
This procedure was applied to the simulated non-isothermal data and to the non-
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isothermal aluminum perchlorate decomposition. The activation energy,
dependency to the conversion degree,

was found and compared with the other

linear and nonlinear methods. The results showed that when the activation energy
was dependent on the degree of conversion, the

values rely on the lower limit of

the integration. By using this method, the range of conversion degree can be found
out for a rate determining step.
Chrissafis [12] applied both model-free (isoconversional) and model-fitting methods
to the thermal degradation of polymers. The values of the activation energy
the pre-exponential factor

and

obtained by using same model at different heating

rates gave different values. Since the thermal degradation of polymers is complex,
the use of model-fitting methods with the combination of more than one method gave
very good fittings and high correlation coefficients. This study showed that for
reliable kinetic parameter determination one should use multiple heating rate data.
Khawam and Flanagan [13] stated that although the use of isoconversional methods
were common because of their ability to determine the kinetic triplet ( ,
and

), these methods could not determine the reaction model uniquely.

Therefore, they proposed to use the combining the power of isoconversional methods
with model-fitting methods and using isoconversional methods to select the reaction
model. When the model was determined, the

and

values can be determined.

However, this approach was only applicable to the desolvation reactions of
sulfameter solvates, solvate system where solvent molecules fill channels within the
crystal structure and desolvation involves the removal of solvent from such channels
and not applicable to isothermal experiments.
Khawam and Flanagan [14] studied the relationship between the calculation methods
and artifactual variation in activation energy. The activation energy of both the
simulated data and experimental data were calculated by isoconversional and modelfitting methods. The thermal gravimetric analyzer (TGA) experiments were
performed by sulfameter-dioxolane desolvation in non-isothermal conditions. They

7

concluded that the variation in activation energy in simple reactions was due to the
artifact resulting of incorrect application of isoconversional methods.
Kok [15] studied four different coal samples using thermogravimetry (TG/DTG) and
differential thermal analyzer (DTA). The samples were heated up to 800 °C. Two
different reaction regions were observed. The first reaction region was due to
elimination of water molecules and the second reaction region was due to the
devolatization. Two different kinetic methods were applied to determine the
activation energy that was Arrhenius and Ingraham-Marrier method.
Ozbas et. al. [16] determined the combustion behavior and kinetics of raw and
cleaned coal samples using DSC. DSC curves of three different coal samples showed
two distinct reaction regions. The first reaction region was between ambient and 150
°C and occurred due to the moisture loss. The second reaction region was exothermic
between 150-600 °C due to the combustion. The kinetic analysis of the samples was
performed by using Roger and Morris kinetic model.
Rotaru and Gosa [17] developed a computer program for the thermal and kinetic
analysis. The non-isothermal kinetic parameters of heterogeneous reactions were
determined by the software. Several linear isoconversional methods were
implemented to the software. These were Friedman, Li-Tang, Ozawa-Flynn-Wall
(OFW), generalized Kissinger-Akahira-Sunose (KAS), IKP, Perez-Maqueda and
Master plot methods. The software was developed for the processing of the
experimental data.
Vyazovkin [18] presented that the model-free methods were within the context of
traditional kinetic description based on the kinetic triplet ,

and

or

. The

traditional kinetic description needs these values for making kinetic predictions.
However, the model free methods create an activation energy dependency on α that
is adequate for the theoretical and kinetic description. Model free methods do not
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concern with the evaluation of ,

or

for the kinetic predictions but these

values can be determined in the structure of model free methods.
Zelic et. al. [19] studied the thermal decomposition of calcium hydroxide Portlandite
formed into hydrated ordinary Portland Cement using TGA and DSC. The sample
was subjected to four different heating rates (5, 10, 15 and 20 °C/min) in nitrogen
atmosphere. The activation energy was evaluated by the isoconversional OzawaFlynn-Wall (OFW) method. The results showed that the activation energy was
decreasing with the degree of conversion.
Vyazovkin [20] proposed some recommendations for kinetic computations. The first
one was the acquiring good quality data at least three different heating rates. The
second one was applying an isoconversional method and determining the
dependency. If

does not vary with

versus

, the reaction is single step and can be

expressed by a single kinetic triplet. This can be done by linear model-fitting. If
depends on

, the reaction is multi step, and expressed by multiple-step kinetics.

This can be done by nonlinear model-fitting. The third one was validation of the
computed kinetic parameters by demonstrating that they could be used to
satisfactorily predict the experimental curves from which these parameters had been
collected.
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CHAPTER 3

STATEMENT OF THE PROBLEM

Due to the large amount of data produced from each experiment as well as the
variety of computational methods that available, computer programs to do kinetic
analysis are necessary. These computer programs allow the evaluation of kinetic
parameters in a much more adequate and user friendly manner by providing a
graphical user interface. The dynamic handle of the data sets, parameters and
different computational methods makes the evaluation process faster and easier.
The main focus of this study is to develop a new software (THERA-Kinetics) for the
determination of kinetic parameters in thermal analysis. The software provides an
opportunity to compare a variety of computational methods. Comparison of the
results obtained can highlight the weak and strong features in the applied methods
and, therefore, identify the most promising of them. The reliability of the software
was verified by comparing the kinetic results with those obtained by the participants
of the ICTAC Kinetics Project using the same sets of data.
It was also within the scope of this study to examine the combustion characteristics
and kinetics of three same origin coal samples from the Thrace basin region of
Turkey. A series of TGA and DSC measurements were carried out in non-isothermal
conditions at heating rates of 5, 10 and 15 K/min. Several computational methods,
available in the THERA-Kinetics software, were applied to experimental data to
determine the kinetic parameters. At the end of the analysis, kinetic parameters of the
coal samples presented and discussed in many aspects.
10

CHAPTER 4

THEORY

4.1. Thermal Analysis
Thermal analysis is a series of techniques that measure the physical and chemical
properties of materials as a function of temperature. In a typical thermal analysis
evaluation, a sample is subjected to programmed heating and/or cooling in a
controlled atmosphere. Resulting property changes are monitored, analyzed and
reported through a computer and associated software.
Thermal analysis comprises a variety of techniques used to measure changes in
material properties with changes in temperature. Commonly used and important
techniques include:
(1) Thermogravimetric Analysis (TGA)
(2) Differential Scanning Calorimetry (DSC)
(3) Differential Thermal Analysis (DTA)
(4) Thermo Mechanical Analysis (TMA)
(5) Dynamic Mechanical Analysis (DMA)
4.2. Kinetic Analysis
Kinetics is the study of the dependence of the extent of a chemical reaction on time
and temperature [4]. Kinetic analysis is used for the interpretation of the kinetic
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processes by calculating the kinetic parameters, which are the activation energy
the pre-exponential factor

and the reaction model

,

. These three parameters

are also known as the kinetic triplet.
There are two major purposes of obtaining the kinetic triplet: one is theoretical,
another is practical. Theoretically, kinetic parameters represent an important physical
concept. Activation energy is considered to be the most important of the kinetic
parameters because it describes the reaction changes as a function of temperature.
Pre-exponential factor is an empirical relationship between temperature and rate
coefficient, and represents the frequency of the collision between molecules. The
function

describes the dependence of the reaction rate with the mechanism of

the process. Considering the different geometrical assumptions for the particles shape
and driving forces, different functions have been proposed for describing the kinetic
mechanism of reactions. Practically, the kinetic triplet is needed to provide a
mathematical description of the process. If the kinetic triplet determined correctly, it
can be used to reproduce the original kinetics data as well as to predict the process
kinetics outside the experimental temperature region [18].
The reaction is thought to be described when the activation energy, the preexponential factor and the reaction model are known. The scientific study of kinetics
centers on the determination of these parameters.
Kinetic analysis of solid state reactions can be generally described by:

4.1

where t is time and T is the temperature. The function

represents the

mathematical expression of reaction model and α is the degree of conversion, which
varies from 0 to 1 from initiation to completion, and defined as:
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(

4.2

)

where W0 is the initial weight, Wt is the weight of sample at T and Wf is the final
weight at which the weight loss is approximately unchanged.
The temperature dependence of the rate constant can be described by the Arrhenius
equation (Equation 4.3):

(

Replacing

4.3

in Equation 4.1 with the Arrhenius equation gives:

(

where

)

)

4.4

is the pre-exponential factor (min-1) and

is the activation energy (kJ/mol),

is the universal gas constant.
The temperature program can be isothermal

, or non-isothermal

. For a non-isothermal temperature program, if the temperature changes
linearly with time at a constant heating rate (

):

4.5

where
Then,

is the heating rate.
in Equation 4.4 is replaced with

(
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. After rearranging terms:

)

4.6

The integration of Equation 4.6 gives:

∫

where

(

)

4.7

is the integral form of the reaction model as shown in Equation 4.8.

∫

4.8

is replaced by “ ” and integration limits transformed, Equation 4.7

If
becomes:

∫

4.9

Equation 4.9 can be written as:

4.10

where

is the temperature integral. The temperature integral

has no analytic

solution, but has many approximations. Starting from Equation 4.10, various
methods have been developed for the evaluation of the kinetic parameters.
There are, in general, two different approaches in kinetic analysis:
1. Use of model-free (isoconversional) methods for the evaluation of the
kinetic parameters without choosing a reaction model

.

2. Use of model fitting methods by fitting the experimental data to different
reaction models.
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Model free or isoconversional methods do not depend on the reaction model,

.

They rely on the isoconversional principle, which implies that the reaction rate at a
fixed degree of conversion

values is independent on the heating rate. Therefore,

experiments at several different heating rates are needed for the application of model
free methods. To determine the pre-exponential factor, generally the knowledge of
the reaction model

is necessary.

Model fitting methods depend on the reaction model,
Arrhenius temperature dependence of the rate constant,

and also assume the
. The temperature

sensitivity of the reaction rate depends on the degree of conversion

; therefore,

these methods are considered to be approximate. Furthermore, identifying a suitable
model is the most important step in the application of the model fitting methods.
4.2.1. Model-Free (Isoconversional) Methods
4.2.1.1. Ozawa-Flynn-Wall Method
Ozawa-Flynn-Wall (OFW) method [21-22] is an integral isoconversional method
that uses the Doyle’s linear approximation for the temperature integral,

. The

OFW method is based on the following equation:

4.11

The activation energy can be evaluated from the slope
versus

of

plot for constant values of conversion degree at different heating

rates.
4.2.1.2. Friedman Method
The differential isoconversional Friedman method [23] provides an approximation to
the temperature integral, that leads to:
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(

)

4.12

The activation energy can be obtained from the slope of the plot
versus

[

]

at several heating rates for fixed values of conversion degree.

4.2.1.3. Kissinger-Akahira-Sunose Method
Kissinger-Akahira-Sunose (KAS) method [24-25] is based on the equation:

(

From the slope of

)

versus

(

)

4.13

plot, the activation energy can be obtained

for fixed values of conversion degree.
4.2.1.4. ASTM E698 Method
ASTM E698 method [26] is based on the multi-heating rate approach of OzawaFlynn-Wall. A plot of

versus

, where

is the peak temperature in Kelvin,

provides the information necessary to calculate the activation energy
exponential factor

. First, an approximate value for the

and pre-

is calculated from the

following equation:

[

Refinements of the approximated values of
calculated and corresponding value of
for

]

4.14

are attained by reiterations.

is

is found from Table 4.1. Then, a new value

is calculated from:

(

)[
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]

4.15

Refining the value of

a second time, results in a close approach to its final value.

Finally, the pre-exponential factor

can be calculated as follows:

(

where

)

(

)

4.16

is the heating rate from middle of the range.
Table 4.1: Values of
X = E/RT
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

D
1.4000
1.3333
1.2857
1.2500
1.2222
1.2000
1.1818
1.1667
1.1538
1.1429
1.1333
1.1250
1.1176
1.1111
1.1053
1.1000
1.0952
1.0909
1.0870
1.0833
1.0800
1.0769
1.0741
1.0714
1.0690
1.0667
1.0645
1.0625
1.0606
1.0588
1.0571
1.0556
1.0541
1.0526
1.0513

and
X = E/RT
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
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D
1.0500
1.0488
1.0476
1.0465
1.0455
1.0444
1.0435
1.0426
1.0417
1.0408
1.0400
1.0392
1.0385
1.0377
1.0370
1.0364
1.0357
1.0351
1.0345
1.0339
1.0333
1.0328
1.0323
1.0317
1.0312
1.0308
1.0303
1.0299
1.0294
1.0290
1.0286
1.0282
1.0278
1.0274
1.0270

4.2.2. Model Fitting Methods
4.2.2.1. Arrhenius Method
Arrhenius method [27] assumes that the total weight loss of the sample depends on
the rate constant, temperature and the remaining weight of the sample. In Arrhenius
method, the reaction order is assumed to be unity and rate of weight change with
respect to time is expressed as:

4.17

Assuming first order kinetics:

[

where

]

(

is the rate of weight change. When

)

[

4.18

] versus

is

plotted, the activation energy and pre-exponential factor are obtained from the slope
and intercept of this plot, respectively.
4.2.2.2. Coats and Redfern Method
Coats and Redfern method [28] has been widely used for the kinetic analysis of
TG/DTG data. In Coats and Redfern method, the temperature integral

is

assumed as:
[
Reaction model

]

4.19

is generally assumed as nth order:
4.20
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Substituting Equations 4.19 and 4.20 into Equation 4.10 and taking the natural
logarithm of both sides, the following equations are obtained:

(

(

)

)

(

(

(

(

))

4.21

))

4.22

The activation energy can be calculated from the slope of the plot
] versus
for

for

or

[

[

] versus

. The reaction order is the value that provides the best linear plot.

Furthermore, the pre-exponential factor can be calculated from the intercept.
4.2.2.3. Borchardt and Daniels Method
Borchardt and Daniels (B&D) method [29] allows the calculation of activation
energy, pre-exponential factor, heat of reaction, reaction order and rate constant from
a single DSC scan. B&D approach assumes that the reaction follows nth order
reaction kinetics and is based on the following equation:

(

)

4.23
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CHAPTER 5

EXPERIMENTAL EQUIPMENT AND PROCEDURE

In this study, a series of TGA and DSC measurements were carried out for the three
same origin coal samples (Coal-I, Coal-II, Coal-III) from the Thrace region of
Turkey. TA Instruments TGA Q500 and DSC Q200 were used to perform
experiments. All the experiments were conducted in non-isothermal conditions at
heating rates of 5, 10 and 15 K/min, and with 2.0±0.2 mg of samples. Chemical and
physical properties of the coal samples studied are given in Table 5.1.
Table 5.1: Chemical and physical properties of the coal samples
Calorific
Sample

Value
(kcal/kg)

Moisture
(%)

Ash

Volatile

Content Matter
(%)

(%)

C

S

Gas

Density

(%)

(%)

(%)

(gr/cm3)

Coal-I

2145

31.88

29.39

22.52

16.21

2.45

54.40

1.53

Coal-II

2297

30.65

28.50

25.14

15.71

2.66

55.79

1.42

Coal-III

2360

32.45

26.35

24.10

17.85

2.95

56.42

1.40

TGA and DSC instruments are used in conjunction with an associated data
acquisition and analysis software called Universal Analysis. The software enables to
setup experiments, displays the progress of the experiment on the monitor and stores
the experimental data to the computer. The data were then exported from Universal
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Analysis software as ASCII files to be later used in THERA-Kinetics software for
the determination of kinetic parameters.
Information about the instruments, techniques and experimental procedures are given
in the following sections. Moreover, instrumental specifications of the TGA Q500
and DSC Q200 are found in Appendix A.
5.1. Thermogravimetric Analyzer (TGA)
Thermogravimetric analysis (TGA) is a simple analytical technique that measures the
weight loss (or weight gain) of a material, either non-isothermally as a function of
temperature, or isothermally as a function of time in a controlled atmosphere. As
materials are heated, they can lose weight from a simple process such as drying, or
from chemical reactions that liberate gasses. Some materials can gain weight by
reacting with the atmosphere in the testing environment. Since weight loss and gain
are disruptive processes to the sample material or batch, knowledge of the magnitude
and temperature range of those reactions are necessary [30].
In TGA, before each experiment, first the empty pan is tared by the instrument. Then
the sample is placed into the pan. The pan containing the sample is taken into the
furnace, where the heat and atmosphere conditions are controlled by the controller,
and subjected to a predetermined heating program. The balance determines the
weight change of the sample and sends it to the computer. Therefore, the weight
change of a sample as a function of time or temperature can be determined. Figure
5.1 shows the balance system of a typical TGA instrument.
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Figure 5.1: Balance System of a Typical TGA Instrument [31]
A TGA thermal curve plots the weight change as weight (mg) or weight percent (%)
on the Y-axis against the reference material temperature on the X-axis. The TGA
derivative curve (DTG) which often can resolve weight losses that are obscured or
overlapping in the parent curve is useful as a fingerprint of the compound. A
derivative weight curve can identify where weight loss is most apparent. The peak of
a derivative curve indicates the point of greatest rate of change on the TGA curve.
This point is also known as the inflection point. A typical TGA curve overlay on a
derivative weight curve for a coal sample analyzed within this study shown in Figure
5.2.
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Figure 5.2: A Typical TG/DTG Thermal Curve
5.2. Differential Scanning Calorimeter (DSC)
Differential scanning calorimetry (DSC) is a popular thermal analysis technique that
measures the heat flows and temperatures associated with physical transitions in
materials [32]. A sample of known mass is heated or cooled and the changes in its
heat capacity are tracked as changes in heat flow. This allows the detection of
transitions like melts, glass transitions, phase changes and curing. Because of this
flexibility, DSC is used in many industries.
In DSC, the sample pan and an empty reference pan are placed on thermoelectric
disc (constantan) inside the DSC cell. Heat is transferred through the constantan up
into the sample and reference via the pans. The difference in temperature between
the sample and reference measured in order to calculate the difference in heat flow.
The most common design for a DSC cell as a cross sectional view is shown in Figure
5.3.
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Figure 5.3: Cross sectional view of a DSC cell [33]
The result of a DSC experiment is a thermal curve that plots heat flow against
temperature. Peaks on the curve are produced as a result of thermal transitions within
the sample such as melting, oxidation, orientation and chemical reactions. Figure 5.4
illustrates a typical DSC thermal curve obtained within this study.
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Figure 5.4: A typical DSC thermal curve
5.3. Experimental Considerations
There are three main considerations when conducting the experiments.
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5.3.1. Temperature Range and Heating Rate
Depending on the nature of the sample, considering the transition of materials, the
intervals where the reaction starts and ends should be determined. In this study,
temperature ranges were determined as 25-900 °C for TGA and 25-600 °C for DSC,
respectively.
Although kinetic parameters can be determined from data obtained from only two
different temperature programs, the use of at least 3-5 programs is recommended
[20]. Run time and resolution are the two important considerations while selecting
the heating rate. Due to the fact that, higher heating rates can produce thermal lag in
the sample and tend to broaden transitions, slower heating rates are usually used [34].
5.3.2. Sample Preparation and Pan Type Selection
A variety of sample pans are available which provide good thermal conductance to
the sample and enable a wide variety of sample materials to be studied. Depending
on the experimental objectives and conditions, an appropriate pan type should be
selected. In TGA experiments, platinum pan was used because of its many
advantages. It is easy to clean and does not react with most organic matters.
Moreover, platinum pans are reusable and can go above 600 °C which satisfied the
requirements of the experiments within this study. On the other hand, in DSC
experiments, copper pans were preferred due to the fact that they can be used up to
725 °C [32].
5.3.3. Purge Gas
The selection of purge gas depends on the experimental objective. However, highpurity dry nitrogen is generally used because of its low cost and reasonably good
heat transfer [34].
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CHAPTER 6

SOFTWARE DEVELOPMENT

Kinetic analysis allows finding a set of kinetic parameters by interpreting the data
produced from a thermal analysis experiment. Considering the large amount of data
produced from each experiment as well as the variety of computational methods that
available, computer programs to do kinetic analysis are necessary. These computer
programs allow the evaluation of kinetic parameters in a much more adequate and
user friendly manner by providing a graphical user interface. The dynamic handle of
the data sets, parameters and different computational methods makes the evaluation
process faster and easier.
The main focus of this study is to develop a software to perform kinetic analysis with
various computational methods. The software was developed in C# language with a
user-friendly interface and named as “THERA-Kinetics” originating from the
“thermal analysis” and “kinetics” keywords.
6.1. The Main Window and the Parts of the Software
The main window (as in Figure 6.1) of the software provides access to all of the
functions needed to input data files and perform kinetic analysis for the evaluation of
the kinetic parameters.
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Figure 6.1: The Main Window of the Software

The panel at the left of the main window provides centralized navigation and easy
access to the steps of kinetic analysis. Moreover, this panel guides users step by step
through a kinetic analysis process. A typical kinetic analysis process has at least
three major steps:
(1) Data input
(2) Selection of the kinetic methods
(3) Displaying the kinetic results
Application of these steps in THERA-Kinetics software and other functionalities of
the software are described in Sections 6.1.1 to 6.1.3.
6.1.1. The Data Input Panel
Data files should be prepared depending on the computational method that will be
used. Isoconversional methods use multi-heating rates; therefore, the required data
for kinetic analysis must be given as a set of several measurements at different
heating rates. On the other hand, there are some other methods that use singleheating rate approach where a data set consists of a single data file. The data set is
generally in sets of conversion degree (α) and temperature values at several different
constant heating rates.
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The software was designed to import ASCII format text files, but it is possible to
import data files in other formats. The reason for the use of plain text files for the
data input is that these files can be easily moved between different computer
programs and different operating systems. In a typical data file, the numerical data
comes after the ignored lines for comments and column labels. Each data point
representing, e.g. alpha and temperature values, occurs on a single line. Depending
on the data type, there can be between two and five columns of numbers. A sample
data file prepared to use in THERA-Kinetics software was shown in Figure 6.2.
While the first column contains the temperature values, the second contains degree of
conversion (α) values. Columns of data are separated by one or more spaces or tab
character as in this example.

Figure 6.2: A Sample Data File in ASCII Format
After preparing the data files in appropriate format, it is very easy to import them to
the software. Figure 6.3 shows the window that is used to add new data files to the
software. To introduce data columns to the software, Data Set Type field should be
defined correctly. Heating Rate field is only required in multi-heating rate methods to
distinguish between data files. However, it is a good practice to enter heating rate
information for all the analysis performed.
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Figure 6.3: Add Data File Window

There is also an advanced section on the Add Data File window where some
additional parameters can be specified. Reaction intervals, peak and onset
temperatures should be entered, if available. However, not all the computational
methods employed in THERA-Kinetics software need this information. For the
illustration, a view from the Data Input panel is shown in Figure 6.4 after all the data
files added to the software as a first step of a kinetic analysis process.

Figure 6.4: The Data Input Panel

6.1.2. The Computational Methods Panel
The software gives the possibility to make kinetic analysis by both using model-free
(isoconversional) and model fitting methods. While some of the methods use multi-
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heating rate approach, others use single heating rate. Computational methods
commonly used and employed in THERA-Kinetics software are listed as follows:


Multi-Heating Rate Methods
1. Ozawa-Flynn-Wall (OFW)
2. Friedman
3. Kissinger-Akahira-Sunose (KAS)
4. ASTM E698



Single-Heating Rate Methods
1. Arrhenius
2. Coats and Redfern

The software checks the data files added and filters the most appropriate methods
depending on the data set type and heating rate information. Figure 6.5 shows a view
from Computational Methods panel.

Figure 6.5: The Computational Methods Panel
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6.1.3. The Kinetic Results Panel
The software provides an opportunity to evaluate kinetic parameters and compare the
kinetic results obtained from different computational methods that applied to same
sets of data. Comparison of the results can highlight the weak and strong features in
the applied methods and, therefore, identify the most promising of them. The results
may be the values of activation energy and/or pre-exponential factor at different
conditions, e.g. activation energies at different degree of conversion (α) values. Also,
slopes, intercepts and correlation coefficients of the straight lines involved in the
calculations of all the employed methods, shown in the Kinetic Results panel. In
addition, graphical representation of the data and resulting calculation plots for
different methods are displayed and can be exported as image files easily. A view of
the Kinetic Results panel shown in Figure 6.6 and a sample resulting plot generated
with sample data files, using Kissinger-Akahira-Sunose (KAS) method is given in
Figure 6.7.

Figure 6.6: The Kinetic Results Panel
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Figure 6.7: A Sample Plot of Kissinger-Akahira-Sunose (KAS) Method
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CHAPTER 7

RESULTS AND DISCUSSION

In this chapter, the reliability of the software was verified by comparing the kinetic
results with those obtained by the participants of the ICTAC Kinetics Project. Nonisothermal data sets provided by the ICTAC Kinetics Project, which are based on a
hypothetical simulated process as well as on some actual experimental results for the
thermal decompositions of ammonium perchlorate and calcium carbonate, were used.
Detailed results of the kinetic parameters obtained and comparison tables are given
and discussed in Section 7.1.
It was also within the scope of this study to examine the combustion characteristics
and kinetics of three same origin coal samples. Results of the TGA and DSC
experiments as well as the kinetic parameters obtained for each data set are analyzed
and discussed in the Section 7.2.
7.1. The ICTAC Kinetics Project
Kinetic analysis of the data produced has been the subject of numerous criticisms.
These criticisms arise partly from the computational methods, their range of
application and validity, and partly from the quality of experimental data. To address
these problems and offer guidance for a reliable evaluation of kinetic parameters, the
ICTAC Kinetics Project was established by several researchers. Several sets of data
were distributed and participants of the project were evaluated these data sets with
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different computational methods. The kinetic results were reported in detail [6] and
further analyzed by the organizers [7-10].
In order to check the reliability of THERA-Kinetics software, the kinetic results
obtained by the participants of the ICTAC Kinetics Project and the results produced
by the software were compared using the same data sets. Data sets consist of both
experimental and simulated data in non-isothermal conditions.
The data sets used were as follows:


Set 1: Six experimental alpha-temperature curves for the decomposition of
calcium carbonate (CC) in vacuum, obtained at heating rates of 1.8, 2.5, 3.5,
5, 6.2 and 10 K/min.



Set 2: Six experimental alpha-temperature curves for the decomposition of
calcium carbonate (CC) in nitrogen, obtained at heating rates of 1, 3, 5, 7.5,
10, 15 and 25 K/min.



Set 3: Six experimental alpha-temperature curves for the decomposition of
ammonium perchlorate (AP) in nitrogen, obtained at heating rates of 2.52,
5.16, 7.58, 10.49, 12.79 and 15.45 K/min.



Set 4: Five simulated alpha-temperature curves calculated at heating rates of
0.5, 1.0, 2.0, 4.0 and 8.0 K/min.

A variety of computational methods employed in THERA-Kinetics software were
applied to these data sets and reasonably close kinetic results were obtained in
comparison with the results of the ICTAC Kinetics Project. A detailed analysis and
further results are given in Sections 7.1.1 to 7.1.4 for each data set.
7.1.1. Set 1: Decomposition of Calcium Carbonate in Vacuum
Methods relying on the isoconversional principle and using multi-heating rate
approach are successful in accurately evaluating the kinetic parameters [35]. Three of
the most used isoconversional methods were applied to the experimental data of
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decomposition of calcium carbonate in vacuum, following the original paper [6].
These methods were Ozawa-Flynn-Wall (OFW), Friedman and Kissinger-AkahiraSunose (KAS). The values of activation energy for different conversion degree
values evaluated by THERA-Kinetics software are given in Figure 7.1.

Figure 7.1: The Values of Activation Energy (kJ/mol) of CC in Vacuum at Different
Conversion Degrees

The results seen on Figure 7.1 agree well with those obtained by means of
isoconversional methods in the ICTAC Kinetics Project. Table 7.1 presents the
methods used as well as the results obtained within this study in comparison with the
ICTAC Kinetics Project.
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Table 7.1: The Comparison of the Kinetics Results for the Data Set 1
THERA-Kinetics
Method

E (kJ/mol)

ICTAC Kinetics Project
Contributor

E (kJ/mol)
Low α : 162±4

α=0.1 : 148.86
OFW

Opfermann

…
α=0.9 : 117.82

High α : 110±2
α=0.1 : 145±4

Roduit
Li and Tang

α=0.9 : 115±4
Low α to high α : 138±20
Low α : 106±7

Burnham
α=0.1 : 106.82
Friedman

…

High α : 89±15
Low α : 134±13

Opfermann

α=0.9 : 89.80

High α : 110±2
α=0.1 : 105±17

Roduit

α=0.9 : 90±30

Li and Tang

Low α to high α : 102±13

Li and Tang

Low α to high α : 130±22

α=0.1 : 142.98
KAS

…
α=0.9 : 109.16

7.1.2. Set 2: Decomposition of Calcium Carbonate in Nitrogen
Isoconversional methods were applied to the calcium carbonate data in nitrogen, and
the differences between the activation energies from low α to high α values are found
to be ~10 kJ/mol.
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Figure 7.2: The Values of Activation Energy (kJ/mol) of CC in Nitrogen at Different
Conversion Degrees

Comparing with the decomposition of calcium carbonate in vacuum data, the results
showed smaller variation in activation energy values. Figure 7.2 presents the
dependency of

on

obtained by using different isoconversional methods and all

detailed results have been summarized in Table 7.2.
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Table 7.2: The Comparison of the Kinetics Results for the Data Set 2
THERA-Kinetics
Method

ICTAC Kinetics Project

E (kJ/mol)

Contributor

E (kJ/mol)
Low α : 219±12

Opfermann

α=0.1: 200.04
…

OFW

α=0.1 : 199±7
Roduit

α=0.9 : 200.17

α=0.9 : 194±7

Li and Tang

Low α to high α : 202±4

Burnham *

192±5
Low α : 183±7

α=0.1 : 189.14

Opfermann

…

Friedman

High α : 194±2

High α : 176±11
α=0.1 : 190±12

α=0.9 : 192.68

Roduit

α=0.9 : 195±11

Li and Tang

Low α to high α : 188±10

Li and Tang

Low α to high α : 197±5

α=0.1 : 194.35
…

KAS

α=0.9 : 192.98
* 1.0, 3.0, 5.0, 10.0 K/min only

7.1.3. Set 3: Decomposition of Ammonium Perchlorate in Nitrogen
Non-isothermal experimental data of the decomposition of ammonium perchlorate in
nitrogen were used to compare kinetic results. The values of activation energy were
determined by means of different isoconversional methods. Figure 7.3 shows that,
the values of activation energy changes strongly with the degree of conversion.
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Figure 7.3: The Values of Activation Energy (kJ/mol) of AP in Nitrogen at Different
Conversion Degrees

To compare the kinetic results, consistent

values were chosen with the ICTAC

Kinetics Project contributors. Also, to make a comparison with Burnham’s results,
three of the heating rates (2.52, 7.58 and 15.45 K/min) were used in Friedman
method. The results obtained are tabulated on Table 7.3.
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Table 7.3: The Comparison of the Kinetics Results for the Data Set 3
THERA-Kinetics
Method

ICTAC Kinetics Project

E (kJ/mol)

Contributor

α=0.1 : 110.07

Opfermann

Low α=0.3 : 94.7±2.3

…

OFW

High α=0.9 : 114.5±5.2
α=0.1 : 108±7

α=0.9 : 118.36

Roduit

α=0.1 : 117.17

α=0.9 : 114±14
Low α=0.1 : 79.4±0.3

…

Burnham*

α=0.9 : 79.45
Friedman

E (kJ/mol)

High α=0.4: 115±4
Low α=0.1 : 82.4±3.6

α=0.1 : 106.49

Opfermann

…

High α=0.6 : 117.5±5.0
α=0.1 : 83±12

α=0.9 : 113.82

Roduit

α=0.9 : 117±38

* 2.52, 7.58, 15.45 K/min only

7.1.4. Set 4: Simulated Data
In simulated data, the kinetic parameters

are already known.

Moreover, the data produced is not affected by the performance characteristics of the
measurement system, such as noise and sensitivity. So that, more accurate results
obtained and this data set is more suitable for the verification of the computational
methods.
This data set was simulated using a system of two equally-weighted, parallel, first
order reactions (Equation 7.1).

(

)

[

]
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7.1

The Arrhenius parameters of the individual steps were taken to be A1 =1010 min-1, E1
=80 kJ/mol; A2 =1015 min-1, E2 =120 kJ/mol [8].
Figure 7.4 presents the dependency of the activation energy on degree of conversion
values by using different isoconversional methods.

Figure 7.4: The Values of Activation Energy (kJ/mol) of Simulated Data at Different
Conversion Degrees

From the results, it was observed that the activation energy values were varying
between 84.97 and 116.98 kJ/mol which were in good agreement with the real
values. Detailed results of the kinetic parameters are given on Table 7.4.
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Table 7.4: The Comparison of the Kinetics Results for the Data Set 4
THERA-Kinetics
Method

E (kJ/mol)

ICTAC Kinetics Project
Contributor

E (kJ/mol)
Low α : 82.3±0.2

Opfermann

α = 0.1 : 86.51
OFW

…

High α : 113.4±1.5
α=0.1 : 83.7±1.3

Roduit

α = 0.9 : 111.48

Li and Tang

α=0.9 : 106.7±2.7
Low α to high α : 85-115
Low α : 87.7±0.6

Burnham
α = 0.1 : 87.66
Friedman

High α : 117.3±1.7
Low α : 83.3±0.3

…

Opfermann

α = 0.9 : 116.98

High α : 116.3±2.6
α=0.1 : 89.2±1.7

Roduit

α=0.9 : 117.3±4.6

α = 0.1 : 84.97
KAS

…

Li and Tang

Low α to high α : 85-115

α = 0.9 : 110.53

7.2. TG/DTG and DSC Analysis of Coal Samples
Coal is a physically heterogeneous and chemically complex mixture of organic and
inorganic species [15]. There are many different types of coal, like graphite,
anthracite, bituminous coal and lignite, etc. and each type has different chemical and
physical properties. They are used in many different fields, such as smelting metals,
steam engines and power production etc.
The calorific value of coal is one of prime importance as the real purchase of coal is
the purchase of energy or the purchase of heat on which the whole of the industry is
based. Due to the fact that the quality of the coal as an energy source is an important
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and critical factor in all types of industrial production, TG/DTG and DSC analysis of
the coal became an important subject among researchers [36].

7.2.1. TG/DTG Analysis
Thermogravimetric study of coal samples is very complicated due to the presence of
a great number of complex components and their parallel/consecutive reactions. In
Figure 7.5 and Figure 7.6, TG and DTG curves of coal samples at a heating rate of 5
K/min is demonstrated as an example for the determination of reaction regions and
temperature intervals, peak and burn-out temperatures and weight loss percentages in
these reaction regions. It is seen that reaction intervals and peak temperatures where
maximum rate of decomposition occurs can be easily determined from DTG curves.
The TG/DTG curves revealed one main reaction region for all the coal samples at
heating rate of 5 K/min. In the low temperature intervals, around 350 K, elimination
of water molecules from the coal samples can be observed. The main reaction region
appears in the temperature range of 500 to 800 K, in which devolatilization occurs
and compounds containing carbon, hydrogen and oxygen were released. Same trend
was also observed at heating rates of 10 K/min and 15 K/min.
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Figure 7.5: The TG Curves of the Coal Samples at Heating Rate of 5 K/min
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Figure 7.6: The DTG Curves of the Coal Samples at Heating Rate of 5 K/min

Reaction intervals, peak and burn-out temperatures and weight loss percentages for
all the coal samples at different heating rates are tabulated in Table 7.5.
44

Table 7.5: Reaction Intervals, Peak (Tp) and Burn-out (Tb) Temperatures and Weight
Loss Percentages of the Coal Samples Determined from TG/DTG Curves
β = 5 K/min
Sample

Reaction Interval (K)

Weight Loss (%)

Tp (K)

Tb (K)

Coal-I

327-787

48.00

637

787

Coal-II

441-802

51.01

645

802

Coal-III

447-854

57.67

647

753

β = 10 K/min
Sample

Reaction Interval (K)

Weight Loss (%)

Tp (K)

Tb (K)

Coal-I

473-835

48.63

655

835

Coal-II

401-869

37.28

649

869

Coal-III

424-823

39.58

654

823

β = 15 K/min
Sample

Reaction Interval (K)

Weight Loss (%)

Tp (K)

Tb (K)

Coal-I

431-867

59.83

667

867

Coal-II

419-877

44.07

681

877

Coal-III

440-850

38.58

675

850

7.2.2. DSC Analysis
DSC measures the heat flow in materials and provides information about the physical
and chemical changes that involve endothermic or exothermic processes, or changes
in heat capacity.

45

15

–––––––
––––
––––– ·

Coal-I
Coal-II
Coal-III

Heat Flow (mW)

10

5

0

-5
200

300

Exo Up

400

500

600

700

800

900

Temperature (K)

Figure 7.7: The DSC Curves of the Coal Samples at Heating Rate of 5 K/min

As it can be seen on Figure 7.7, for the three coal samples in this study, one main
reaction region was observed, which started around 450 K and continued up to the
combustion of the sample completed. In this region, primary carbonization started
initially with the release of carbon dioxide and hydrogen. Reaction intervals, heat of
reactions, peak temperatures and heat flows of the coal samples at each heating rate
are tabulated in Table 7.6.
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Table 7.6: Reaction Intervals, Heat of Reactions, Peak (Tp) Temperatures and Heat
Flows of the Coal Samples Determined from DSC Curves
β = 5 K/min
Sample

Reaction Interval (K) Heat of Reaction (J/g) Tp (K) Heat Flow (mW)

Coal-I

430-810

11093

626

10.99

Coal-II

426-829

10820

632

9.86

Coal-III

439-775

7529

635

9.26

β = 10 K/min
Sample

Reaction Interval (K) Heat of Reaction (J/g) Tp (K) Heat Flow (mW)

Coal-I

449-839

7912

656

16.31

Coal-II

446-828

12626

637

27.04

Coal-III

436-843

10191

641

19.19

β = 15 K/min
Sample

Reaction Interval (K) Heat of Reaction (J/g) Tp (K) Heat Flow (mW)

Coal-I

450-869

11424

660

32.36

Coal-II

457-869

8157

675

28.00

Coal-III

445-837

11212

673

39.25

It was observed that heating rates affected the heat flow rates of the coal samples
studied. Higher heating rates were resulted in higher peak temperatures and heat
flows. Distinguishing peaks in the DSC curves shifted to higher temperatures with an
increase in the heating rate is shown in Figure 7.8 for Coal-I as an example.
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Figure 7.8: The DSC Curves of Coal-I at Heating Rates of 5, 10 and 15 K/min

7.2.3. Kinetic Analysis
Kinetic analysis of the thermal decomposition of coal is a matter of major interest for
investigating its use for energy. In this study, kinetic parameters of the coal samples
were

determined

by

THERA-Kinetics

software

both

using

model-free

(isoconversional) and model fitting methods. Although the focus has been on the use
of isoconversional methods for data from TGA experiments, these methods are
applicable to DSC data. The only requirement is the ability to convert collected data
to degree of conversion (α) versus temperature or time. Multi-heating rate methods,
namely Ozawa-Flynn-Wall (OFW), Friedman and Kissinger-Akahira-Sunose (KAS),
were applied to TGA and DSC data. Also, single-heating rate methods, Arrhenius
and Coats and Redfern were applied to TGA data; whereas Borchardt and Daniels
methods and ASTM E698 methods were applied to DSC data.
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7.2.3.1. Kinetic Analysis from the TG/DTG Data
Using different isoconversional methods provided by the software, for a selected
degree of conversion values

, the activation energy values were

evaluated and given in Table 7.7 to Table 7.9 for each coal sample.

Table 7.7: The Activation Energy (kJ/mol) Values of the Coal-I, Obtained at
Different Degree of Conversion
Values
Method

α = 0.1 α = 0.2 α = 0.3 α = 0.4 α = 0.5 α = 0.6 α = 0.7 α = 0.8 α = 0.9

OFW

n.a.

122.95 127.68 126.07 122.97 120.58 119.82 122.51 158.91

Friedman

n.a.

114.45 119.96 115.93 113.14 113.21 116.20 128.99 190.88

KAS

n.a.

119.73 124.22 122.19 118.62 115.81 114.69 117.13 154.79

Table 7.8: The Activation Energy (kJ/mol) Values of the Coal-II, Obtained at
Different Degree of Conversion
Values
Method

α = 0.1 α = 0.2 α = 0.3 α = 0.4 α = 0.5 α = 0.6 α = 0.7 α = 0.8 α = 0.9

OFW

50.73

98.89

101.67 101.22

Friedman

91.95

101.81 101.83

KAS

44.85

94.27

96.68

99.41

102.10 112.61 129.20 229.19

92.71

94.17

111.29 126.19 153.97 343.83

95.84

93.62

96.13
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106.84 123.90 228.33

Table 7.9: The Activation Energy (kJ/mol) Values of the Coal-III, Obtained at
Different Degree of Conversion
Values
Method

α = 0.1 α = 0.2 α = 0.3 α = 0.4 α = 0.5 α = 0.6 α = 0.7 α = 0.8 α = 0.9

OFW

n.a.

83.81

116.62 122.27 121.36 126.17 135.87 139.16 173.18

Friedman

n.a.

78.68

105.59 105.94 112.43 124.84 128.52 143.57 174.78

KAS

n.a.

78.33

112.36 117.96 116.70 121.47 131.37 134.49 169.56

Also, two of the single-heating-rate methods, Arrhenius and Coats and Redfern, were
applied at heating rates of 5, 10 and 15 K/min. Values of activation energy for each
coal sample at different heating rates are tabulated in Table 7.10 and Table 7.11.

Table 7.10: The Activation Energy

and the Pre-Exponential Factor

of the Coal Samples at Different Heating Rates

Sample

Coal-I

Coal-II

Coal-III

by the Arrhenius Method

β (K/min)

E (kJ/mol)

A (1/min)

5

55.84

7.84E+04

10

52.19

9.42E+05

15

51.61

8.74E+03

5

55.65

4.05E+05

10

54.28

2.69E+05

15

55.83

3.86E+06

5

55.64

3.27E+05

10

55.24

2.54E+06

15

52.32

3.12E+04
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Values

Table 7.11: The Activation Energy
and the Pre-Exponential Factor
Values
of the Coal Samples at Different Heating Rates
by the Coats and Redfern
Method
Sample

Coal-I

Coal-II

Coal-III

β (K/min)

E (kJ/mol)

A (1/min)

5

44.07

1.23E+05

10

44.22

1.74E+05

15

41.63

1.44E+04

5

40.54

2.97E+05

10

42.20

1.78E+04

15

40.94

5.39E+05

5

48.53

9.61E+05

10

41.30

1.02E+05

15

45.48

9.34E+06

7.2.3.2. Kinetic Analysis from the DSC Data
In the second part of the kinetic analysis, DSC data was analyzed using different
computational methods available in the software developed. From the DSC data, the
temperature dependent degree of conversion

was derived. In Figure 7.9,

is

plotted against the temperature for the Coal-I at heating rates of 5, 10 and 15 K/min
as an example.
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Figure 7.9: α versus T Curves of the Coal-I at Heating Rates of 5, 10 and 15 K/min
obtained from the DSC experiments

The data from

versus

curves were used as basis for the kinetic analysis with

different isoconversional methods. Results are given in Table 7.12 to Table 7.14.

Table 7.12: The Activation Energy (kJ/mol) Values of the Coal-I, Obtained at
Different Degree of Conversion
Values
Method

α = 0.1 α = 0.2 α = 0.3 α = 0.4 α = 0.5 α = 0.6 α = 0.7 α = 0.8 α = 0.9

OFW

92.63

93.71

95.32

97.21

97.28

97.70

98.54

98.27

70.71

Friedman

87.15

90.90

92.83

95.63

93.02

93.09

100.18

89.42

29.04

KAS

88.22

88.87

90.17

91.83

92.64

91.72

92.28

91.59

61.97
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Table 7.13: The Activation Energy (kJ/mol) Values of the Coal-II, Obtained at
Different Degree of Conversion
Values
Method

α = 0.1 α = 0.2 α = 0.3 α = 0.4 α = 0.5 α = 0.6 α = 0.7 α = 0.8 α = 0.9

OFW

106.38

98.56

98.85

98.71

94.91

93.42

Friedman

99.08

97.57

99.21

93.83

100.03 114.57 143.32 222.01 658.08

KAS

102.63

93.88

93.8

93.31

89.01

87.15

106.26 153.72 440.56

100.33 149.85 451.07

Table 7.14: The Activation Energy (kJ/mol) Values of the Coal-III, Obtained at
Different Degree of Conversion
Values
Method

α = 0.1 α = 0.2 α = 0.3 α = 0.4 α = 0.5 α = 0.6 α = 0.7 α = 0.8 α = 0.9

OFW

70.85

66.17

64.71

67.61

71.32

74.8

80.18

85.84

78.41

Friedman

56.35

51.78

60.42

69.97

71.01

79.13

94.89

94.19

57.77

KAS

65.17

59.78

57.87

60.61

64.23

67.65

73.08

78.78

70.63

Moreover, two popular DSC kinetic analysis methods, ASTM E698 and Borchardt
and Daniels (B&D), were used to determine the values of the activation energy and
the pre-exponential factor. It was observed that the activation energies were in the
range of 51.0 - 87.82 kJ/mol for the Coal-I, 49.50 - 60.58 kJ/mol for the Coal-II and
50.70 - 73.53 kJ/mol for the Coal-III, respectively. The detailed kinetic results are
given in Table 7.15 and Table 7.16.
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Table 7.15: The Activation Energy
and the Pre-Exponential Factor
of the Coal Samples by the ASTM E698 Method
Sample

E (kJ/mol)

A (1/min)

Coal-I

87.82

2.42E+06

Coal-II

60.58

1.67E+04

Coal-III

73.53

9.95E+04

Values

Table 7.16: The Activation Energy
and the Pre-Exponential Factor
Values
of the Coal Samples at Different Heating Rates
by the B&D Method
Sample

Coal-I

Coal-II

Coal-III

β (K/min)

E (kJ/mol)

A (1/min)

5

51.60

1.38E+03

10

51.90

1.95E+03

15

51.00

1.82E+03

5

49.50

6.92E+02

10

50.40

1.78E+03

15

50.00

1.35E+03

5

54.80

2.75E+03

10

50.70

1.58E+03

15

52.00

1.86E+03

The difference in activation energy values can be explained by the complicated
nature of the process and also by the method of the calculation. Results showed that
in all cases, single-heating rate methods (Arrhenius, Coats and Redfern and
Borchardt and Daniels) gave lower activation energy values when compared with the
methods using multi-heating rate approach (OFW, KAS, Friedman, and ASTM
E698). Moreover, it was showed that there is a difference between the activation
energy values obtained by Friedman method and other isoconversional methods
(OFW and KAS). These differences arise partially from the fact that the equations of
the integral methods (OFW and KAS) are usually derived under the assumption of
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constancy of activation energy for different degree of conversion values. However, in
some cases, the results indicate the dependency of the activation energy values on the
degree of conversion. On the other hand, differential methods (Friedman) may suffer
from imprecise numerical differentiation, even in the case of artificial data that are
free of experimental noise.
It was also observed that heating rate had no effect on the activation energy values. It
was found that the values of the activation energies computed with the Arrhenius
method were 55.65, 54.28 and 55.83 kJ/mol for the heating rates of 5, 10 and 15
K/min, respectively. Activation energy values obtained from the single-heating rate
methods is shown in Table 7.10, Table 7.11 and Table 7.16.
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CHAPTER 8

CONCLUSIONS

Due to the fact that, the use of computer programs in kinetic analysis has many
advantages and becoming a necessity in the field, a new software (THERA-Kinetics)
was developed. In order to check the reliability of the software, data sets from the
ICTAC Kinetics Project were used and kinetic results were compared with those
obtained by the participants of the ICTAC Kinetics Project. The presented results
showed that the obtained kinetic parameters were in good agreement with both real
values for simulated data and calculated values for experimental data by the ICTAC
Kinetics Project contributors.
It was also within the scope of this study to examine the combustion characteristics
and kinetics of three same origin coal samples from the Thrace region of Turkey. The
effect of heating rate on the combustion characteristics of coal samples as well as on
the kinetic parameters had been analyzed by TGA and DSC experiments. In TGA
study, peak and burn-out temperatures were increased by the increase in heating rate.
On the other hand, In DSC study, it was observed that heating rates affected the heat
flow rates of the coal samples studied. Higher heating rates were resulted in higher
peak temperatures and heat flows.
Based on the experimental data, kinetic parameters of the coal samples were
determined using the computational methods employed in the THERA-Kinetics
software. Both multi-heating rate and single-heating rate methods were used. Results
showed that in all cases, single-heating rate methods gave lower activation energy
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values compared with the multi-heating rate methods. Results of the single-heating
rate methods showed that there was no general trend in the activation energy values
from the point of heating rate. Moreover, it was noticed that there was a difference
between the activation energy values obtained by means of the isoconversional
differential (Friedman) and isoconversional integral (OFW and KAS) methods.
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APPENDIX A

INSTRUMENTAL SPECIFICATIONS OF TGA AND DSC

A.I. Instrumental Specifications of TGA Q500
Dimensions:
Depth 55.9 cm (22 in.), Width 47 cm (18.5 in.), Height 52.1 cm (20.5 in.)
Weight: 30.9 kg (68 lbs)
Weight of transformer: 8.18 kg (18 lbs)
Power: 120 Vac, 50/60 Hz, standard
Energy consumption:1.5 kVA
Room Operating Temperature: 15°C to 35°C (non-condensing)
Temperature control range ambient: +5˚C to 1000˚C
Thermocouple: Platinel II*
Heating rate with standard furnace: 0.1 to 100°C/min
Sample Pans:
Type: Platinum
Volume capacity: Platinum: 50 μL,100 μL
Balance Mechanism:
Weighing capacity: (sample) 1.0 g
Resolution: 0.1 μg
Accuracy: < + 0.1%
Ranges: 200 mg range: 0.1 μg — 200 mg
1000 mg range: 1 μg — 1000 mg
Furnace Atmosphere for Q500
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Purge gases: nitrogen, air
MFC Purge rate: Up to 200 mL/min
Operating Environment:
Ambient temperature range: 15 – 35 °C
Altitude: Less than 2 km
A.II. Instrumental Specifications of DSC Q200
Dimensions
Depth: 56 cm (22 in.), Width 46 cm (18 in.), Height 48 cm (19 in.)
Weight: (without Autosampler) 25 kg (54 lbs)
Weight of cell alone: 1.6 kg (3.5 lbs)
Weight of Autosampler alone: 4.5 kg (10 lbs)
Weight of transformer: 8.6 kg (19 lbs)
Power: 120 Vac, 47–63 Hz, 500 W (4.5 amps) standard, 230 Vac, 47–63 Hz, 500 W
(2.25 amps) if configured with a voltage configuration unit
Accessory Outlets Power: 120 V, 47–63 Hz, 400 W each
Compatible accessories: LNCS, DPC
Operating Environment Temperature: 15–30 °C
Conditions Relative Humidity: 5–80 % (non-condensing)
Maximum Altitude: 2000 m
Temperature Range:
with FACS: Room temperature to 725 oC
with Quench Cooler: -180 oC to 550 °C
with RCS 90: -90 to 550 °C
Sample size: 0.5 to 100 mg (nominal)
Sample volume: 10 mm3 in hermetic pans
Sample pans: Various open or hermetically sealed
Purge gases: recommended air, argon, helium, nitrogen, or oxygen
Typical purge flow: rate 50 mL/min
Cell volume: 3.4 mL
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APPENDIX B

RESULTS OF TGA AND DSC EXPERIMENTS

B.I. The Results of the TGA Experiments

100

2.0

80

Weight (%)

1.0

0.5
60

0.0

40
200

400

600

800

1000

Temperature (K)

Figure B.I.1: TG/DTG Thermal Curve of Coal-I at 5 K/min
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Figure B.I.2: TG/DTG Thermal Curve of Coal-I at 10 K/min
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Figure B.I.3: TG/DTG Thermal Curve of Coal-I at 15 K/min
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Figure B.I.4: TG/DTG Thermal Curve of Coal-II at 5 K/min
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Figure B.I.5: TG/DTG Thermal Curve of Coal-II at 10 K/min
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Figure B.I.6: TG/DTG Thermal Curve of Coal-II at 15 K/min
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Figure B.I.7: TG/DTG Thermal Curve of Coal-III at 5 K/min
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Figure B.I.9: TG/DTG Thermal Curve of Coal-III at 15 K/min
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Figure B.I.8: TG/DTG Thermal Curve of Coal-III at 10 K/min

B.II. The Results of the DSC Experiments

15

626K

Heat Flow (mW)

10

5

0

-5
300

400

500

Exo Up

600

700

800

900

Temperature (K)

Figure B.II.1: DSC Thermal Curve of Coal-I at 5 K/min

20

656K

Heat Flow (mW)

15

10

5

0

-5
300
Exo Up

400

500

600

700

800

Temperature (K)

Figure B.II.2: DSC Thermal Curve of Coal-I at 10 K/min
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Figure B.II.3: DSC Thermal Curve of Coal-I at 15 K/min
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Figure B.II.4: DSC Thermal Curve of Coal-II at 5 K/min
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Figure B.II.5: DSC Thermal Curve of Coal-II at 10 K/min
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Figure B.II.6: DSC Thermal Curve of Coal-II at 15 K/min
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Figure B.II.7: DSC Thermal Curve of Coal-III at 5 K/min
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Figure B.II.8: DSC Thermal Curve of Coal-III at 10 K/min
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Figure B.II.9: DSC Thermal Curve of Coal-III at 15 K/min
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APPENDIX C

KINETIC ANALYSIS RESULTS OF THE ICTAC DATA

C.I. Decomposition of Calcium Carbonate (CC) in Vacuum

Figure C.I.1: OFW Plot of CC in Vacuum
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Figure C.I.2: KAS Plot of CC in Vacuum

Figure C.I.3: Friedman Plot of CC in Vacuum
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C.II. Decomposition of Calcium Carbonate (CC) in Nitrogen

Figure C.II.1: OFW Plot of CC in Nitrogen

Figure C.II.2: KAS Plot of CC in Nitrogen
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Figure C.II.3: Friedman Plot of CC in Nitrogen

C.III. Decomposition of Ammonium Perchlorate (AP) in Nitrogen

Figure C.III.1: OFW Plot of AP in Nitrogen
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Figure C.III.2: KAS Plot of AP in Nitrogen

Figure C.III.3: Friedman Plot of AP in Nitrogen
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C.IV. Simulated Data

Figure C.IV.1: OFW Plot of Simulated Data

Figure C.IV.2: KAS Plot of Simulated Data
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Figure C.IV.3: Friedman Plot of Simulated Data
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APPENDIX D

TGA KINETIC ANALYSIS RESULTS OF THE COAL SAMPLES

D.I. The Plots of the OFW, KAS and Friedman Methods

Figure D.I.1: OFW Plot of Coal-I
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Figure D.I.2: KAS Plot of Coal-I

Figure D.I.3: Friedman Plot of Coal-I
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Figure D.I.4: OFW Plot of Coal-II

Figure D.I.5: KAS Plot of Coal-II
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Figure D.I.6: Friedman Plot of Coal-II

Figure D.I.7: OFW Plot of Coal-III
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Figure D.I.8: KAS Plot of Coal-III

Figure D.I.9: Friedman Plot of Coal-III
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D.II. The Plots of the Arrhenius and Coats&Redfern Methods

Figure D.II.1: Arrhenius Plot of Coal-I at 5 K/min

Figure D.II.2: Arrhenius Plot of Coal-I at 10 K/min
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Figure D.II.3: Arrhenius Plot of Coal-I at 15 K/min

Figure D.II.4: Coats&Redfern Plot of Coal-I at 5 K/min
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Figure D.II.5: Coats&Redfern Plot of Coal-I at 10 K/min

Figure D.II.6: Coats&Redfern Plot of Coal-I at 15 K/min
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Figure D.II.7: Arrhenius Plot of Coal-II at 5 K/min

Figure D.II.8: Arrhenius Plot of Coal-II at 10 K/min
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Figure D.II.9: Arrhenius Plot of Coal-II at 15 K/min

Figure D.II.10: Coats&Redfern Plot of Coal-II at 5 K/min
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Figure D.II.11: Coats&Redfern Plot of Coal-II at 10 K/min

Figure D.II.12: Coats&Redfern Plot of Coal-II at 15 K/min
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Figure D.II.13: Arrhenius Plot of Coal-III at 5 K/min

Figure D.II.14: Arrhenius Plot of Coal-III at 10 K/min
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Figure D.II.15: Arrhenius Plot of Coal-III at 15 K/min

Figure D.II.16: Coats&Redfern Plot of Coal-III at 5 K/min
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Figure D.II.17: Coats&Redfern Plot of Coal-III at 10 K/min

Figure D.II.18: Coats&Redfern Plot of Coal-III at 15 K/min
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APPENDIX E

DSC KINETIC ANALYSIS RESULTS OF THE COAL SAMPLES

E.I. The Plots of the OFW, KAS and Friedman Methods

Figure E.I.1: OFW Plot of Coal-I
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Figure E.I.2: KAS Plot of Coal-I

Figure E.I.3: Friedman Plot of Coal-I
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Figure E.I.4: OFW Plot of Coal-II

Figure E.I.5: KAS Plot of Coal-II
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Figure E.I.6: Friedman Plot of Coal-II

Figure E.I.7: OFW Plot of Coal-III
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Figure E.I.8: KAS Plot of Coal-III

Figure E.I.9: Friedman Plot of Coal-III
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E.II. The Plots of the ASTM E698 Method

Figure E.II.1: ASTM E698 Plot of Coal-I

Figure E.II.2: ASTM E698 Plot of Coal-II
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Figure E.II.3: ASTM E698 Plot of Coal-III
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