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Abstract
The quality of coke is virtually determined by the chemistry in the plastic layers that form
during the coking process. Much of the previous research in the open literature on the
underlying chemistry of the thermoplastic behaviours of single coals and blends have
been carried out under impractical coking conditions, in terms of the sample sizes, the
dimensions of the coal beds and the heating conditions in particular. When a single coal
or coal blend is heated inside a coking oven, they undergo complex chemical and physical
changes during the pyrolysis process. A plastic layer is formed during the coking process
when the temperature of the coal bed is increased to 350 °C. The plastic layer is a foamlike thermoplastic material which consists of molten vitrinite and liptinite and solid coal
components (inertinite macerals). However, volatile matters are generated by the
decomposition of the coal during the coking process. The plastic layers initially form near
the oven walls and migrate towards the centre of the oven. The formation of the crosslinking structures in the thermoplastic range is crucially associated with the quality of the
coke produced. Due to the limited resources of premium coking coals in the world, coal
blending has become a common practice in the coke making industries. The quality of a
coke product is influenced by the interactions between individual coals in the blends
during the coking process. Therefore, an understanding of the changes in the chemical
and physical structures that take place during the formation of the plastic layers of coking
coals and their blends is a core part of what determines a coke oven’s operations and the
quality of the cokes that it produces.
Therefore, one of the main objectives of this study is to investigate the changes in the
physicochemical structures of the selected Australian coking coals and their blends during
the formation of their plastic layers. This research is primarily focused on: (a) studying
xv

the behaviours of the Australian coking coals and their blends during the coking process
in a 4 kg laboratory-scale coke oven, i.e., the changes in the thicknesses of the plastic
layers and the transformations in the internal gas pressures; (b) characterising the changes
in the physical structures, i.e., the transformations in the macropores and the coalescence
of the macropores in the thermoplastic range during the coking of the coal blends; (c)
representing the changes in the chemical structures of coal blends during the formation
of their plastic layers, e.g., bridge bonds, looped structures, side chains, protonated
aromatic carbons, carbon boned aromatic carbons and the sizes of the aromatic clusters;
(d) elucidating the correlations between the physical structures and the chemical
structures in the plastic layers during heating.
To achieve these objectives, a 4 kg laboratory-scale dual-wall-heated coke oven testing
rig at the Newcastle Institute for Energy and Resources (NIER) site at the University of
Newcastle was employed for the in-situ measurements (temperature histories and internal
gas pressures in different locations in the coal charges) and the plastic layer sampling.
Three Australian coking coals with similar ranks but with different vitrinite contents and
Gieseler fluidities were blended with different blending compositions. The plastic layer
samples were analysed using several quantitative analytical techniques, including
Synchrotron micro-CT (SMCT), 3D image analysis software (GeoDict), Synchrotron
infrared spectrometer (Synchrotron IR), solid-state 13carbon nuclear magnetic resonance
(13C NMR) spectroscopy and micro gas chromatography (micro-GC), in order to
understand the transformations in the physicochemical structures of the Australian coking
coals and their blends.
The results from the in-situ measurements during the coking process, i.e., the changes in
the thicknesses of the plastic layers and the internal gas pressures, has shown that: (a) the
xvi

addition of a coking coal with a high vitrinite content and high Gieseler fluidity to the
coal blends seemed to significantly influence the thicknesses of the plastic layers; (b) the
addition of a coking coal with a high vitrinite content and high Gieseler fluidity to the
coal blends appeared to improve the maximum internal gas pressure (IGP) in the centre
of the coke oven. These results essentially meant that the impacts of the characteristics of
the coal blends are critical in determining their coking behaviours in a coke oven.
A comprehensive study of the transformations in the physicochemical structures of coals
and blends in their plastic layers is valuable in order to determine a coke oven’s operations
and the quality of the coke it can produce. Firstly, the transformations in the physical
structures of the Australian coking coals and their blends in the thermoplastic range were
analysed using various 3D structural parameters, such as the total void fraction, the
numbers of total and isolated voids, and the pore size distributions. Based on the analysis
of the 3D images, the coalescence of the pores in the thermoplastic region during the
coking process has been clarified. It was also clearly shown that the blending of high
vitrinite coals in blends creates more large pores and closed pores during the plastic layer
stage. This increased the chances of producing coalesced pore structures and more
significant total porosities. With an increase in the proportion of the high vitrinite coking
coal in the blend, more channel-like pore structures and large-sized pores were formed
during the plastic layers. The analysis of the 3D images also enabled the characterisation
of the pore connectivity that was not possible using 2D image analysis.
The changes in the chemical structures during the formation of the plastic layer are then
elucidated through a combination of Synchrotron IR, 13C NMR spectroscopy and microGC. It was evident that there are dramatic changes in the chemical structures during the
plastic layer stage due to the cross-linking reactions, side chain elimination and release
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of volatile matters. Both the 13C NMR and Synchrotron IR analyses showed that the total
aromaticity increased consistently in the plastic layers for all of the coals tested, while the
amounts of the side chains decreased significantly in the plastic layer. There was a clear
trend showing that the total number of bridge bonds and looped structures increased,
indicating that the degree of cross-linking would increase throughout the plastic layer
after certain stages of the coking process. It was found that the changes in the crosslinking structures in the plastic layers were strongly dependent on the properties of the
parent coking coals. It appears that the plastic layer samples from the coals with low
fluidities exhibited cross-linking structures with a high degree of branching and
aromaticity, while the coals with high fluidities formed cross-linking structures with a
relatively low degree of aromaticity and branching, but with a large number of bridge
bonds and looped structures. The analysis of the gases using micro-GC verified the crosslinking reactions and side chain elimination that had been reflected in the Synchrotron IR
and 13C NMR results. It is likely that the transferable methyl carbons, methylene carbons
and hydrogen were strongly correlated to the cross-linking reactions and side chain
elimination in the thermoplastic region, which was reflected in the release profiles of the
methane and hydrogen gases during the plastic layer stage. It was also found that the
addition of coals with a high vitrinite content and high Gieseler fluidity in a blend with a
coal with a low vitrinite content and low Gieseler fluidity seemed to significantly impact
on the nature of the parent coal.
Finally, in ordering to correlate the physical structures with the chemical structures in the
plastic layer stage, the parameters of the macropore structures, i.e., the macroporosity and
number of macropores, were analysed as a function of the parameters of the chemical
structures in the plastic layer, i.e., the average number of methyl carbons per cluster, the
average number of methylene carbons per cluster, and the average number of total
xviii

aromatic carbons per cluster. It was noted that there was an overall increase in the
macroporosity, which was accompanied by dramatic changes in the chemical structures
during the formation of the plastic layer, i.e., a strong increase in the methylene carbons,
a decrease in the methyl carbons and a decrease in the total aromatic carbons. The
decrease in the number of macropores was also accompanied by a decrease in the
aromatic structures during the formation of the plastic layer. However, the changes in the
number of macropores are not strongly correlated with the transformations in the
methylene carbons, methyl carbons and the degree of aromaticity in the thermoplastic
range, suggesting that the transformations in the macropores are dramatically impacted
by the changes in the cross-linking structures and the release of the volatile matters, i.e.,
methane and tar, during the formation of the plastic layer.
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Chapter 1. Introduction
1.1 The formation of the plastic layer during the coking process
Coking coal, known as metallurgical coal, has been used for making coke for hundreds
of years. As the resources of premium coking coals in the world are limited, it can be
challenging to ensure that the cokes resulting from single coals or blends are of good
quality. Therefore, it is essential to know how coals behave during the coking process.

Figure 1.1. The formation of the plastic layer in a coke oven [3].

Coking coals and blends are converted to coke through carbonisation in a coke oven.
Among the various stages of the coking process, the formation of the plastic layer is
considered to be a critical stage. It is generally known that the pyrolysis of coking coals
and blends occurs in the temperature range of 350 °C to 550 °C and that it involves not
just chemical changes but also physical changes, which are referred to as thermoplasticity
[3-5]. With increasing temperatures in the thermoplastic range, the coals and blends
become softened and coalesce into a plastic mass, which is then resolidified into a solid
porous coke. These stages take place layer by layer in a coke oven due to the temperature
gradients. The charges of coals and blends in an industrial coke oven undergo a plastic
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transformation that corresponds to the formation of a plastic layer (see Figure 1.1). The
plastic layer is a foam-like material consisting of molten vitrinite and liptinite, solid coal
components (inertinite macerals) and the gases generated by the decomposition of the
coal. It is known that most of the characteristics of cokes are determined during this stage.
In addition, the gas trapped inside the plastic layer results in the generation of internal gas
pressure (IGP) and the transmission of IGP to the oven walls generates an oven wall
pressure (OWP), which may cause several operational problems for a coke oven.
Therefore, an understanding of the thermoplastic behaviours of single coals and blends
during the coking process is one of the most critical issues in controlling the quality of
the coke produced and for the optimisation of the coke-making process. For technical
marketing purposes, the information related to the coking behaviours of Australian coking
coals and their blends is also critically valuable.

1.2 The transformation of the physicochemical structures in the plastic
layer during the coking process
The physical and chemical changes in the thermoplastic temperature ranges have been
widely investigated to understand their implications for the transformation of coal into
coke and the qualities of the cokes being produced. In a number of laboratory studies,
partially carbonised samples have been analysed using a variety of analytical techniques,
including Fourier-transform infrared spectroscopy (FTIRs), solid-state 13carbon nuclear
magnetic resonance spectroscopy (13C NMR), X-ray powder diffraction (XRPD),
thermogravimetry/mass spectrometry (TG/MS) and thermogravimetric and mass
spectrometric (TG-MS) [1, 6-11]. The findings described in these studies have confirmed
that there is an overall increase in the degree of aromaticity and a decrease of aliphatic
structures during the formation of the plastic layer. For instance, the quality of a coke is
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strongly governed by the chemical transformations in the thermoplastic ranges during the
coking process. However, the details of the changes in the chemical structures, such as
the cleavage of the bonds, cross-linking reactions and ring condensation, during the
formation of the plastic layer, have not been fully elucidated. A variety of analytical
techniques have been used to elucidate the changes in the physical structures of coking
coals during pyrolysis, i.e., scanning electron microscope (SEM), small-angle X-ray
scattering (SAXS), small-angle neutron scattering (SANS) and computerised tomography
scanning (CT) [12-16]. These studies have advanced our understanding of the changes
that take place in the structures of the pores during the plastic layer stage. However,
previous studies of the changes in the physical structures have examined the structures of
the macropores using 2D image analysis. However, analysis of the changes in the pore
structures utilizing micro-CT to examine the 3D structures has not been fully explored.
The transformation of the macropores, i.e., the coalescence of the structures of the pores,
pore size distributions and isolated macropores, have still not be represented yet. This
could give a deeper understanding of the transformations in the physical structures in the
plastic layer during the coking process.
The 4 kg laboratory-scale dual-wall-heated coke oven testing rig (a 4 kg coke oven) at
the Newcastle Institute for Energy and Resources (NIER) centre is capable of simulating
practical coking conditions (temperature gradients and one-dimensional heat transfers).
It features plastic layer sampling and the in-situ measurement of the temperature profiles
and IGPs at different locations in the coal charge. This research has expanded on the
previous studies investigating the transformations in the chemical and physical structures
of Australian coking coals and their blends using the 4 kg coke oven and various advanced
analytical techniques. The transformations in the physical structures in the plastic layer
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were represented utilising a combination of SMCT and 3D image analysis software
(GeoDict). The physical structures inside the plastic layers were scanned using the SMCT.
The 3D micro-CT images were then analysed with the excellent image analysis software
(GeoDict) to obtain a variety of valuable parameters, such as the pore size distributions,
the connectivity of the pores and the wall size distributions. The changes in the chemical
structures during the formation of the plastic layer, such as the cleavage of the aliphatic
structures, the release of the volatile matters, the cross-linking reactions and the sidechain elimination, have been elucidated by utilising a combination of Synchrotron
infrared microspectroscopy combined with Fourier-transform infrared spectrometer
(Synchrotron IR), solid-state 13carbon nuclear magnetic resonance spectroscopy (13C
NMR) and micro gas chromatograph (micro-GC). Finally, in order to understand the
correlations between the changes in the structures of the macropores and the
transformations in the chemical structures in the plastic layer, the physical parameters of
the macropores, such as the macroporosity and number of macropores, were analysed as
a function of the parameters of the chemical structures, i.e., the average number of methyl
carbons per cluster, the average number of methylene carbons per cluster, the average
number of total aromatic carbons per cluster and the fraction of aromatic carbons in the
skeletal structures. These combinations of analytical techniques have advanced our
understanding of the structural transformations in the plastic layers during the coking
process of Australian coking coals and their blends.

1.3 Outline of the study
This study has been organised into seven chapters, and each chapter concentrates on one
specific topic in relation to the objectives of the research. A short outline of each of the
chapters is given below.
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Chapter 1 provides a background to the transformations in the physicochemical
structures in the plastic layer during the coking process and highlights the reasons for the
importance of the investigation.
Chapter 2 initially provides a review of the current understanding of the plastic layer
stage. This is followed by a comprehensive review of the changes in the chemical and
physical structures of single coals and coal blends in the coke ovens and the techniques
which are used to characterise these changes in the thermoplastic range during the coking
process. Therefore, this chapter will identify why a better understanding of the changes
in the physicochemical structures of single coals and coal blends during the formation of
the plastic layer needs to be achieved.
Chapter 3 introduces the 4 kg coke oven, which enabled the in-situ measurements and
plastic layer sampling employed to characterise the transformations in the
physicochemical structures during the coking process. This chapter also provides a
detailed outline of the experimental methodology and data analysis methods employed in
this research.
Chapter 4 discusses the in-situ study of the internal gas pressure and temperature profiles
in the thermoplastic range during the coking of the selected Australian coking coals and
their blends. By analysing the results of the in-situ measurements for two Australian
coking coals and their blends, the chapter investigates the influences of the coal blending
on their coking behaviours in the thermoplastic range, i.e., the thicknesses of the plastic
layers and internal gas pressures.
Chapter 5 presents an experimental study of the physical transitions in the thermoplastic
range during the coking process by using a combination of the Synchrotron micro-CT
analysis with the 3D analysis software (GeoDict). The chapter is primarily focused on the
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representation of the changes in the structures of the macropores during the formation of
the plastic layers of the selected Australian coking coals and their blends.
Chapter 6 provides a fundamental study of the changes in the chemical structures during
the plastic layer stage by using a combination of Synchrotron infrared spectroscopy,
solid-state 13carbon nuclear magnetic resonance and micro-GC analysis. A comparison of
the results from the plastic layers provided an understanding of the changes in the
aliphatic structures in the bridge bonds, looped structures, side chains and aromatic
structures, e.g., protonated aromatic carbons, carbon boned aromatic carbons, the sizes of
the aromatic clusters, and the fractions of aromatic carbons in the skeletal structures.
Chapter 7 presents a comprehensive study of the correlations between the physical
structures and the chemical structures in the plastic layer stages for the selected Australian
coking coals and their blends using a combination of 3D image analytical techniques and
the
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C NMR spectroscopy. The results of this chapter found that the changes in the

structures of the macropores are strongly correlated with the transformations in the
chemical structures during the formation of the plastic layer, e.g., methyl carbons,
methylene carbons and aromatic carbons.
Chapter 8 summarises the conclusions arising from this study and outlines the
recommendations for future research.
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Chapter 2. Literature Review
Introduction
Most of Australia’s metallurgical coal is exported for blending with other international
coals. The quality of the coke produced is influenced by the interactions of the individual
coals in the blend during the coking process. In this context, it is crucial to achieving a
fundamental understanding of the coking behaviours of coal blends in the coke ovens.
Therefore, this review aims to provide a comprehensive understanding of the
thermoplastic behaviours of coal blends and the impacts of the blending process on the
structures and qualities of the cokes using a variety of analytical techniques. The review
also covers the factors affecting the behaviours of coal blends, and therefore the final
structures and qualities of the cokes produced.

2.1 Coke-making process
2.1.1 Industrial coking process
Coke ovens accomplish the coal-to-coke transformation by removing the volatile matters
from the coal in the absence of air (see Figure 2.1). Before charging the coke oven
batteries, selected coals from specific mines are blended, pulverised and oiled for proper
bulk density control. The typical dimensions of a coke oven are narrow (400 to 600 mm),
high (4 to 8 m) and long (12 to 19 m), as shown in Figure 2.1(a) below. The coal charge
is heated by the two heating walls and is carbonised in the coke oven for approximately
17-18 hours. When the temperature of the coal bed charge reaches the softening
temperature (400 ○C), a foam-like material consisting of molten vitrinite and liptinite,
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solid coal components (inertinite macerals) and the volatile matters of the coal are
exposed [3-5]. However, it is evident from Figure 2.1(b) below that the plastic layer is
sandwiched between the coke, the resolidified layers and the coal layer during the coking
process [17].

Figure 2.1. (a) the carbonisation of coking coal in a coke oven, and (b) changes in
temperature gradients measured at different locations in the coal charge [3].

2.1.2 Pyrolysis of coking coals
In laboratory studies, extreme reactions such as the C-H and C-C bond cleavages,
molecular rearrangements, thermal polymerisation, aromatic condensation and
elimination of side chains can occur in parallel during coking [18, 19]. Saxena et al. [20]
summarised the pyrolysis reactions of the coking process as follows:

Cracking:
Saturation:

𝑅 − 𝐶𝐻 − 𝑅′ → 𝑅 − 𝑅 + −𝐶𝐻
−𝐶𝐻 + 2𝐻′ → 𝐶𝐻
−𝑂𝐻 + 𝐻′ → 𝐻 𝑂

Tar production:
Polymerization reactions:

−𝑅 − 𝐶𝐻 + 𝐻′ → 𝑅 − 𝐶𝐻
𝑅 − 𝑂𝐻 + 𝐻 − 𝑅 → 𝑅 − 𝑅 + 𝐻 𝑂
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𝑅 − 𝐻 + 𝐻 − 𝑅 → 𝑅 − 𝑅 (𝑐𝑜𝑘𝑒) + 𝐻
Carbon oxidation production:

𝑅 − 𝐶𝑂𝑂𝐻 → 𝑅 − 𝐻 + 𝐶𝑂

Figure 2.2. A general model of coal pyrolysis [21].
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Solomon et al. [21] suggested a model for coal pyrolysis to investigate the chemical
transitions in the thermoplastic range, such as the bond cleavages, volatilisation of tar,
dehydrogenation and dealkylation (see Figure 2.2). The generated radicals were achieved
by the transferable hydrogen from the hydro-aromatic structures, bridge bonds and side
chains during the depolymerisation process. The results described in their study
confirmed the fluid-like properties of the metaplast in the thermoplastic range. The
metaplast is the aromatic fractions with moderate molecular sizes which avoid vaporising,
and thus have mobility. When the coal bed is heated to the resolidification temperature,
due to the exhaustion of the transferable hydrogen and the tar vaporisation, the molecular
fragments are depolymerised by the polymerisation reaction. This also corresponds to the
evolution of the CO2, light aliphatic gases, CH4 and H2O, as shown in Figure 2.2(b). With
regards to the secondary pyrolysis, it was shown that the ring condensation and
graphitisation of the repolymerised molecular structures were achieved in this stage (see
Figure 2.2(c)).

2.2 Plastic layer
2.2.1 The formation of the plastic layer
Coke is formed in industrial coke ovens when coking coals or coking coal blends undergo
a complex transformation during carbonisation [1, 2, 6, 22-25]. Coking coals present
thermoplastic behaviours when they are heated in a temperature range of between 350 °C
to 550 °C, which is referred to as their thermoplasticity [26]. The thermoplastic
behaviours are governed by the occurrence of several elementary phenomena during the
pyrolytic decomposition [5, 27-30]. The depolymerisation in the thermoplastic
temperature range gives rise to the formation of molecular fragments, which are stabilised
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by the transferable hydrogen [31, 32]. Some of the molecular pieces are released as tars
due to their instability. The molecular fragments which do not volatilise then become a
solvent, leading to an increase in the fluidity of the coal [6-13]. This unstable intermediate
phase is referred to as the metaplast, which contributes to the plastic properties of the coal
[33]. The generation of bubbles in the coal particles during the plastic state leads to
physical changes, such as swelling and porosity changes [34]. When the temperature of
the coal bed is over 600 °C, the fragments are re-attached to the char structure due to the
stabilisation of the radicals.
These stages take place layer by layer in a coke oven due to the temperature gradients, as
shown in Figure 2.3. The plastic layer forms near the heating walls and migrates toward
the centre of the oven. This migration is attributed to a decrease in the temperature
gradient in the coke oven as the coal charge adjacent to the heating wall is heated rapidly,
and the heat is then transmitted to the rest of the coal charge. When the temperature
exceeds the resolidification temperature, the plastic layer gradually converts into a layer
of viscoelastic semi-coke, having the typical cellular structure of coke. With a further
temperature increase, the order and size of the aromatic layers of the semi-coke increase,
which is followed by condensation reactions, which correspond to the formation of the
solid porous residue, coke. When the plastic layers merge in the centre of the oven, and
the temperature in the centre reaches a desirable temperature (900 °C - 1000 °C), this is
followed by a period of time soaking, and the whole coal charge is converted into coke
[4, 5].
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Figure 2.3. Schematic of the formation of the plastic layer in a coke oven [35, 36].

2.2.2 Characteristics of the plastic layer
The formation of the plastic layer is considered to be a critical stage in the coking process
as the pore structures, which are strictly related to the coke’s quality, are mainly
determined during this stage [16, 37-40]. The generation of significant amounts of volatile
matters (gases) in the thermoplastic phase builds up the internal gas pressure (IGP) [41].
The transmission of IGP to the coke oven walls causes pressure, which is referred to as
the oven wall pressure (OWP) [36, 41]. A previous study [17] has suggested that the IGP
plays a dominant role in the OWP, while the lateral shrinkage of a coal charge during the
coking process also influences this process to some extent. It is known that an excessive
OWP causes operational problems such as severe oven wall damage, a shortening of the
life of the battery and the need for an increased pushing force when the coke is discharged
[5, 41]. To prevent these problems, a maximum allowable OWP of 10 kPa is widely
accepted [5]. Wang et al. [42, 43] have assessed the phenomena that occur in the plastic
layer using a thermogravimetric-plastometer-swelling pressure (TG-P-SP) apparatus [42,
43]. It is evident from Figure 2.4 below that the transformation of the chemical structures
(devolatilization) was accompanied by changes in the physical structures (swelling
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pressure) during the formation of the plastic layer. As several different coking coals are
blended to be used in coke-making, it is crucial to understand the interactions between
the different coals during the formation of the plastic layer in a coke oven.

Figure 2.4. Results of the synchronised measurements of the thickness (y); swelling
pressure (p) of the plastic layer; and the levels of contraction and expansion of the coal
charge (x’) attributed to its formation using the TG-P-SP [43].

2.3. The transformation of the physical structures in the plastic layer
2.3.1 Introduction
It is well-known that when single coking coals or blends are heated inside a coke oven
they undergo complex and dramatic changes in their structures during the coking process
as the plastic layers form in the coal bed when the temperature is in the general range of
350 ˚C to 550 ˚C [3, 23, 24, 42, 44, 45]. The thermoplastic characteristics of coal are
critical in the coke-making process, and they significantly affect the quality of the coke
product, i.e., the transformations of the macropores and cross-linking structures. In order
to determine the operations of a coke oven and the quality of the coke it produces, a deeper
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understanding of the changes in the physical structures of single coking coals and blends
in the plastic layer is necessary.

2.3.2 The changes in the physical structures of coking coals during the
formation of the plastic layer
When the temperature of a coal bed increases to 350 ˚C, the molten vitrinite and liptinite,
solid inertinite, and the volatilisation of the gases lead to the formation of a foam-like
thermoplastic material. Various parameters have been used to investigate the physical
behaviours of coking coals in the plastic layer during heating, i.e., free swelling index,
Gieseler fluidity, internal gas pressure and permeability [25, 43, 46, 47]. The results have
indicated that there is a dramatic transformation of the physical structures in the plastic
layer during the coking process. The changes in the physical structures, such as the
swelling and fluidity in the plastic layer, are strongly correlated with the qualities of the
cokes produced [48-51]. In a review of the literature [52], it was found that the qualities
of cokes, e.g., the coke strength after reaction with carbon dioxide (CSR) and coke
reactivity index (CRI), were seriously impacted by the structures of the pores. The results
confirmed that the formation of the structures of the pores in the plastic layer can be
attributed to the fluidity of the coal and the release of the volatile matters.
A review of the literature [12, 15, 53], has shown that the transformation of the
macropores during pyrolysis have usually been analysed using scanning electron
microscopy (SEM). In order to study the impacts of the structures of the pores on the
qualities of cokes, several parameters of the structures of the pores, such as the total
volume, surface area, length and macrospore volume distribution, have been analysed.
Kidena et al. [54] reported on the transformation from tiny irregular coal particles to bulky
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coke particles during pyrolysis by employing SEM. The results were analysed by a
combination of NMR and SEM and confirmed that the growth of the particles could be
attributed to the changes in the chemical structures in the thermoplastic range, e.g., the
transferable hydrogen radicals.
In another instance, Chang et al. [12] reported that the distributions of the pore sizes were
affected by the composition of the blend when using coal extracts as additives (see Figure
2.5). In light of the previous study, it is perhaps not surprising that it has been found that
the blending of coals seems to markedly influence the structures of the pores during
coking [14]. Several different analytical techniques with 2D images have been used to
analyse the changes in the structures of the pores during heating, i.e., light microscopy,
optical microscopy, small-angle X-ray scattering (SAXS) and small-angle neutron
scattering (SANS) [14, 55, 56]. The results of this research has indicated that the
properties of the parent coals, e.g., vitrinite content, maximum Gieseler fluidity and mean
maximum vitrinite reflectance, seemed to strongly affect the porosity, pore size
distributions and surface areas of the cokes.
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Figure 2.5. SEM images of the surfaces of Coal-A coke: (a) no additive; (b) added 3% of
Coal-D extract, (c) 5%, and (d) 10%; and Coal-D coke: (e) no additive; (f) added 3% of
Coal-D extract, (g) 5%, and (h) 10% (1-mm scale) [12].

It is known that the usual analytical techniques, i.e., SEM and optical microscopy, can
only analyse the surfaces of coal particles. However, the phenomena occurring inside the
coal particles during the coking process cannot be represented through SEM and
microscopy techniques. Computed tomography (CT) scanning is a means of highresolution analysis which can be used to elucidate the cross-sections of coal particles
during the coking process. Zubkova et al. [57] used a sole heated coke oven to prepare a
plastic layer sample and an X-ray film was used to observe the changes in the physical
structures of the plastic layer during the coking process. The study showed that the
thickness of the plastic layer could be predicted by the properties of the coal samples. The
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IGP was also measured to find any links with the changes in the physical structures.
Hayashizaki et al. [13] also employed a μ –focus X-ray CT to observe the microstructures
of plastic layers that were sampled from a sole-heated coke oven. As shown in Figure 2.6
below, the transformations in the macropores during the plastic layer stage were exhibited
through the analysis of the horizontal CT images. The results of the investigation found
that the pore nucleation took place inside the large particles at the beginning of the
formation of the plastic layer, and that fine pores were observed in the final stage [13].

Figure 2.6. Horizontal CT images of plastic layer samples in a temperature range of
400 °C – 490 °C [13].
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Based on 2D micro-CT image analysis, the relationships between the porosity and IGP
have been elucidated [13]. As shown in Figure 2.7 below, the expansion and consolidation
take place due to the differences in the gas pressures between the thermoplastic layer and
its adjacent layers. It was found that the increase in the porosity was accompanied by an
increase in the IGP in the plastic layer during heating.

Figure 2.7. Schematic diagram of the changes in the structures of the pores in the
thermoplastic region [13].

Some research studies [16, 52, 58] have used SMCT with a high resolution to study the
microstructures of samples of cokes and semi-cokes. Mahoney et al. [58] used a sole
heated oven to obtain samples of semi-cokes. They performed a 3D micro-CT image
analysis to obtain various parameters, such as the permeability, porosity and pore size
distribution. Steel et al. [16] also used the SMCT to scan partially carbonised coal samples
which had been prepared in a rheometer at various temperatures. This enabled an
investigation of the key events that take place in the thermoplastic range, such as the
growth of the bubbles, the coalescence of the bubbles, the minimum viscosity and the
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resolidification. These two studies indicated that the growth of the bubbles strongly
influences the structures of the pores in the plastic layer. However, how the properties of
the parent coals, i.e., their vitrinite contents, affect the transformations in the structures
of the pores in the plastic layer, i.e., the coalescence of the pores, have still not been
studied yet.

2.3.3 The influences of blending coals on the physical structures in the
plastic layer
Coal blending is necessary from an economic point of view because it can reduce the
percentages of costly prime or hard coking coals and replaces it with weak or non-coking
coals. To achieve a better understanding of the impacts of blending coals on the structures
and quality of the cokes, the coking behaviours of coal blends have been widely studied
by many researchers [55, 59-79]. Several studies by Sakurovs et al. [60, 61, 78] have
investigated the effects of blending on the behaviours of cokes in the plastic layer. For
example, the fluidity is dramatic (see Figure 2.8). However, the thermoplastic properties
of the blends were observed to be different from those of the individual coals. Therefore,
an experimental study of the changes in the structures of coal blends in the plastic layer
is necessary.

Figure 2.8. Effects of the interactions between two coals in a blend on the thermoplastic
behaviours [61].
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In the previous literature, it has been found that the changes in the physical structures in
the plastic layer play a significant role in determining the coking process and the quality
of the coke product. It is perhaps not surprising that the impacts of coal blending on the
physical behaviours of the plastic layer, such as the Gieseler fluidity, IGP, OWP and
permeability, have been found to be marked [25, 44, 46, 80-83].

Figure 2.9. Suppression of internal gas pressure by blending low ranked and slightly low
ranked coking coals [76].

Nomura et al. [76] studied the impacts of blending on the IGP by the addition of low
ranked and slightly low ranked coking coals into coal blends. It is evident from Figure
2.9 that the properties of the different coking coals, e.g., softening temperature, seemed
to greatly influence the release of the gases in the plastic layer. The results confirmed that
coking coals with lower softening temperatures in coal blends are a pathway to releasing
the gases otherwise trapped in a plastic layer made from dangerously high pressure,
coking coals. However, the fluidity behaviours demonstrated during the plastic layer
stage are also influenced by the coal blending. Kumar et al. [73] studied the impacts of
blending on the Gieseler fluidity. As shown in Figure 2.10 below, the blending
significantly affected the fluidity of the coking coals, from 0 ddpm to 150 ddpm. However,
it has been shown that the fluidic behaviours in the plastic layer during heating were
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affected when non-coking coals were used as additives in the blends, i.e., kaolinite and
coal extracts [12, 75].

Figure 2.10. Correlations between the Gieseler maximum fluidities and estimated fluidities
of coking coal blends.

Mahoney and Nomura [46, 83] have reported that the impacts of coal blends on the
permeability of the plastic layer were marked as well. As shown in Figure 2. 11 below,
the findings described in their study confirmed that the addition of certain coking coals
and non-coking coals, i.e., coking coals with high volumes of volatile matter, coke breeze,
or semi-anthracite, into a coal blend seemed to decrease the coking pressure in the
thermoplastic range.
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Figure 2.11. Correlations between the coking pressure and the composition of additives in
the blends [46].

2.4. The changes in the chemical structures of coking coals during the
formation of the plastic layer
2.4.1 Introduction
The parent coking coals involve aliphatic structures and aromatic structures[84]. While it
is known that the changes in the chemical structures of coking coals in the plastic layer
are realised through complex pyrolysis reactions such as the bond cleavage of the
aliphatic structures (including bridges, looped structures and side chains), cross-linking
reactions, the re-polymerisation and ring condensation of aromatic structures and that
these are accompanied by the generation and release of volatile matters [10, 19, 54, 8593].

2.4.2 The transit of the chemical structures in the plastic layer
In order to represent the transformation of the chemical structures in the plastic layer,
Fourier-transform infrared spectroscopy (FTIR) has been widely employed to elucidate
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the changes in the aliphatic structures and aromatic structures (spectra regions: 30002800cm-1) during the heating of coking coals [1, 10, 85-88, 94]. The parameters of the
structures, i.e., ACH2/ACH3 and Aar-H/Aal-H, have been used to characterise the changes in
the length of the aliphatic structures, the degree of branching and the degree of aromaticity
during the heating of coking coals [86]. In our previous publications [1, 6], there was an
overall increasing trend in the degree of aromaticity and a decrease in the aliphatic
structures across the plastic layer. However, further increases in the heating in the later
stages of the plastic layers would result in a significant drop in the ratio of Aar-H/Aal-H due
to the elimination of the hydrogen as a result of the aromatic ring condensation and crosslinking reactions, as shown in Figure. 2.12.

Figure 2.12. Changes in the (a) Aaro-H/Aali-H and (b) ACH2/ACH3 from the plastic layer to the
coke side [6].

As shown in Figure 2.13 below, it is known that the aromatic structures cross-linked back
into the molecular structures due to the transferable radicals in the thermoplastic range
during coking [8, 93]. Nomura and Thomas [36] also used the changes in the volatile
matters, i.e., methane and oxygen, to elucidate the changes in the density of the crosslinking reactions in the thermoplastic range, as shown in Figure 2.14 below. It is evident
that there were dramatic changes in the cross-linking structures during the plastic layer
23

stage. Furthermore, the formation of the cross-linking structures was accompanied by
changes in the physical structures of the coals in the plastic layer during heating, e.g., IGP.
The changes in the cross-linking structures were found to be responsible for the changes
in the microporosity during the formation of the plastic layers [36], which were correlated
to the formation of volatile matters and the gas permeability of the plastic layers. For
instance, it has been shown that the changes in the cross-linking structures in the
thermoplastic region significantly influence the tensile strength of cokes as well [14].
However, quantitative information on the cross-linking structures in the plastic layers
during coking has not been provided in the literature.

Figure 2.13. The mechanisms of the structural transformations in the fluid phase of the
thermoplastic stage [8].

Figure 2.14. Schematic view of the devolatilisation rate, cross-linking density and
thermoplasticity in the plastic layer [36].
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When a coal bed is heated to 350 °C, it has been shown that the bond cleavages of the
aliphatic structures (including the bridges, looped structures and side chains) were
achieved because of their low bond energy [9, 95]. The rupture of the bridge bonds
connected to the small aromatic structures leads to the generation of the tar. The release
of the light gases in the plastic layer during heating, i.e., methane, hydrogen, ethane and
ethylene, are mainly attributed to the cross-linking reaction, side-chain elimination and
ring condensation caused by the transferable methyl, methylene, and hydrogen radicals.
Casal et al. [96] used gas chromatography–mass spectrometry (GC-MS) to study the
primary tars of differently ranked coking coals. The study indicated that the release of the
volatile matters in the thermoplastic range, from 450 °C to 550 °C, was significantly
influenced by the properties of the parent coals, e.g., mean maximum vitrinite reflectance.
Zhao et al. [97] also studied the pyrolysis behaviours of the vitrinite and inertinite from
coals using a combination of thermogravimetric and mass spectrometric (TG-MS)
analysis with a fixed bed reactor. The results indicated that the properties of the coals,
e.g., the content of inertinite and vitrinite, impacted significantly on the volatile matters
as well. Our previous publication [2] studied the release of volatile matters involving the
aliphatic structures and aromatic structures in the thermoplastic range during heating
using a thermogravimetric analyser coupled with Fourier-transform infrared spectroscopy
(TG-FTIR). It was evident that the aliphatic hydrocarbon content in the volatile matters
gradually decreased in the sectioned plastic layer samples which corresponded to the
softening, maximum fluidity and resolidification points of the coal. Furthermore, it was
found that the changes in the chemical structures were markedly affected by the properties
of the parent coals, such as the maximum Gieseler fluidity.
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Shi lei et al. [98, 99] used different aromatic hydrocarbons as additives to the coking coals
to study the effects of aromatic compounds on the behaviours of the volatiles during
heating by utilising thermogravimetric and mass spectrometric (TG-MS) analysis. As
shown in Figure 2.15, the nature of the parent coals significantly influenced the generation
of volatile matters in the plastic layer during heating. For example, the nature of the parent
coals seems to dramatically influence the transformation of the chemical structures in the
thermoplastic range during the coking process.

Figure 2.15. Volatiles released in co-pyrolysis of PTC and EPR in crucibles C1-C5 [98, 99].
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Solid-state 13carbon nuclear magnetic resonance (13C NMR) spectrometer proved to be
an effective analytical tool to study the macromolecular structures of coal and coal
macerals in the literature [100-107]. The

13

C NMR analysis has provided a range of

quantitative parameters for macromolecular structures, including aliphatic carbons
(bridges bonds, looped structures and side-chains) and aromatic carbons (protonated
aromatic carbons, carbon-bonded aromatic carbons and aromatic ring carbons) [91, 108112]. The transformations of the chemical structures on the semi-coke side during the
coking process have been studied by utilising 13C NMR spectroscopy. As shown in Figure
2.16(a), the sizes of the aromatic clusters increased due to the ring condensation reaction
as the coal bed shifted to the semi-coke layer [7]. It has also been found that the
transferable hydrogen plays a significant role in the ring condensation on the semi-coke
side during the coking process (see Figure 2.16(b)) [15]. However, such research has
never been carried out on the plastic layers that are formed during the coking process.
The study of the changes in the chemical structures, i.e., bridge bonds, looped structures,
side chains and aromatic structures, during the formation of the plastic layer is critical to
determining the coking process and the qualities of the coke produced.

(a)
(b)
Figure 2.16. (a) Changes in the average number of aromatic carbons in a cluster for the
virgin coals and the semi-cokes [7]; and (b) The expected reactions during the
carbonisation process [15].
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2.4.3 The impacts of blending coals on the changes in the chemical
structures in the plastic layer
Blending coking coals seems to dramatically influence the transformations of the
chemical structures in the plastic layer during the coking process. In order to elucidate
the impacts of blending on the cross-linking structures, Smedowskis et al. [79] analysed
the extents of the ordered structures in cokes created from binary and ternary coal blends
utilising X-ray diffraction (XRD) and Raman spectroscopy. These techniques were used
to obtain the IG/ID2 ratio (a ratio of a number of graphite structures (G band) to D2-type
structures (less ordered than graphite)) to represent the cross-linking structures. As shown
in Figure 2.17 below, the blends had a higher number of graphite structures than the single
coals. The results confirmed that the blending seemed to significantly influence the
formation of the cross-linking structures during the coking process.
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Figure 2.17. Plots of the Raman parameter, IG/ID2, versus the structural parameters
calculated from XRD ((a) and (b)), such as Lc ((a) and (b)) and d002 ((c) and (d)) for
cokes from binary and ternary coal blends [79].

Butuzova et al. [65] also used electron paramagnetic resonance (EPR) and IR-spectra to
investigate the influences of blending of coals with different sulphur levels on the
characteristics of the plastic mass and the yields. The findings of this study revealed that
coal blends with a functional coking capacity showed high concentrations of
paramagnetic centres in their fluid no-volatile products. Several researchers [63, 70] have
studied coking behaviours in the thermoplastic range when biomass has been used as an
additive in blends. As shown in Figure 2.18 below, the pyrolysis kinetics of the blends
under isothermal and non-isothermal conditions were shown to exhibit the influences of
the coal blending on the decomposition during the formation of the plastic layer. The
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results indicated that the increased reactivity of the decomposition was accompanied by
the blend ratios of the biomass in the blends.
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Figure 2.18. Effects of the biomass blend ratios on: (a) TG curves, and (b) reactivity of
coal blends at 700 °C. Effects of the final temperatures on: (c) TG curves, and (d)
reactivity of coal blends [70].

2.5. The correlations between the physical structures and the chemical
structures during the plastic layer stage
2.5.1 Introduction
In the previous literature, it has been demonstrated the transformations in the structures
of coking coals in the plastic layer are complex. The changes in the physical structures,
i.e., their thermoplastic behaviours, the formation of pore structures and IGP, have been
strongly correlated with the transformations in the chemical structures, e.g., cross-linking
reactions, rupture of the aliphatic structures, the release of volatile matters and the
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reattachment of chemical structures. The physical properties of coking coals, i.e., Gieseler
fluidity and permeability, have been found to influence their thermoplastic behaviours
during the formation of the plastic layer. The understanding of the relationships between
the physical structures and the chemical structures is invaluable in determining the coking
process and the qualities of the cokes produced.

2.5.2 The correlations between the fluidity and aliphatic structures of
coking coals during the plastic layer stage
In one study [73], the fluidity of coking coals was found to be strongly correlated with
the quality of the coke product. When the coal bed was heated to the softening
temperature, the cleavage of the aliphatic structures led to the fluidic behaviours in the
thermoplastic range. In order to study the relationships between the fluidic behaviours of
coking coals and their aliphatic structures in the plastic layer stage, several researchers
[68, 113] have used plastic wastes as additives in blends, e.g., polythene, polypropylene
and polyethylene terephthalate. As shown in Figure 2.19 below, it is evident that the loss
of Gieseler fluidity was increased with an increase in the plastic waste in the coal blend.
The results confirmed that the changes in the chemical structures are complex as the
addition of high-density aliphatic structures in the blends seemed to destroy their
thermoplastic properties rather than improve their fluidic behaviours during the plastic
layer stage.
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Figure 2.19. Changes in coal fluidity with the addition of plastic waste in the coal blend
[113].

Barriocanal et al. [64] studied the correlations between the pressures generated and the
generation of tar in the plastic layer. As shown in Figure 2.20 below, it is evident that the
increased values of the heavy compounds in the tars of coal blends were accompanied by
increased pressures in a movable-wall coke oven [64]. The results indicated that the
release of volatile matters seemed to affect the coking pressure during the plastic layer
stage.

Figure 2.20. Correlations between the heavy components in the primary tars of the coal
blends and the coking pressures measured in a movable-wall coke oven [64].
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2.5.3 The relationships between the structures of the pores and the crosslinking structures during the plastic layer stage
In one study [93], it was shown that the aromatic structures cross-linked back into the
molecular structures due to the transferable radicals in the thermoplastic range during the
coking process. It has also been found that the changes in the cross-linking structures in
the thermoplastic region significantly influence the tensile strength of cokes, as shown in
Figure 2.21 below [14].
It has also been shown that the microporosities of cokes are strongly determined by the
changes in the cross-linking structures during the coking process [36]. However, the
precise quantitative relationships between the physical structures and the chemical
structures in the plastic layers have not been provided in the literature. It is known that
the changes in the physical structures, e.g., the formation of pores, are strongly correlated
with the changes in the chemical structures, i.e., elimination of side-chains, cross-linking
reactions and the release of volatile matters.

Figure 2.21. Correlations between the carbon structure factor La/Lc and the strength of
the coke matrix [14].
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2.6 Summary of the literature review
Following a review of the literature, the following conclusions can be drawn.

2.6.1 Formation of the plastic layer
Coking coals that have been charged in a heated coke oven experience a plastic state
between their softening and resolidification temperatures and, form a plastic layer which
has fluid-like properties. It is widely accepted that the formation of the plastic layer is
mainly attributed to the nature of the coal and its thermoplasticity. The thermoplasticity
leads to physical changes such as the swelling, fluidity and the development of pores in
the plastic layer, but there are also changes to the chemical structures which are caused
by cracking and aromatic condensation. In addition to these internal factors, the
conditions in the coke oven can also affect the formation of the plastic layer. The
temperature gradient in the coke oven generates a thin plastic layer from each heating
walls because of the thermoplasticity of the coal. As the temperature gradient in the oven
is changed, the plastic layer moves from the wall to the centre, leaving behind semi-coke.

2.6.2 The transformations in the structures of coking coals during the
plastic layer stage
It is known that when single coking coals or blends are heated inside a coke oven, they
undergo complex and dramatic changes in their structures, during which plastic layers
form in the coal bed when the temperature is in the range of 350 ˚C to 550 ˚C. The
thermoplastic characteristics of coals lead to physical changes such as their fluidity,
permeability and release of gases. These physical behaviours lead to the formation of
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pores, which directly determine the quality of the coke produced during the coking
process.
It is also known that the changes in the chemical structures of coking coals in the plastic
layers are realized through complex pyrolysis reactions, such as the bond cleavage of the
aliphatic structures (including the bridges, looped structures and side chains), crosslinking reactions, the repolymerisation and ring condensation of the aromatic structures,
and these are accompanied by the release of volatile matters. These reactions lead to an
overall increasing trend in the degree of aromaticity and a decrease in the aliphatic
structures across the plastic layer during the coking process.

2.6.3 The correlations between the physical structures and the chemical
structures in the plastic layer stage
The findings in the literature suggested that the changes in the physical structures of the
coking coals and blends seemed to be strongly correlated with the transformations in their
chemical structures. These studies indicated that physical behaviours such as the fluidity
and pressures generated were significantly affected by the chemical reactions during the
formation of the plastic layer, i.e., the release of volatile matters and the changes in the
aliphatic structures. The formation of pore structures, which determines the strength of
cokes, was also correlated in the literature with the formation of cross-linking structures
during the coking process.

2.6.4 Research activities on the changes in the of structures of coking
coals in the plastic layer stage
(a) Transformations in the physical structures in the plastic layer stage
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The creation of pore structures in the plastic layer stage is the key to determining the
success of the coking process and the qualities of the cokes produced. However, it is
difficult to produce a survey of the critical features of the creation of pores that take place
in the plastic layer stage, such as growth and coalescence of the bubbles, the minimum
viscosity and the resolidification. A few attempts have been made by different researchers
and several different analytical techniques using 2D images have been used to analyse
the changes in the structures of the pores during heating, i.e., light microscopy, optical
microscopy, SEM, SAXS and SANS. The findings of this research have indicated that
the properties of the parent coals, e.g., vitrinite content, maximum Gieseler fluidity, mean
maximum vitrinite reflectance, seemed to significantly impact on the porosity, pore size
distributions and surface area. However, 3D image analysis could elucidate the
transformations in the structures of the pores in the plastic layer, i.e., porosity, pore
numbers, pore size distribution.
(b) Changes in the chemical structures during the plastic layer stage
The research has demonstrated that the changes in the chemical structures are strongly
influenced by the nature of the coal, i.e., the aliphatic and aromatic structures of the parent
coals. In my previous studies, there was an overall increasing trend in the degree of
aromaticity and a decrease in the aliphatic structures across the plastic layer during the
coking process. However, it was found that further increases in the heating in the later
stages of the plastic layer resulted in a significant drop in the Aar-H/Aal-H ratio due to the
elimination of the hydrogen as a result of the aromatic ring condensation and cross-linking
reactions. However, there is no quantitative information in the literature on the changes
in the chemical structures during the formation of the plastic layer, e.g., bridge bonds,
looped structures, side chains and the number of aromatic structures per cluster.
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2.7 Knowledge gaps
The knowledge gaps in the current understanding with regard to the changes in the
structures of coking coals and blends during the formation of the plastic layer can be
summarised as follows:


The changes in the pore structures of coking coals in the thermoplastic
temperature ranges have been widely investigated using 2D image analytical
techniques. i.e., light microscopy, optical microscopy, SEM, SAXS, and SANS.
However, these techniques only indicated the changes in the surfaces of the pore
structures during the coking process. However, the mass transfer side (i.e., the
connectivity of the pore structures, isolated pores, and open pores) cannot be
thoroughly elucidated through 2D image analysis alone. In order to provide an
improved understanding of the transformations in the pore structures of coal
blends during heating, it is, therefore, necessary to create a 3D image analysis
technique.



The chemical transformations in the plastic layer during the coking process, i.e.,
the degree of aromaticity and length of aliphatic structures, have been widely
studied by employing ATR-FTIR, IR, GC-MS, TG-MS and 13C NMR analysis.
The transformations of the chemical structures in the plastic layer during the
coking process, e.g., the connectivity of the pore structures, the pore size
distributions, cleavages of the bridge bonds, looped structures, side chains,
elimination of the side-chains, cross-linking reactions and ring condensation, have
been elucidated utilizing small samples. However, the application of these
methods to larger samples, which are consistent with larger-scale ovens, and the
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ability to encompass the whole batch process of a plastic layer moving through
the sample have not been elucidated yet.


The correlations between the structures of the pores and the cross-linking
structures have been investigated on the coke-side. It is known that there are
complex changes in the physicochemical structures of coking coals in the plastic
layer during heating. However, the relationships between the chemical structures
and the macropores during the formation of the plastic layer have still not been
presented yet.

2.8 Objectives
The main aim of this study is to undertake a mechanistic study of the transformations in
the structures of Australian coking coals and blends across the plastic layer during the
coking process. To achieve this general objective, three specific objectives have been
developed which are as follows:

1. To study the transformations in the structures of the pores of Australian coking
coals, such as the formation of the macropores, the coalescence of bubbles, the
minimum viscosity and resolidification, by utilising analytical techniques (a
combination of Synchrotron micro-CT and GeoDict) to analyse 3D images.
2.

To study the changes in the chemical structures of Australian coking coals in the
plastic layer stage, i.e., the cross-linking reactions, elimination of side chains and
the release of volatile matters, they are carefully investigated using

13

C NMR

spectroscopy combined with the use of Synchrotron IR and micro-GC analysis.
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3.

To study the correlations between the changes in the structures of the macropores,
i.e., macroporosity and number of macropores, and the transformations in the
chemical structures in the plastic layer stage, e.g., cross-linking structures,
elimination of side-chains and the release of volatile matters, through a
combination of analytical techniques on 3D images and 13C NMR spectroscopy.
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Chapter 3. Experimental Methodology
3.1 Preparation and analysis of the coal samples
Three Australian coking coals, assigned as HC1, HC4 and HC6, which had different
vitrinite contents (46.6% for HC1, 63.6% for HC4 and 65.2% for HC6) and Gieseler
fluidities (0.7 for HC1, 0.9 for HC4 and 2.85 for HC6), but with similar mean vitrinite
maximum reflectances (1.3 for HC1, 1.29 for HC4 and 1.26 for HC6), were used to study
the transformations in their physicochemical structures in the plastic layer stage. Two
coal blends, assigned as HC2 and HC3, were prepared by the addition of different ratios
of HC4 (50% and 75%) to HC1. Another coal blend, assigned as HC5, was prepared by
blending HC1 and HC6 with the same ratio. The coking coals and blends from HC1 to
HC4 were used to investigate the changes in the physical structures during the formation
of the plastic layer. The coking coals and blends were chosen because of their Gieseler
fluidities (5 for HC1, 10 for HC2, through to 37 for HC4, 100 for HC5, and 700 for HC6)
in order to elucidate the changes in the chemical structures in the thermoplastic range.
Table 3.1 below summarises the ultimate, proximate and petrographic analyses and the
Gieseler fluidity test results for the single coals and their blends.
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Table 3.1. Properties of the Australian coking coals and blends used in the study.
Sample
Description

Blend
ratio

HC1

single
coal

HC2
HC3
HC4
HC5
HC6

Proximate analysis (%ad)
IM
A
VM
FC

2

8

HC1:HC4
1.3
8.7
50%:50%
HC1:HC4
1.7
8.7
25%:75%
single
1.4
8.4
coal
HC1:HC6
1.1
10
50%:50%
single
1
12.3
coal
Notes: IM: inherent moisture;

Ultimate Analysis (%daf)
C
H
N
S
O

Gieseler Fluidity (°C)
IST
MFT
ST
PR

Max fluidity
log10 dd/min

Petrographic analysis (%, mmf)
MMVR
V
L
I

22.4

69.1

88.3

4.9

1.8

0.37

4.6

445

459

483

38

0.7

5

1.3

46.6

0.5

49.4

20.9

69.1

88.7

4.9

1.9

0.5

4

434

463

490

56

0.95

10

1.29

57.4

\

42.6

21.8

67.8

89.3

4.9

1.8

0.5

3.6

435

465

486

51

0.9

9

1.25

58.8

0.5

40.7

21.7

69.6

88.8

5

1.9

0.54

3.7

430

465

495

65

1.57

37

1.29

63.6

\

34.2

20.5

68.4

87.8

4.9

2

0.5

4.8

423

459

488

65

2

100

1.28

51.6

0.2

43.2

22.1

64.6

88.4

5

2.1

0.63

4

407

457

495

88

2.85

700

1.26

65.2

0.2

29.3

A: ash; VM: volatile matter; FC: fixed carbon; C: carbon, H: hydrogen; S: total sulphur; O: oxygen; IST: initial softening

temperature; MFT: max fluidity temperature; ST: solidification temperature; PR: plastic range; MMVR: mean max vitrinite reflectance; V: vitrinite; L: liptinite;
I: inertinite; The samples were analysed and prepared by SGS Australia Pty Ltd who followed the Australian AS 2856 and ISO 7404 standards.
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3.2 Experimental apparatus and techniques
3.2.1 Laboratory-scale double-wall-heated coke oven facility
The 4 kg laboratory-scale coke oven used in this research was specifically designed at the
University of Newcastle to investigate the characteristics of the plastic layer and the
relevant phenomena. The coke oven can simulate the conditions inside an industrial coke
oven (see Figures 3.1 and 3.2). It features plastic layer sampling and the in-situ
measurement of temperature profiles and IGPs at different locations in the coal charge.
The length of the oven (400 mm) is equivalent to that of an industrial coke oven, and the
coal charge is heated one-dimensionally from the oven walls. This design enabled a
detailed investigation of the properties of the plastic layer under practical coking
conditions.
1）Coke oven furnace
An electric furnace was used to heat the coking retort. Two rows of silicon carbide (SiC)
electric heating elements, 2.5kw each, were located at each end of the furnace to enable
the coke reactor walls to be heated from the two ends. The maximum operating
temperature and heating rate were 1000 °C and 10 °C/min, respectively. The temperature
and heating rates were adjusted and monitored by a programmable temperature control
system during the coking experiments.
2）Coke reactor
The coke reactor was designed for the in-situ measurement of temperature profiles and
IGPs at multiple points. One of the critical features of the reactor was its ability to
undertake fast sampling of the plastic layer in practical conditions. Heating walls were
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placed at both ends of the reactor to allow the uniform heating of the coal samples under
a range of heating regimes. Four insulation bricks were also placed along the edges of the
reactor to stop the expected heat from the top and sides during the coking process. The
cover of the reactor was equipped with five tubes with internal thermocouples, enabling
them to be correctly positioned. Each tube was connected with a pressure sensor and
thermocouple to enable the detection of the IGPs generated inside the reactor during the
carbonisation.
3）Plastic layer sampling probe
The plastic layer sampling probe consisted of an insulated section and a quartz tube unit
in which a coal charge was loaded. An insulation brick was used to ensure that a onedimensional heat transfer condition from the wall was achieved. Three thermocouples
were used to measure the temperatures at the reactor wall, in the centre of the plastic layer
(at 50 mm) and the coal bed (at 100 mm), which were then used to determine the plastic
layer sampling time.
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Figure 3. 1. Schematic diagram of the 4 kg laboratory-scale dual-wall-heated coke oven [1, 2].
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Figure 3.2. Photograph of the experimental set-up of the laboratory-scale coke oven rig.

4) Plastic layer cooling chamber
A cooling chamber was designed to quench the plastic layers immediately after sampling.
When the temperature of the plastic layer sampling probe reached a desirable temperature,
the whole sampling probe was lifted out of the coking retort and was placed into a cooling
chamber next to the retort. The cooling chamber was flushed with nitrogen gas
continuously. The purpose of the fast quenching was to prevent further pyrolysis reactions
from taking place so that the plastic layer samples were valid.
5) Reactor pusher lift
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To follow the Australian standard coking test (AS 2267-1997), the coke reactor was
charged into the furnace, which was preheated to 800 °C. Therefore, a reactor lift was
designed to charge the coking reactor into the pre-heated coke oven. When the centre of
the coke reactor reached the desired temperature, the reactor was removed from the
furnace using the lift.
6) In-situ measurement units for the internal gas pressure and temperature
Five probes with thermocouples and pressure sensors were embedded in the coal charge
at different locations (5 mm - 200 mm). Each probe was a quarter-inch stainless steel tube
in which a 1.0 mm thermocouple was inserted. In addition, the probe acted as a pressure
receiver, which was connected to an electronic pressure sensor. When the plastic layer
passed the points of the coal bed where the probes were embedded, the IGPs and
temperature profiles were continuously recorded.
7) Ventilation system
The ventilation system consisted of an extraction hood, electric afterburner, ventilation
pipe and draft fan, which were installed on the top of the coke oven furnace for the
removal of the gases released from the coking retort.

3.2.2 In-situ measurements
3.2.2.1 Plastic layer sampling
The plastic layer sampling was done using the laboratory-scale 4 kg coke oven rig at the
University of Newcastle. The coke oven rig can simulate the heating conditions of
practical coke ovens. As previously reported [1, 2, 25], the length of the coking reactor
(400 mm) was equivalent to that of an industrial coke oven and the coal charge was heated
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one-dimensionally from the oven walls. This design enabled a detailed investigation of
the properties of the plastic layer under practical coking conditions. The acquisition of
the plastic layer samples was enabled by the in-situ measurement of the temperature
profiles at 50 mm and 100 mm from the heating wall using the sampling probe (shown in
Figure 3.3(a)). Figure 3.3 below shows the schematic diagram of the sampling probe and
coal/coke sample. The coals were crushed to a top size of 3 mm and were blended with
different blend compositions, as detailed in Section 3.1. The single coals and blends were
then carefully packed in a quartz tube (L: 100 mm, ID: 40 mm) with a controlled charging
density of 825 kg/m3, as illustrated in Figure 3.3(b). A thermocouple, which was used to
measure the changes in the plastic layer, was placed into the coal bed 50 mm from the
quartz tube. The prepared quartz tube was loaded into the sampling probe (as shown in
Figure 3.3(a)), and was then inserted into the coke reactor. The remaining space in the
reactor was then charged with the same packing density of 825 kg/m3 to simulate the
industrial coking behaviours. The electric furnace was preheated to 800 °C. The reactor
was loaded into the oven and heated to 1000 °C at 10 °C/min. The center temperature of
the plastic layer sample was monitored, and when it reached 450 °C, the probe was taken
out and cooled in a nitrogen flow.
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Figure 3.3. Schematics of: (a) the sampling probe, and (b) the coal sample in the sampling
tube [1, 2].

As shown in Figure 3.4(a) below, the experiments were undertaken to assess the changes
in the physicochemical structures of the selected Australian coking coals and blends in
the plastic layer in an industrial coking process. The quenched plastic layer samples were
scanned using the SMCT, which is located in Melbourne, Australia. The changes in the
physical structures during the formation of the plastic layer were then analysed using a
combination of micro-CT images and the 3D image analysis software (GeoDict). After
the analysis of the physical structures in the plastic layer, semi-coke powders were
extracted from different locations inside the plastic layer, as shown in Figure 3.4(b). The
changes in the chemical structures during the formation of the plastic layer were then
analysed using solid-state 13C NMR spectroscopy.

Figure 3.4. The schematic of the plastic layer sample, showing: (a) where the samples were
scanned using micro-CT, and (b) where the semi-coke samples were taken for the solidstate 13C NMR analysis.

3.2.2.2 The measurement of temperature profiles and internal gas pressures
For the in-situ measurement of the temperature profiles and IGPs, the prepared coals were
packed in the reactor chamber with a charging density of 825 kg/m³ (80 mass % < 3 mm)
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without the sampling probe. The surface areas of the coal charge, except for the heating
wall sides, were insulated with alumina boards to promote a one-dimensional heat transfer
between the walls. The pressure probes and the thermocouples were placed in five
locations in the coal bed, at 5 mm, 50 mm, 100 mm, 150 mm and 200 mm from the heated
oven walls. One additional thermocouple was inserted close to the heating wall to
measure the wall temperature. The surfaces of the charged coal samples were then
covered with alumina boards along the length of the reactor to promote a predominantly
one-dimensional heat transfer between the heating walls during the tests. Prior to the
charging of the coals, the coke oven was preheated to 800 °C. The reactor was then
charged into the preheated coke oven using the lift. The heating walls were heated to
1000 °C at a rate of 10 °C/min and dwelled at 1000 °C to the point where the IGP
measured at the centre (200 mm) dropped to the baseline pressure. The pressure probe
and thermocouple results were collected to the data logger and then transferred to the
computer. This led to a total coking time of ca. 9h. The coking test conditions are
summarised in Table 3.2.
Table 3.2. Experimental coking conditions.

Heating condition

CPS (mm)

CCD (kg) in the CR

<3.0

825

FT (°C)
1000

HR
(°C/min)
10

CT(h)
9-10

CPS: coal particle size; CCD: coal charging density; CR: coke reactor; FT: Final
temperature; HR: heating rate; CT: coking time.
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3.3 Analytical techniques
3.3.1 Macropore structure analysis using Synchrotron micro-CT
The CT images of the plastic layer samples were collected using the SMCT at the imaging
and medical beamline (IMBL) at Australian Synchrotron, as shown in Figure 3.4 below.
The plastic layer samples were mounted on a 360° movable-lifting chuck. The “Ruby”
detector and an X-ray beam energy of 30 keV scanned the plastic layer samples while
they were rotated 180 degrees at each vertical location. The resolution (pixel size) of each
image was 9.85 microns. The whole plastic sample, from the coal side to the plastic range
and coke side, which was 90 mm high, was scanned by X-rays. As shown in Figure 3.5
below, one sample covered using 1400 images of horizontally stacked sections. The
method for the selection of the plastic range followed the previously reported method [1].
In this instance, the plastic range sample was covered using 364 vertically stacked slices.

Figure 3.5. Photograph of the SMCT experimental set-up.
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Particulate coal

Plastic layer

Semi-coke side

Figure 3.6. Micro-CT images of horizontal sections from different locations in a coal blend
sample.

3.3.2 3D image analysis using the GeoDict software
To obtain 3D images of the microstructures of the plastic layer samples, the collected
micro-CT images were analysed using GeoDict software. The 8-bit TIFF images of the
horizontal sections were imported to the software. The 3D images were then gatshered
by stitching the vertically stacked slices using the GeoDict software. Figure 3.6 below
shows a 3D CT image of the HC4 sample, representing the intermediate plastic layer
range. The dimensions of the resulting 3D image stacks was 1260*1260*2000 voxels (3.6
× 3.6 × 3.6 mm).

Figure 3.7. 3D macro-CT image of the HC4 sample in the intermediate plastic layer range.

51

The resulting 3D images have been segmented into the void and solid phases by a number
of previous studies [13, 16, 52, 114]. The following parameters were calculated from the
analysis of the 3D macro-CT images: F: Void fraction - by counting the number of voxels
from the total voids (Ft) and isolated voids (Fi) in the 3D images; Dn: Density of the
number of total voids (Dnt) and isolated voids (Dni); and Pore size distributions - by
measuring the diameters of the voids in the 3D images (Vf49.25μm: Volumetric fraction of
diameter (39.40 µm - 59.10 µm) voids; and Md: The mean diameter of the voids). The
macropore structures were analysed based on the colour threshold by utilizing the
porosimetry model of GeoDict 2019. In this instance, the pore volume distribution
dV/dlog (diameter) was computed using:
𝑉 (𝑑 ) − 𝑉 (𝑑 )
(ln(𝑑 ) − ln(𝑑 )) ∗ 𝑚
Where the 𝑑𝑖 was the pore diameter, 𝑉𝑐𝑢𝑚 was the cumulative volume fraction and 𝑚 was
the mass of the structure. The mass of the structure was computed using the density of
the solid constituent materials of the sample. This normalization ensured that the value of
the dV/dlog (diameter) was independent of the size of the domain [115].

3.3.3 Chemical structure analysis using Synchrotron IR spectroscopy
The changes in the chemical structures of the plastic layer samples (see Section 3.2.1)
were carefully analysed by using Synchrotron infrared micro-CT spectroscopy combined
with Fourier-transform infrared spectroscopy (abbreviated as Synchrotron IR, Bruker
Vertex 80v attached to a Hyperion 3000 FTIR microscope), which are located in
Melbourne, Australia. The quartz sampling tubes containing the plastic layer samples
were resined using epoxy resin, followed by solidification at room temperature for 48
hours. The sample tubes were then cross-sectioned into halves, and the surfaces of the
two halves were polished with an increasingly fine diamond suspension fluid. The
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polished samples were then analysed using the Synchrotron IR mapping [6, 116] to obtain
the precise IR spectra of the plastic layer samples according to the objective optical
microscopic images, as shown in Figures 3.7 and 3.8 below. The spectra in the 3000-2800
cm-1 range were curve-fitted to semi-quantify the aliphatic structures, such as CH2 and
CH3 [87]. The structural parameters, e.g., the ACH2/ACH3 and Aar-H/Aal-H ratios, which
represent the lengths of the aliphatic structures and the degree of aromaticity, respectively,
were used to mark the changes in the chemical structures across the plastic layers,
following the same methods employed in previous studies in the literature [117, 118].

Figure 3.8. Microscope images of the plastic layer samples.
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Figure 3.9. Spectrums of the plastic layer samples using Synchrotron IR analysis.

3.3.4 Chemical structure analysis using solid-state 13C NMR spectroscopy
In order to carry out the 13C NMR analysis, the quenched plastic layer samples of about
100 mg were sectioned in the same way that the semi-coke powders were taken from
different locations in the plastic plyer, i.e., the initial softening layer (denoted as the “IS
layer”), the intermediate plastic layer (denoted as the “IM layer”) and the near-resolidified
layer (denoted as the “RS layer”). The method of sample sectioning followed our
previously reported method [1], and is shown in Figure. 3.9.

Figure 3.10. Schematic of a plastic layer sample showing where the powder samples
were obtained from for the subsequent 13C NMR analysis.
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The 13C NMR analysis was carried out using a Bruker AVANCE HD500 with a frequency
of 500 MHz. The machine can carry out quantitative measurements and uses the magic
angle spinning (MAS) method using a Bruker 4 mm HX MAS probe. The semi-coke
powder samples were loaded into a rotor (with a diameter of 5 mm). The parameters were
set as a spinning speed of 10 kHz; 1H pulse width of 1.5 µs; contact time of 2 ms CP;
recycle-delay of 10 s; and scan times of 2000. The 13C NMR spectra were de-convoluted
using the curve-fitting method to obtain the quantitative information for the carbon
structure parameters, as shown in Figure 3.10 below, and followed the same methods
described in the literature [7, 54, 91].
Based on the

13

C NMR data analysis, a series of carbon structure parameters were

quantified following the methods described in the literature [7, 112, 119-121]. The
definitions of the carbon structure parameters are shown in Table 3.3 below. The carbon
structure parameters shown in Table 1 are determined from the equations as follows:
𝑓 =𝐴

(1)

𝑓 =𝐴

(2)
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𝑋 =
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More detailed information about the chemical shifts of the different carbons in the
hydrocarbon structures are provided in Appendix IV (Figure IV-1 to Figure IV-6) [122].
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Figure 3.11. De-convolution of a 13C NMR spectrum to obtain the parameters of the
carbon structures.
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Table 3.3. Parameters of the carbon structures as quantified by 13C NMR analysis.

Symbol of carbon
structure

Definition

parameter
b+l

The average number of bridges and loops per cluster

b

The average number of aliphatic bonded methylene per cluster

l

The average number of aromatic bonded methylene per cluster

0

The average number of side chains per cluster

+1

The average number of aliphatic bonded methyl per cluster

-1

The average number of aromatic bonded methyl per cluster

p

The average number of protonated aromatic carbons per cluster

c
ta
far

The average number of carbon-bonded aromatic carbons per
cluster
The average number of total aromatic carbons per cluster
The fraction of aromatic carbon in the skeletal structures per
cluster

3.3.5 Light gases analysed by micro-GC
A schematic of the experimental setup for the pyrolysis experiments is shown in Figure.
3.11 below. 5gram coal sample was loaded onto a quartz sintered plate. The fixed-bed
quartz reactor was heated in an electric furnace. Nitrogen was used as an inert gas (flow
rate: 500 mL/min) to pass through the coal sample in the reactor. The coal bed was heated
from room temperature to 350°C at a rate of 10°C/min. Because of the micro-GC cannot
analysis the heavy aromatic components. In comparison, water will affect the GC
Columns dramatically. For this instance, a condenser system, i.e., water condenser,
dichloroethane and calcium chloride, was used to collect the water and heavy aromatic
components before the analysis by micro-GC. In order to calculate the changes in the
concentration of the light gases during coal pyrolysis, micro-GC was calibrated through
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the standard gases, as shown in Table 3.4. More detailed information about the changes
in the light gases of the different coking coals in the thermoplastic range are provided in
Appendix III (see Figure c1). The methodology used to analyze the light gas composition
is described in my previous studies [123-125] The condenser off gas was analyzed online
using a micro-GC (Agilent Technologies 490) equipped with a thermal conductivity
detector (TCD) with a 10 m (Molecule sieve) MS5A column and a 10m (Polar Plot U)
PPU column. The carrier gases used in the experiments were helium and argon. Prior to
the measurements, the micro-GC was calibrated using standard gas mixture. The column
temperatures during the measurements were 75 °C and 10 °C, respectively. The analyzed
gaseous species were hydrogen, oxygen, nitrogen, carbon monoxide, and methane
(Channel 1) and carbon dioxide, ethane, and ethylene (Channel 2).

Figure 3.12. Schematic diagram of the setup for the fixed-bed pyrolysis experiments.
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Table 3.4. The concentration of standard gases.
Component

Actual
concentration

Concentration
Unit of measure

Measurement
uncertainty

Method

Hydrogen

19.95

% mol

1% rel

8115 Gravimetric

Carbon
monoxide

12.03

% mol

1% rel

8115 Gravimetric

Carbon
dioxide

5.03

% mol

2% rel

8115 Gravimetric

Methance

10.06

% mol

2% rel

8115 Gravimetric

Ethene

2.04

% mol

2% rel

8115 Gravimetric

Ethane

1.01

% mol

2% rel

8115 Gravimetric

Nitrogen

Balance
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Chapter 4. Measuring The Behaviours Of The
Coking Coals And Blends In The Plastic
Layer
4.1 Introduction
According to the literature [4, 17, 42, 126], a layer of metaplast is formed during the
coking process when the temperature of a coal bed (with either a single coking coal or a
coal blend) is increased to 350 °C, which leads to the formation of a foam-like
thermoplastic material. The thermoplasticities of coals are critical for the coke-making
process as they significantly affect the quality of the coke product. The quality of a coke
is also influenced by the behaviours and the interactions of the individual coals in a blend.
Understanding the impacts of the different coal blends on the plastic layer stage is a core
part of what determines a coke oven’s operations and the quality of the cokes it produces.
However, there is still no experimental method to study the behaviours of coal blends in
the plastic layer during the coking process yet.
This chapter aims to assess the changes in the temperature profiles and internal gas
pressures (IGPs) in the thermoplastic range during the coking of Australia's single coals
and their blends. The analysis of the results of the in-situ measurements is used to study
the impacts of the coal blending on the thermoplasticity of the blend during the coking
process.
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4.2 Characterisation of the temperature profiles
The temperature profiles and IGPs were measured at different locations in the coal charge
at 50 mm intervals. Figure 4.1 below shows the temperature profiles of the coal charges
for all of the samples measured by the thermocouples (left-hand column). The right-hand
shows the temperature distribution curves, which were estimated by extrapolating from
the measured temperature profiles.
Temperature plateaus were observed at around 100 °C due to the evaporation of the
moisture from the coal charges. This isothermal section became increasingly prolonged
with distance from the wall, which was consistent with the internal migration of moisture
towards the centre of the coal charge. The heating rates also varied at the different
positions in the coal charge. The average heating rates measured at the 200 mm position
were in the temperature range of 400 °C – 500 °C (thermoplastic region), which were
lower than those measured at the 5 mm position.
Temperature profile at a different location

Temperature distributions (Time based)

1000

1000

900

900

800

800

700

700

Temperature ( C )

600

o

Temperature ( oC )

HC1

500
400
Wall T
50mm
100mm
150mm
200mm

300
200
100
0

0

1

2

3

4

5

6

7

1
3
5
7
8.5

600
500
400
300
200
100
0

8

0

50

100
Distance (mm)

Time (hour)

61

150

200

1000

1000

900

900

800

800

700

700

Temperature ( oC )

Temperature ( oC )

HC2

600
500
400
300

Wall T
50mm
100mm
150mm
200mm

200
100
0

0

1

2

3

4

5

6

7

1
3
5
7
8.5

600
500
400
300
200
100
0

8

0

50

100

150

200

Distance (mm)

Time (hour)

1000

1000

900

900

800

800

700

700

Temperature ( oC )

Temperature ( oC )

HC3

600
500
400
Wall T
50mm
100mm
150mm
200mm

300
200
100
0

0

1

2

3

4

5

6

7

1
3
5
7
8.5

600
500
400
300
200
100
0

8

0

50

100

150

200

Distance (mm)

Time (hour)

1000

1000

900

900

800

800

700

700

Temperature ( oC )

Temperature ( oC )

HC4

600
500
400
Wall T
50mm
100mm
150mm
200mm

300
200
100
0

0

1

2

3

4

5

6

7

1
3
5
7
8.5

600
500
400
300
200
100
0

8

0

50

100

150

200

Distance (mm)

Time (hour)

Figure 4.1. Temperature profiles at different locations (left) and temperature distributions
in the charge (right).

4.2.1 Characterisation of the thicknesses of the plastic layers
Figure 4.2 below shows that a change in the temperature distribution contributed to the
formation of the plastic layer and its migration from the heating wall to the centre of the
reactor. Figure 4.2 shows the methodology of the data exploration to estimate the
thicknesses of the plastic layers based on the isothermal planes between the initial
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softening temperature (IST) and the solidification temperature (ST). The estimated
thicknesses of the plastic layers for all of the samples are shown in Table 4.1 and Figure
4.3 below. It was found that the thicknesses increased as a function of the distance from
the oven wall to the centre as the temperature gradients became smaller during the coking
process. This result was consistent with previous findings [25].

Figure 4.2. Estimation of the plastic layer thicknesses based on a data exploration between
the temperature distribution curves and the Gieseler characteristic temperatures, such as
the isothermal planes between the initial softening temperature (IST) and the solidification
temperature (ST).
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Figure 4.3. Changes in the estimated thicknesses of the plastic layers of the coal samples
across the width of the reactor.
Table 4.1. Estimated thicknesses of the plastic layers of the coal samples at various
locations in the coal charges.

Sample
HC1
HC2
HC3
HC4

50mm
3.95
5.95
5
6.65

Distance to the wall
100mm
150mm

5.05
7.75
6.9
8.75

7.4
11.5
10.3
13.1

200mm
24.3
63.6
47.3
75

4.2.2 Effects of the blending on the thickness of the plastic layer
Figures 4.3 and 4.4 show that the thicknesses of the plastic layers of the coal blends were
between those of the single coals (HC1 and HC4) at every location across the reactor.
This appeared to be correlated to the changes in the Gieseler characteristic temperatures
after the blending. Table 3.1 shows that the ISTs for the blends were higher than that of
the HC4 coal, although its ST was higher. These characteristic temperatures were closely
related to the chemical structures of the single coals and their interactions in the blends
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during the thermoplastic ranges. It appears that the HC1 single coal, with its higher
infusible inertinite content in the blends, may have absorbed the transferable hydrogen
during the thermoplastic phase which delayed the initiation of the plastic mass, and
facilitated earlier cross-linking. This may have contributed to the increased ISTs and the
decreased RTs which corresponded to the decreases in the plastic ranges, as shown in
Table 3.1. The details of the chemical structures of the single coals and their impacts on
the interactions in the blends will be discussed in Chapter 6.

Figure 4.4. Thicknesses of the plastic layers of the blended samples across the width of the
reactor.

4.3 Characterisation of the IGPs during the coking process
Figures 4.5 and 4.6 below show the IGP curves and maximum IGPs for the coal samples
measured at different locations across the coal charge (5, 50, 100, 150 and 200 mm) as
the plastic layers passed through the embedded pressure probes. The IGPs at the centre
were higher than those found at the rest of the locations (50 mm -150 mm). As has been
previously suggested [36, 127, 128], the relatively lower IGPs generated between 50 mm
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- 150 mm were attributed to the plastic layers having two pathways through which the
gas could escape (~90% on the coke side and upwards along the coke oven wall; ~10%
on the coal side). The thickness of the plastic layer reached a maximum when the two
plastic layers merged at the centre of the reactor due to the occurrence of the lowest
temperature gradient, as shown in Figure 4.3. In this context, the gas which evolved near
the centre of the coal charge appears to have been restrained by the thicker barrier, i.e.,
the low permeability semi-coke zones adjacent to the centre of the plastic region, resulting
in the highest maximum IGPs [129].
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(d)
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Figure 4.5. IGP curves: (a) HC1, (b) HC2, (c) HC3, (d) HC4, measured at different
locations in the reactor (50, 100, 150 and 200 mm).
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Figure 4.6. Changes in the maximum IGPs across the width of the reactor.
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Figure 4.6 shows the changes in the maximum IGPs measured across the width of the
reactor. Of all of the coals, HC1 generated the lowest maximum IGPs at all of the
locations. Figures 4.7 and 4.8 below indicate that the lower maximum IGPs for HC1 were
correlated to the lower Gieseler plastic range and the vitrinite content of the coal. The
interesting thing was that the vitrinite contents of the coal blends, e.g., HC2 and HC3,
were not midway between the HC1 and HC4 coals. As shown in Table 3.1, the samples
were analysed and prepared by SGS Australia Pty Ltd, and the errors in the vitrinite
contents of the HC2 and HC3 blends were possibly attributable to the blending methods
during the preparation by SGS Australia. It is known that plastic behaviours have been
achieved by the fusion of vitrinite [130]. The tar is essentially a product of the liquid
boiling during pyrolysis [19, 21]. It is also known that there is an equilibrium between
the liquid and the vapour phases. If the volatiles are able to get out easily, the pressure is
low, and so the equilibrium is in favour of the material boiling off and not staying as a
liquid (the softening point occurs later). On the contrary, the pressure is higher due to the
diffusion of the volatile matter. In this instance, the equilibrium was in favour of the
material staying as a liquid (the softening point was earlier). As shown in the foregoing
discussion, this was the case with the inertinite rich coal, i.e., HC1, particularly given the
pressure results shown later. The fused vitrinite also tried to fill the entire void spaces of
the solid inertinite. These phenomena indicated that the softening point of the HC1
samples occurred later than the other samples. Indeed, the IGP of the HC1 was lower due
to the rich inertinite, which provided conduit for the gases to vent out.
The maximum IGPs for the blends and the HC4 coal were similar, although the addition
of HC1 in the blends affected some of their rheological properties. A previous study has
suggested that the generation of IGPs involves many factors, including the permeability,
thickness of the plastic layer, maximum gas evolution rate and fissuring. Therefore, these
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parameters need to be considered in order to analyse the IGPs measured and to investigate
the impacts of the blending on the IGPs for future work.

Figure 4.7. Correlations between the vitrinite contents of the single coals and blends and
the maximum IGPs at 200 mm.

Figure 4.8. Correlations between the plastic ranges of the coal samples and the maximum
IGPs at 200 mm.

4.4 Chapter summary


The thicknesses of the plastic layers were estimated from the measured
temperature profiles and the characteristic Gieseler fluidity temperatures. It was
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observed that the thicknesses of the plastic layers of the coal blends were
sandwiched between those of the two single coals. However, the addition of the
coking coal with a high vitrinite content into the coal blends seemed to
significantly improve the thickness of the plastic layer during the coking process.


The coking coal with the low Gieseler fluidity and vitrinite content (HC1) formed
a wider impermeable boundary surrounding the plastic region at the centre,
through which the gases barely escaped. This led to the lowest maximum IGPs in
the plastic layer. The addition of coking coal with a high vitrinite content and
Gieseler fluidity (HC4) to the HC1 coal seemed to lead to the changes in the
maximum IGPs in the plastic layers of the coal blends, which were similar to the
additive (HC4).
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Chapter 5. The Changes In The Physical
Structures Of The Coking Coals And Blends
In The Plastic Layer
5.1 Introduction
To achieve a better understanding of the transformation of physical structures in the
plastic layer during the coking process of single coals or coal blends, several factors, like
the internal gas pressure (IGP), have been examined [25, 44, 80-82]. In general, there has
been no such thing as a theory of coal blending, but it is critical to control the bulk density
of the coal beds to achieve proper coking pressures in order to produce a good quality of
coke. Empirically, it has been known that it is possible to control the coking pressure and
the quality of the product coke by controlling the blending levels of lower-ranked coals
in a dry coal charging process [76]. Researchers have studied the effects of blending
coking coals with different coking properties on the parameters of the quality tests for
cokes, such as the coke reactivity index (CRI) and the coke strength after reaction (CSR)
[71, 74]. They have concluded that the quality of cokes decreases with an increase in the
ratio of low-quality coking coals in the blends. In particular, this has been true for the
ternary mixtures. X-ray diffraction (XRD) analysis of cokes has revealed that the ordered
structures in cokes produced from binary and ternary coal blends have greatly affected
the coke’s strength [79].
In the view of the previous literature, the impacts of the coal blends on the changes in the
physical structures in the thermoplastic range have been significant [12, 15, 53]. These
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previous studies have also shown that the influence of the coal blending on the structures
of the pores of the coke products was important. It has also been found that the use of μ–
focus X-ray CT has effectively assisted the transformations in the pore structures of coals
in the thermoplastic stage [13]. An improved understanding of the changes in the physical
structures of coals during the coking process has been achieved more recently by utilising
SMCT analysis to study the physical structures of samples of cokes, semi-cokes and
plastic layers [1, 2, 16, 25, 52, 58, 114]. Based on the findings of previous studies, the
connectivity of the pore structures may play a significant role during the coking process.
Other research has found that the changes in the pore structures could be attributed to the
amount of vitrinite in the coal [130]. However, this information cannot be provided just
through the analysis of 2D images. To provide an improved understanding of the changes
in the pore structures of coal blends during heating, an analysis technique for 3D images
which combined SMCT with the commercial GeoDict software has been employed in
this chapter. The analysis of the 3D micro-CT images allowed a survey of the critical
features that had taken place in the plastic layer regions, such as the growth and
coalescence of bubbles, minimum viscosity and resolidification. In this chapter, coking
coals and blends with different vitrinite contents and Gieseler fluidities were used to study
the changes in the structures of the pores by utilising an analytical technique for 3D
images.

5.2 Analysis of the Synchrotron micro-CT images
3D image analysis was used to examine the transitions in the physical structures of
Australian coking coals and blends inside the plastic layers. Figure 5.1 below shows a
series of segments (360 × 360 × 360 voxels) that were clipped from three representative
areas in the thermoplastic region (initial softening, intermediate plastic layer and
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resolidified layer). The sizes of the 3D images shown in Figure 5.1 are approximately 3.6
× 3.6 × 3.6 mm.
In the initial softening layers (shown in Figures 5.1 (A-1) – (D-1)), the pore nucleation
took place inside the large particles while the boundaries of the particles appeared to be
clear due to less fluidity in these regions [13]. Large voids were observed in the
intermediate plastic layers (as shown in Figures 5.1 (A-2) – (D-2)), and it appears that the
particles were then fused and began to coalescence. Increasing amounts of the volatile
matters generated in these regions were entrapped in the thermoplastic phase, resulting in
the swelling and growth of bubbles. In this regard, the boundaries of the particles were
indistinct in the intermediate plastic layers, which was consistent with the observations
of the large voids and higher porosity. In the resolidified layers (shown in Figures 5.1
(A-3) – (D-3)), the sizes of the voids decreased. This was attributed to the resolidification
and the compaction of these regions due to the swelling of the intermediate plastic layers.
The results for the formation of the plastic layers were consistent with those from previous
studies [1, 13, 114]. Based on the 3D imaging of the plastic layer samples, the
connectivity of the pore structures during the formation of the plastic layer of coal blends
is clarified.
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Initial softening layers

Intermediate plastic layer

75

Resolidified layer

Figure 5.1. 3D images of the characteristic layers in the thermoplastic regions ((A) HC1, (B) HC2, (C) HC3, (D) HC4) for the plastic ranges: (1) initial
softening layer, (2) intermediate plastic layer, and (3) resolidified layer.
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5.3 Analysis of the 3D structural parameters
Based on the analysis of the 3D images, the pore structures of the coal blends were
analysed using the commercial GeoDict software. Figure 5.2 below shows the changes in
the fractions of the total voids (Ft) and the isolated voids (Fi) in each thermoplastic region
for: (a) HC1 and HC2; and (b) HC3 and HC4. Figure 5.3 below shows the changes in the
number of voids per cubic mm for: (a) total voids (Dnt); and (b) isolated voids (Dni).
Figure 5.4 below shows the changes in the pore size distributions of the blends across the
plastic layers for: (a) HC1; (b) HC2; (c) HC3; and (d) HC4. Hideyuki [13] and Soonho
[1] have both mentioned that the softening and resolidification of coals in the
thermoplastic range had been observed in CT cross-section images. In this study, the
plastic range was identified by the distances of the initial softened particles and the
resolidification particles from the wall, which were measured through the analysis of the
3D images. The term “void” refers to the intergranular pores (between particles) and
intragranular pores (within particles). In the thermoplastic regions of the coals studied,
the fractions of the total voids (referred to below as the porosity) rose to a maximum and
then decreased. The single HC1 coal, which had a low vitrinite content and a relatively
low fluidity, showed a lower maximum porosity than the HC4 coal, with a wider peak in
the plastic layer, as shown in Figure 5.2(a). Previous studies have reported that coals with
low fluidities showed delays in the growth of their bubbles up to the end of the
thermoplastic stage (resolidification stage), where their viscoelasticity increased [16, 37].
This resulted in a resistance to pore growth and expansion at the end of the plastic layer,
which contributed to the formation of closed pores. This mechanism may explain the peak
in the fractions, and the trough in the number of voids was at the end of the plastic layer
for the HC1 coal (see Figures 5.2(a) and 5.3(a)). Based on the findings in a previous study,
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the fusion of the vitrinite was the main reason for the thermoplastic behaviours during the
formation of the plastic layer [130]. In addition, the intragranular gases were produced by
the decomposition of the aliphatic bonds and the repolymerisation of the aromatic
structures during the pyrolysis of the coals [19, 21]. The low vitrinite content clearly
proved to be insufficient to stop the gas diffusion. This phenomenon led to pore structures
with low porosity.
Figure 5.2(b) shows the changes in the porosity of the HC4 coal across the plastic layer,
from the coal side to the coke side. As can be seen, the coal with the high vitrinite content
and high fluidity had the highest maximum porosity. The relatively higher Gieseler
maximum fluidity of the HC4 coal (see Table 3.1) indicated that it would generate a
higher amount of thermoplastic mass in the plastic layer. This may have contributed to a
greater extent of gas entrapment, and thus a more intensive growth and coalescence of
bubbles, leading to the highest maximum porosity. The coalescence of bubbles in the
thermoplastic region could also explain the dramatic decrease in the total number of voids
(see Figure 5.3(b)). The fraction and number of the isolated pores at the end of the plastic
layer for the HC4 coal were lower than those for the other coals, suggesting the formation
of interconnected pores rather than isolated pores due to the greater extent of the
coalescence of bubbles.
For the coal blends, it was noticeable that the changes in the parameters of the pore
structures (fraction of voids and number of voids per cubic mm) for the HC1-HC4 blends
(25%:75% and 50%:50%) showed similar trends to the HC4 and HC1 coals, as shown in
Figures 5.2 and 5.3. As shown in Figures 5.2(a) and 5.3(b), the changes in the Ft for the
HC2 coal blend in the thermoplastic range were lower than those of the other coals. In
contrast, the changes in the Dni for the HC2 coal blend during the formation of the plastic
layer were more significant than those of the other coals. As the properties of the HC1
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coal showed, the inertinite-rich coal particles in the coal may have undergone lesser
extents of intragranular and intergranular swelling. This indicated that the addition of coal
with a high vitrinite content (HC4) into the coal blends possibly led to the intragranular
and intergranular pores and voids created by the inertinite-rich coal particles being filled
up with fused HC4 coal particles with a high vitrinite content.

Figure 5.2. Changes in the fractions of the connected and isolated voids across the plastic
layers, from the coal side to the coke side: (a) HC1 and HC2; and (b) HC3 and HC4.
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Figure 5.3. Changes in the number of voids per cubic mm volume: (a) the total number of
voids; and (b) the number of isolated voids.

The amount of the HC4 coal added to the coal blends seemed to significantly influence
the structures of the pores. The higher proportion of the HC4 coal in the HC3 blend led
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to more changes in the pore structures across the plastic layer following those of the HC4
coal. It was noticeable that the maximum porosity of the blend was lower than that of the
HC4 coal on its own (see Figure 5.2(b)). In addition, the Dni in the resolidified region
was higher for the blend (see Figure 5.3(b)). This indicated that the addition of the HC4
coal in the coal blends increased the coalescence of the bubbles in the resolidifying region
during the formation of the plastic layer.
Figure 5.4 below shows the changes in the distributions of the pore sizes for the coal
blends during the formation of their plastic layers. As can be seen, the voids with
diameters between 39.40 µm - 59.10 µm (Vf49.25μm) had the highest fraction compared to
the other sizes of voids. In the literature review, the strength of coke is attributed to the
porosity critically [52]. This accounted for why the Vf49.25μm played a significant role in the
porosity in the thermoplastic stages of both the single coals and the blends. When the
Vf49.25μm fractions were at their minimum volumes in the initial softening layer, largediameter voids were formed at the same time. A number of studies have shown that one
of the primary reasons for the formation of the pore structures during the pyrolysis of
coals was the devolatilisation caused by the fused vitrinite [131, 132]. These phenomena
led to the large-sized voids which were formed in the initial softening layer during the
heating of the HC1 and HC4 single coals. A comparison of the two single coals (HC1 and
HC4) showed that larger sized pores (Md: 380 μm - 900 μm) were formed in the initial
softening layer of the HC1 coal. Some researchers have reported that pure inertinite has
a high macroporosity and has high thermal stability, which leads to a poor fusibility for
inertinite during the pyrolysis of coals [97, 133, 134]. The low vitrinite and high inertinite
content of the HC1 coal led to the large sizes of the pores formed in its initial softening
layer. In contrast, because of the devolatilisation caused by the high vitrinite content of
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the HC4 coal, a large number of pore structures (Md: 380 μm - 480 μm) were formed in
its initial softening layer.

(a)

(b)
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(c)

(d)

Figure 5.4. Changes in the pore size distributions for the single coals and blends across the
plastic layers: (a) HC1, (b) HC2, (c) HC3, (d) HC4.

With the coal blends (HC2 and HC3), large sized voids (Md > 380 µm) were not formed
in the initial softening layer during heating. For the HC2 blend, the Vf49.25μm was increased
by the addition of 50% HC4 to the blend. For the HC3 blend, the addition of the HC4
coal increased the mean diameters of the voids in the thermoplastic stage during heating.
Odeh [132] has reported that because of the devolatising behaviour of the vitrinite fusing
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at low temperatures, the number of pore structures was decreased during the pyrolysis of
coals. Xie [130] also reported that large bubbles of trapped gas were burst by an increase
in the internal pressure during pyrolysis. These phenomena indicate that the addition of a
coal with a high vitrinite content to a coal blend seems to improve the formation of pore
structures due to the devolatilisation in the thermoplastic stage. In addition, because the
added vitrinite still proved to be clearly insufficient for an extensive devolatilisation, pore
structures like those found in the HC4 cokes, which had a high Vf49.25μm and large sized
voids (Md: 380 μm - 480 μm), were formed during the plastic layer.

5.4 Influences of the coal blends on the changes in the physical structures in
the plastic layer
In laboratory studies, plastic behaviours have been achieved by the fusion of vitrinite
[130]. The release of volatile matters was attributed to the cleavage of bridge bonds, the
dealkylation process and the dehydrogenation process during pyrolysis [19, 21]. With
regards to the expected model it shows that the pore structures are achieved by stopping
the intragranular gases in the thermoplastic range during the coking process (see Figure
5.5). Several structural parameters were computed using the GeoDict software which were used
to elucidate the transformations of the macropore structures in the plastic layer during the coking
process of the single coals and coal blends: Ft refers to the fraction of the total voids; Dn denotes
the density of the total number of voids; Vf49.25μm refers to the volumetric fraction of the voids with
a mean diameter of 49.25 μm; Mdmax refers to the mean diameter of the most substantially sized
voids.
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Figure 5.5. The formation of pore structures in the plastic layer.

Figure 5.6 below summarises the structural parameters derived from the analysis of the
3D images, As shown in Figure 5.6(a), the low vitrinite content of the HC1 coal clearly
proved insufficient to stop the diffusion of gases during the formation of the plastic layer.
Because the inertinite has a higher thermal stability and lower tar and gas yield [97], a
lower total number of pore structures were formed for the HC1 coal during the plastic
layer. The fraction of the pore structures with a diameter between 39.40 μm - 59.10 μm
was also lower than for the HC4 coal and the coal blends. In contrast, because the
inertinites had a high macroporosity [134] and a low vitrinite content, large-sized pores
(Md: 380 μm - 900 μm) were formed in the initial softening layer during the heating of
the HC1 coal. These phenomena led to lower levels of porosity across the plastic layer,
from the coal side to the coke side. Because the low vitrinite content caused the diffusion
of gases in the initial softening layer, the porosity for the HC1 coal was lower than for the
HC4 coal in the initial softening layer. To link these four parameters for the HC1 coal,
the results show that low connectivity pore structures were formed during the plastic layer.
Figure 5.6(d) shows the transformations in the pore structures for the HC4 coal across the
plastic layer, from the coal side to the coke side. As can be seen, the blocked intragranular
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gases produced by the softening vitrinite led to a higher total number of pore structures
being formed in the thermoplastic stage. In comparison to the other samples, the fractions
of the pore structures with diameters between 39.40 μm - 59.10 μm) were at their
maximum. Voids in the HC4 coal with an Md of 380 μm - 480 μm) were also formed in
the initial softening layer. These phenomena led to pore structures being formed during
the plastic layer of the HC4 coal, which had a high porosity. This indicated that pore
structures with high connectivity were formed in the thermoplastic stage of the HC4 coal.
As shown in Figure 5.6(b), the pore structures of the HC2 blend had the highest Dn in the
thermoplastic stage in comparison to the other samples. The HC2 blend also had the
highest value for Vf49.25μm during the formation of the plastic layer. These phenomena
demonstrated that the addition of coking coal with a high vitrinite content to the blend
reduced the diffusion of the gases and more pore structures were formed due to the
devolatilisation in the thermoplastic stage. As previous studies have shown, adding a coal
with a high vitrinite content to a coal blend seemed to promote the formation of pore
structures due to the devolatilisation in the thermoplastic stage [130, 132]. This indicated
that the addition of 50% of a coal with a high vitrinite content to the HC2 blend seemed
to improve the formation of voids (diameter: 39.40 μm - 59.10 μm) during the creation
of the plastic layer. The Mdmax of the HC2 blend was the smallest in the thermoplastic
stage compared to the other coal samples. This was due to the low vitrinite content
(57.4%), which was insufficient for an extensive devolatilisation to take place during the
formation of the plastic layer [131]. The pore structures for the HC2 blend across the
plastic layer had the lowest Ft, the highest Vf49.25μm and the smallest Mdmax. This indicated
that the HC2 blend had a high number of isolated pore structures with a low connectivity
which were formed in the thermoplastic stage.
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Figure 5.6. The changes in the pore structures across the plastic layer of single coals ((a)
HC1 and (d) HC4) and their coal blends ((b) HC2 and (c) HC3).

Figure 5.6(c) shows the changes in the pore structures across the plastic layer for the HC3
blend, from the coal side to the coke side. As can be seen, the addition of coal with a high
vitrinite content to the blend seemed to increase the formation of pore structures due to
the devolatilisation in the thermoplastic stage. This led to a slight decrease in the changes
in the Vf49.25μm and an increase in the Md and Dn values during the coking process. The
increase in the total number of pore structures and the improvement in the formation of
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more channel-like pore structures led to a transformation of the porosity of the HC3 blend,
which was similar to the HC4 single coal with a high vitrinite content. It is clear that the
addition of coking coals with a high vitrinite content to blends appears to improve the
formation of more channel-like pore structures in the thermoplastic stage of the coking
process.

5.5 Chapter summary


Isolated pore structures were formed in the thermoplastic region of the HC1 coal,
which was likely due to the fact that the inertinite content of this coal was high.
The addition of the HC4 coking coal, which had a high vitrinite content, to the
coal blends seemed to enhance the coalescence of the structures of the pores. With
the addition of 50% proportion of the HC4 coal to the coal blend, the total number
of pores were increased during the plastic layer stage. When the proportion of the
HC4 coal was increased to 75% in the HC3 blend, a greater extent of pore
coalescence was observed, leading to more channel-like pore structures and larger
pore sizes in the plastic layer stage. This implied that the vitrinite maceral, which
would have to enhance the fluidity of the coal during heating, enhanced the
coalescence of the pores.
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Chapter 6. The Transformations In The
Chemical Structures Of The Coking Coals
And Blends In The Plastic Layer
6.1 Introduction
When single coking coals or blends are heated inside a coke oven, they undergo complex
and dramatic changes in their chemical structures during the coking process, during which
plastic layers form in the coal bed when the temperature is in the range of 350 ˚C to 550
˚C [3, 23, 24, 42, 44, 45]. These transformations in the chemical structures of coking coals
in their plastic layers are realised through complex pyrolysis reactions, such as the bond
cleavage of aliphatic structures (including bridges, looped structures and side chains),
cross-linking reactions, the re-polymerisation and ring condensation of the aromatic
structures, and these changes are accompanied by the release of volatile matters.
The changes in the chemical structures during coking are strongly influenced by the
properties of the parent coking coals, such as their maceral composition (i.e., the vitrinite
and inertinite contents), coal ranking and coal fluidity, and they play a crucial role in the
subsequent formation of the cokes and their quality [1, 2, 18]. In the literature [93] it has
been found that the aromatic structures cross-linked back into the molecular structures
due to the transferable radicals in the thermoplastic range, and that the changes in the
cross-linking structures in the thermoplastic region significantly influence the tensile
strengths of cokes [14]. The changes in the densities of the cross-linking were believed
to be responsible for the changes in the microporosity of the plastic layers [36], which
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was correlated to the release of volatile matters and the gas permeability of the plastic
layers.
In my previous studies, [1, 2, 6], the analysis using attenuated total reflectance-Fourier
transform infrared spectrometry (ATR-FTIR) revealed that there was a significant
increase in the aromaticity (represented by Aar-H/Aal-H ratio) across the plastic layers,
which was accompanied by a decrease in the aliphatic structures. The changes in the
ACH2/ACH3 ratio in the plastic layer were also partly reflected in the changes in the crosslinking structures during the coking process. A number of studies have proved that 13C
NMR spectroscopy is an effective analytical tool to study the macromolecular structures
of coal and coal macerals [100-107]. It can provide a range of quantitative measurements
for the parameters of macromolecular structures, including the aliphatic carbons (bridges
bonds, looped structures and side chains) and aromatic carbons (protonated aromatic
carbons, carbon-bonded aromatic carbons and aromatic ring carbons). However, such
research has never been carried out on plastic layers that are formed during the coking
process. In this chapter, three single Australian coking coals (HC1, HC4 and HC6) and
two coal blends (HC2 and HC5), which used the HC4 and HC6 coals as additives in a
blend with the HC1 coal, were chosen for the range in their Gieseler fluidities, from 5 for
HC1, 10 for HC2, 37 for HC4, 100 for HC5, and 700 for HC6. The four Australian coking
coals and two blends were chosen in order to study the transformations in the chemical
structures in the plastic layers by carefully investigating them using

13

C NMR

spectroscopy combined with Synchrotron IR and micro-GC analysis. The purpose of this
study is to further our understanding of how the chemical structures are progressively
transformed due to the cross-linking reactions, elimination of the side chains and the
release of volatile matters during the formation of the plastic layers.
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6.2 The changes in the aliphatic structures during the formation of the plastic
layer
The characteristics of the aliphatic structures of coals and semi-cokes are represented by
the average number of -CH2- bridge bonds, side chains (such as -CH3 and other alkyl side
chains) and looped structures in the macromolecule structures. These features of the
aliphatic structures of coals and semi-cokes were well reflected in the FT-IR and

13

C

NMR results. There was an overall elimination of aliphatic structures in the plastic layers
during the heating of the coking coals. Figure 6.1 below shows an overall decrease in the
length and degree of branching of the aliphatic structures across the plastic layers, from
the coal to the coke side (represented by the ACH2/ACH3 ratio analysed by the Synchrotron
IR). At the beginning of the plastic layers, the decrease in the ACH2/ACH3 was due to the
rupture of the aliphatic bridge bonds while forming the thermoplastic matter, i.e., the
development of fluidity. It was expected that a high content of aliphatic structures in a
coal and the greater extent of the bridge bond ruptures during heating would result in a
high fluidity in the plastic layers. The HC6 coal, which had a high Gieseler fluidity,
showed a larger reduction in ACH2/ACH3 at the beginning of the plastic layer. This indicated
the greater extent of the rupturing of the bridge bonds during heating and a lower density
of side-chain structures in the HC6 coal, as analysed by 13C NMR and shown in Figure
6.2(b). This trend in the changes in the aliphatic structures was very consistent with our
previous publications [1, 2].
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Figure 6.1. The changes in ACH2/ACH3 across the plastic layers as analysed by the
Synchrotron IR.

Findings in the literature [122] have detailed the chemical shifts in the different types of
aliphatic carbons, i.e., bridge bonds, looped structures and side chains (see Appendix IV,
Figures IV-1 to IV-3). It is evident from the results that the chemical shifts in the side
chains connected to the aliphatic structures usually appeared in the range of 0ppm to
15ppm. However, the side chains directly connected to the aromatic ring carbons usually
appeared in the range of 15ppm to 20ppm, and the looped structures normally appeared
in the range of 25ppm to 30ppm. Furthermore, the methylene carbons connected to the
aromatic carbons appeared in the range from 25ppm to 30ppm. These results indicated
that the substituents of the carbon had significant impacts on these chemical shifts.
However, also according to this study [122], the average number of methyl carbons
connected to aliphatic carbons per cluster, the average number of methyl carbons
connected to aromatic carbons per cluster, the average number of methylene carbons
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connected to aliphatic carbons per cluster and the average number of methylene carbons
connected to aromatic carbons per cluster were elucidated in order to study the
transformations in the aliphatic structures of coal blends in the plastic layer.
The aliphatic structures of the parent coals were analysed using 13C NMR spectroscopy,
with the results as shown in Figure 6.2 below. It is evident from Figures 6.2(a) and 6.2(b)
that the HC2 blend and HC4 coal, with their lower Gieseler fluidities, had small numbers
of methylene carbons connected to the aliphatic carbons and aromatic carbons. On the
contrary, the aliphatic structures of the raw coals with the higher fluidities, i.e., the HC5
blend and HC6 coal, had larger amounts of bridge bonds and looped structures than there
were in the HC2 blend and HC4 coal. As shown in Figure 6.2(c), the three parent coals
had rather similar values for +1, but the three coals varied very significantly in their
fluidity values. The results suggested that the Gieselar fluidity of coal is unlikely to be
correlated to this parameter for the aliphatic structures. However, the story for the average
number of -1 is quite different. The -1 of the coals and blends with low Gieselar
fluidities, i.e., the HC2 blend and the HC4 coal, were higher than those with high Gieselar
fluidities. However, the 13C NMR results for the HC1 parent coal (low vitrinite content
and low Gieseler fluidity) were quite different compared to the results for all of the other
coals and blends, which had high vitrinite contents, i.e., the HC2 and HC5 blends and the
HC4 and HC6 coals. The HC1 coal had a small value for l but had a higher number of
aromatic bonded methylene carbons than the other samples. The HC1 parent coal also
had a low value for -1.
It is known that the rupture of aliphatic structures in coals leads to physical behaviours,
such as their fluidity, during the plastic layer stage. As shown in Figures 6.2(a) and 6.2(b),
the methylene carbons in the parent coals, e.g., the aliphatic bonded methylene carbons
and the aromatic bonded methylene carbons, were analysed using the
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13

C NMR. The

results seemed to indicate that the coal fluidity was strongly dependent on the nature of
the parent coal, i.e., the amount of weak aliphatic structures. In a review of the literature
[9, 95], it has been shown that the bond energy of the aliphatic bonded methylene carbons
is lower than that of the aromatic bonded methylene carbons. This essentially means that
the Gieseler fluidity of coal can be attributed to the value of the l. The results are
consistent with those in our previous published studies [2], in which the release of the
aliphatic volatile matter components of coals with high fluidities differed significantly
from coals with low Gieseler fluidities (using TG-FTIR analysis).
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Figure 6.2. The maximum Gieseler fluidities of the HC1, HC4 and HC6 parent coals and
HC2 and HC5 blends as a function of chemical structure parameters analysed using 13C
NMR spectroscopy: (a) the average number of aliphatic bonded methylene carbons per
cluster (l), (b) the average number of aromatic bonded methylene carbons per cluster
(b), (c) the average number of aliphatic bonded methyl carbons per cluster (+1), (d) the
average number of aromatic bonded methyl carbons per cluster (-1).

The results showed that the changes in the methylene and methyl carbons across the
plastic layers had different trends, as shown in Figure 6.3 below. There was an overall
increase in the b values across the plastic layers, from the coal side to the coke side, as
shown in Figure 6.3(b). It is also evident from Figure 6.3(a) that there was a slight
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decrease in the l values in the plastic layer. On the contrary, the average number of side
chains, i.e., the aromatic bonded methyl carbons and the average number of aliphatic
bonded methyl carbons, decreased slightly in the plastic layer during heating. It is known
that when coals are heated, the changes in the densities of the bridge bonds are influenced
by the following factors: (a) the macromolecular features of the parent coal; (b) the nature
and strength of the bridge bonds; (c) the formation of tar and methane and the mass
transfer of tar which is strongly dependent on the fluidity of the coal; and (d) the formation
of stronger crosslinks involving the transferable methylene radicals and hydrogen radicals.
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Figure 6.3. The changes in the chemical structures across the plastic layers. (a) the average
number of aliphatic bonded methylene carbons per cluster (l), (b) the average number of
aromatic bonded methylene carbons per cluster (b), (c) the average number of aliphatic
bonded methyl carbons per cluster (+1), (d) the average number of aromatic bonded
methyl carbons per cluster (-1).

Coal is well known for its complex macromolecular structures featured by the aromatic
clusters of different sizes that are cross-linked by aliphatic structures (i.e., b) and with
side chains attached to the clusters. The results in this research showed that a significant
portion of the bridge bonds in the parent coals was weak. When the coking coals were
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heated, the cleavage of l took place at low temperatures, up to the softening point, leading
to a decrease in the values of the average number of l that is evident in the

13

C NMR

results, as shown in Figure 6.3(a). As the temperature increased during the formation of
the plastic layer, the values for the average number of b increased for all of the coals (see
Figure 6.3(b)), which was believed to be due to two reasons: (1) the formation of stronger
bridge bonds because of the cross-linking reactions as stated above; (2) the reattachment
of the tars to the clusters involving the transferable methylene radicals during the
quenching process of the plastic layer samples.
The decreases in the side chains in the plastic layers, i.e., -1 and +1, as indicated by the
13

C NMR results shown in Figures 6.3(c) and 6.3(d), were merely due to the rupture of

the low energy C-C bonds that linked the side chains to the aromatic clusters [9] when
the coals were heated. It seems that the changes in the bridge bonds, looped structures
and side chains in the plastic layers of the three coals and two blends studied were grouped
by the maximum Gieseler fluidities of the coals. The l and the b in the coals with high
fluidities, i.e., the HC5 blend and HC6 coal, were higher than those with low fluidities,
i.e., the HC2 blend and HC4 coal, as shown in Figures 6.2 and 6.3. These differences
extended to the plastic layers of the two groups of coals, i.e., the plastic layer samples for
HC5 and HC6 had overall higher average values for l and b than the plastic layer
samples from HC2 and HC4.
However, the story for the coking coal with a low vitrinite content and low Gieseler
fluidity was quite different. As shown in Figure 6.3(b), the HC1 coal had a high degree
of cross-linking reactions in the plastic layer during the coking process, from the initial
softening layer to the resolidified layer. It was evident from the carbon structures of the
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HC1 parent coal that it had the highest values for b. This essentially meant that when the
coal bed was heated, a large number of aromatic radicals were cross-linked back into the
macromolecular structures, which were caused by the rupture of the b in the plastic layer.
The b for the HC1, HC5 and HC6 samples (with the higher fluidities) increased to higher
values than those of the low fluidity samples, i.e., HC2 and HC4. On the other hand, the
two plastic layer samples with high fluidities, i.e., HC5 and HC6, had overall higher
average numbers of weak aliphatic structures, i.e., the aliphatic bonded methylene
carbons, than the HC1, HC2 and HC4 plastic layer samples, which had lower Gieseler
fluidities. It is believed that the density of the cross-linking reactions could be attributed
to the natures of the coals, e.g., the amount of aromatic bonded methylene carbons per
cluster.

6.3 The changes in the aromatic structures during the formation of the plastic
layers
In our previous publications [1, 6], it has been reported that, regardless of coal type, there
was an overall increase in the aromaticity across the plastic layers during the coking
process. These changes in the aromatic structures in the plastic layers were also strongly
reflected in the results of the analyses in this study for both the Synchrotron IR
(represented by the Aar-H/Aal-H ratio) and the 13C NMR (represented by far, i.e., the fraction
of aromatic carbon in the skeletal structures). Figure 6.4 shows the Synchrotron IR
analysis results for the changes in the aromaticity across the plastic layers of the different
samples. There were significant increases in the Aar-H/Aal-H ratios across the plastic layers
for all samples, which was consistent with my previous studies. This was attributed to the
elimination of the side chains leading to the formation of methane gases, the formation of
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stronger bridge bonds because of the cross-linking reactions involving the methylene
radicals, and the reattachment of the aromatic tars to the clusters during the quenching
process for the plastic layer samples. All three aspects would result in an increase in the
aromaticity in the plastic layers up to a particular stage of coking of all of the samples
studied. However, as elucidated in our previous publication [6], further increases in the
heating in the later stages of the plastic layer will result in a significant drop in the AarH/Aal-H

ratio due to the elimination of hydrogen resulting from the condensation of the

aromatic rings and the cross-linking reactions. The changes in the aromatic structures
seemed to be more complicated than those of the aliphatic structures in the plastic layers
during the coking process.
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Figure 6.4. The changes in Aar-H/Aal-H ratios across the plastic layers, as analysed using
Synchrotron IR.

The changes in the aromatic structures in the plastic layers of the blends were elucidated
by looking at the aromatic structures in the corresponding parent coals. Figure 6.5 shows
the aromatic structures of the three raw coals and two blends analysed using 13C NMR
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spectroscopy, which exhibited quite distinctive trends in the parameters for the aromatic
structures against the Gieseler fluidities. The three parent coals and two blends had rather
similar values for the average number of protonated aromatic carbons (see Figure 6.5(a)),
and carbon-bonded aromatic carbons per cluster (see Figure 6.5(b)), but the coals varied
very significantly in their fluidity values. The results clearly suggested that the Gieselar
fluidity of coal is unlikely to be correlated to these two parameters for the aromatic
structures. This essentially means that the Gieseler fluidity of coal is more likely to be
determined by the nature of the bridge bonds (such as the type and the length of the
bridges) and the looped structures.
It has been found in the literature [122] that the chemical shifts in different types of
aromatic carbons on the aromatic rings in different organic compounds can be quite broad,
ranging from 100 to 150 (see Appendix IV, Figure IV-4 to Figure IV-6). These include
bridgehead carbons, aromatic carbons connected to hydrogen, aromatic carbons attached
by carbon substitutes. For instance, the chemical shifts in the protonated aromatic carbons,
i.e., the carbon on the ring connected to hydrogen, usually appear in the range of 100 ppm
to 125 ppm. The chemical shifts in the carbon bonded aromatic carbons, i.e., the carbon
on the aromatic ring connected to carbon, usually appear in the range of 125 ppm to 150
ppm. The strongest peaks at 126 ppm have usually been assigned to “bridgehead carbons”
in some of the previous literature dealing with

13

C NMR analysis of coals [119, 120].

However, according to the literature [36], this peak should include a mixture of different
types of aromatic ring carbons, including bridgehead carbons and other aromatic carbon
structures, including some of the carbons connected to aliphatic carbon or hydrogen. This
can be evidenced by a

13

C NMR analysis of brown coal [135], in which there was an

obvious peak at this chemical shift position that was unlikely to have been caused by
bridgehead aromatic carbons (see Appendix IV, Figure IV-7). Therefore, in this study, it
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was believed that it was not appropriate to use this peak only to represent the bridgehead
carbons (which stands for the size of the aromatic clusters, in particular). Instead, the ta
was used to represent the sizes of the aromatic clusters. However, it is clear in Figure
6.5(c) that the HC2 and HC4 samples (both with lower fluidities) had higher numbers of
total aromatic carbons than the samples with high fluidities, i.e., HC5 and HC6. This
observation was consistent with the data in the literature [2, 87, 118]. However, the HC1
parent coal with a low vitrinite content and low Gieseler fluidity had a low number of
total aromatic carbons as well. It seems evident that the Gieselar fluidity of coal is not
correlated to the sizes of its aromatic clusters, as represented by ta. It is believed that the
fluidity of coal is correlated with weak aliphatic structures, in terms of the methylene
carbons connected to the aliphatic structures in the clusters, that are easily ruptured during
heating in the softening stages. Correspondingly, such coals would have high fluidities.
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Figure 6.5. Parameters for the the aromatic structures of the samples analysed as a
function of their Gieseler fluidity: (a) the average number of protonated aromatic carbons
per cluster (ωp), (b) the average number of carbon-bonded aromatic carbons per cluster
(ωc), (c) the average number of total aromatic carbons per cluster (ωta).
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It is quite interesting to note that the values for ωp and ωc did not change very significantly
during the formation of the plastic layers for all of the five coals, as shown in Figures
6.6(a) and 6.6(b). The results were consistent with the 13C NMR analysis on the parent
coals above, meaning that neither the ωp nor ωc seemed to be the dominant parameter for
the chemical structures that caused the changes in the fluidity of the coals during heating.
The slight increase in the protonated aromatic carbons and the slight decrease in the
carbon-bonded aromatic carbons in the plastic layers were attributed to the role of
transferable hydrogen during heating [54], i.e., the detached side-chains (mainly methyl
structures) would be replaced by proton hydrogen during the formation of the plastic layer.
This mechanism resulted in a slight decrease in the carbon-bonded aromatic carbons per
cluster in the

13

C NMR analysis results. It should be noted that this increase in the

protonated aromatic carbons and decrease in the carbon-bonded aromatic carbons in the
plastic layer samples were minimal in this study, partly because of the reattachment of
the aliphatic carbons back onto the aromatic clusters that took place during the quenching
process. It was expected that the results for the instantaneous number during the formation
of the plastic layers at high temperature would be quite different from the results for the
cooled samples.
The story seemed to be quite different for ta, as shown in Figure 6.6(c). For the samples
with high vitrinite contents and low Gieseler fluidities, i.e., the HC2 blend and HC4 coal,
the changes in ta decreased across the plastic layers, more significantly during the early
stages of the formation of the plastic layer. To the contrary, the ta of the samples with
high vitrinite contents and high Gieseler fluidities, i.e., the HC5 blend and HC6 coal,
slightly increased across the plastic layers. Meanwhile, the ta for the H1 coking coal,
which had a low vitrinite content and low Gieseler fluidity, slightly increased in the plastic
layer during the coking process.
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As shown in the foregoing discussion, the aromatic structures were cross-linked back into
the macromolecular structures in the plastic layer during heating due to the transferable
radicals. Meanwhile, the cleavage of the bridge bonds led to the release of tar during the
formation of the plastic layer. These essentially meant that the ta represented the
chemical structures that were strongly correlated with the cross-linking reactions and the
release of tar in the plastic layer during heating. The increases in the ta, i.e., the increases
in the sizes of the aromatic ring clusters which are mainly represented by ta, may be
easily explained by the ring condensation reactions during heating and also the
reattachment of the aromatic component of tar during the quenching process for the
plastic layer samples. However, the decreases in the values of ta for the coals with low
fluidities was related to the release of tar in the early stages of the plastic layer during
heating. From the point of the transformations in the condensed aromatics, it is surprising
that there is little information available in the literature in this respect, and it should be
the subject of future detailed study with more advanced analytical techniques, such as insitu ESR analysis.
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Figure 6.6. Changes of chemical structure parameters across the plastic layers as analysed
using 13C NMR spectroscopy. (a) the average number of protonated aromatic carbons per
cluster (ωp), (b) the average number of carbon-bonded aromatic carbons per cluster (ωc),
(c) the average number of total aromatic carbons per cluster (ωta).

On top of the above findings that the Gieseler fluidity of coal is strongly correlated to
weak aliphatic structures, e.g., methylene carbons connected to aliphatic structures, it was
also found that the Gieseler fluidity of coal is strongly correlated to the aromaticity of the
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coal, which is represented by far in the 13C NMR data. This correlation is evident in Figure
6.7(a), which shows that the fraction of the aromatic carbons in the skeletal structures, far,
decreased nearly linearly with the increasing Gieseler fluidity of the samples. These
results were expected, but the quantitative correlation has not yet been reported in the
open literature to the author’s knowledge. Such a correlation simply means that coking
coals with higher Gieseler fluidities are likely to have a low amount of aromatic carbons
and a higher number of aliphatic structures such as looped structures, etc. This part of the
observations was also consistent with the phenomena exhibited in Figures 6.2 and 6.5, in
relation to the bridges and looped structures and the aromatic cluster sizes.
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Figure 6.7. (a) the fractions of aromatic carbons in the skeletal structures per cluster (far)
versus the maximum Gieseler fluidity of the parent coals, and (b) the changes in the
fractions of aromatic carbons in the skeletal structures per cluster (far) across the plastic
layers.

When the samples of the coking coals were heated, there was an overall increase in the
aromaticity across the plastic layers for all of the coals studied, from the coal side to the
coke side, as shown in Figure 6.7(b). It should be noted that coals with high Gieseler
fluidities had lower overall values for far, such as the HC5 and HC6 samples, while the
curves for the HC1, HC2 and HC4 samples generally stayed at higher values for the far.
The results were consistent with the Synchrotron IR observations, as shown in Figure 6.4.
However, the values for the far of the HC2 blend decreased at an early stage of the plastic
layer compared to those of the parent coals (i.e., during the initial softening stage) before
it increased again after further heating. The reasons for this specific phenomenon for the
HC2 blend haven’t clearly been understood yet. In discussions in the previous sections,
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the parent coals of the HC2 blend had the highest number of methane carbons connected
to their aromatic structures. While coking coals are heated, the cleavages of the side
chains begin to take place at low temperatures during the softening stage, leading to the
elimination of the side chains, as elucidated in Figure 6.3. It is believed that the methane
carbons connected to the aromatic structures are stronger than the methane carbons
connected to the aliphatic structures.

6.4 Discussion on the mechanisms of the changes in the chemical structures
during the plastic layer stage
It is known that the formation of the plastic layer involves very complicated pyrolysis
reactions, including the decomposition reactions (primarily weak bond cleavages leading
to the breaking of bridges, detachment of side chains and the breaking of other aliphatic
structures), the cross-linking reactions (resulting from the formation of stronger bridge
bonds), re-polymerisation and ring condensation reactions [18, 19, 45, 92, 136]. These
reactions take place during different stages of the coking process and play different roles
in the process. For example, during the early stages of the coking, i.e., the initial softening
stage, the dominant primary pyrolysis reactions are the decomposition of weak aliphatic
structures, leading to the generation of the coal’s fluidity and the formation of the viscous
thermoplasts which would trap the volatile matters resulting from the pyrolysis. During
this stage, the gas permeability of the coal mass becomes very low and the release of the
volatile matters, including the light gases such as methane, would be minimal. This may
explain why the instantaneous yields of methane were very small for all of the coals tested
below 450 C (as analysed by the Synchrotron micro-GC), as shown in Figure 6.8.
Following the initial softening stage, as the temperature increased further, the detachment
of the side chains, mainly methyl function groups, and the breaking of the long side110

chains of methylene structures will become more significant and generate an increased
amount of methyl radicals, which combine with transferrable hydrogen radicals to release
more methane gas. These effects are reflected in the significant increases in the
instantaneous yields of methane which started from 500 C, and become more intense
when the temperature rose to above 550 C, as shown in Figure 6.8. This observation was
consistent with the data in the literature [137, 138]. Therefore, it is reasonable to conclude
that the instantaneous release of the methane gas reflects the detachment of the side chains
well and it accompanies the formation of stronger cross-linking structures; however,
according to findings in the literature [137, 138], when the temperature increases further,
to above 600 C, the instantaneous yields of methane will drop because of the elimination
of the methyl and methylene structures in the semi-cokes. Therefore, it was expected that
the density of the cross-linking would level off above this temperature. The release profile
of the methane was consistent with the structural analysis of the Synchrotron IR and 13C
NMR. It seems that the instantaneous yields of methane for the coals with high fluidities
tended to be higher at all temperatures during the plastic layer stage.

Figure 6.8. Changes in the gas yields of methane and hydrogen in the thermoplastic range.
Analysed using Synchrotron micro-GC.
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During the plastic layer stage, when the temperature is increased to above 520 C - 530
C, the hydrogen gas starts to be released from the coal bed, and the behaviour of the
released hydrogen appeared to be similar for all of the samples tested. The release of
hydrogen gas was mainly due to the ring condensation reaction, during which the size of
aromatic clusters increased significantly. Therefore, compared to the release profile of
methane, the hydrogen release profile appeared at much higher temperatures, i.e., in the
later stages of the formation of the plastic layer. These ring condensation reactions
continue to occur at much higher temperatures following the resolidification of the plastic
layer. Therefore, the release of the hydrogen gas will also continue to occur at high
temperatures during the coking process. During the hydrogen elimination process, any
carbon-hydrogen bonds are transformed into carbon-carbon bonds, leading to the
formation of the carbon structures of coke.

6.5 Impacts of the coal blends on the transformations in the chemical
structures in the plastic layer
As shown in the foregoing discussion on the chemical structures of the parent coals and
the changes in their chemical structures during the formation of the plastic layer, it is
evident that the coal blending affected the chemical structures of the parent coals
dramatically. As shown in Figures 6.2 and 6.5, when the coking coals with high vitrinite
contents and high Gieseler fluidities, i.e., the HC4 and HC6 coals, were blended as
additives to the HC1 coal, the chemical structures of the coal blends were similar to those
of the additives. The transformations in the chemical structures of the HC2 and HC5 coal
blends in the plastic layer were similar to the changes in the chemical structures of the
additives. This essentially meant that the addition of coking coals with high vitrinite
contents and high Gieseler fluidities, e.g., the HC4 and HC6 coals, into the blends seemed
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to significantly affect the chemical structures of the parent coals. The limitation of the
number of parent coals blended in this study meant that the reasons for this specific
phenomenon aren’t clearly understood. It will be valuable to study the mechanisms and
impacts of blending on the formation of the plastic layer formation by utilising a larger
number of coal blends.

6.6 Chapter summary


There was an overall elimination of the aliphatic structures, accompanied by an
increase in the overall aromaticity during the formation of the plastic layers for all of
the coking coals tested. The thermoplastic behaviours of the coals of four of the
coking coals, i.e., their Gieseler fluidities, seemed to have been strongly influenced
by the transformations in the chemical structures during the formation of their plastic
layers. The low fluidity coals, i.e., the HC2 blend and the HC4 coal, exhibited a high
degree of branching and high aromaticity in the plastic layers. To the contrary, the
high fluidity coals, i.e., the HC5 blend and the HC6 coal, exhibited relatively low
aromaticity and a low degree of branching, but the results showed they had a high
number of bridge bonds and looped structures in their plastic layers.



The instantaneous release of the methane gas strongly reflected the detachment of the
side chains and accompanied the formation of stronger cross-linking structures for all
of the coal samples. Compared to the release profiles of methane, the hydrogen release
profiles appeared at much higher temperatures, i.e., in the later stages of the plastic
layer, primarily resulting from ring condensation reactions.
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Chapter 7. The Correlations Between The
Physical Structures And The Chemical
Structures In The Plastic Layer
7.1 Introduction
When the coal beds of single coals or blends are heated to over 300 C inside a coke
oven, the literature shows that this leads to the decomposition of their weak aliphatic
structures, leading to the generation of their fluidity and the formation of a plastic layer
which traps the primary volatile matters released during the pyrolysis [9, 19, 92, 130].
During this stage, it has been found that the gas permeability of the coal mass becomes
very low [46, 139]. Therefore, the release of volatile matters such as methane and tar will
be minimal. The literature has demonstrated that there are complex transformations in the
physical structures of coals which occur in the plastic layer, i.e., thermoplastic behaviours,
the formation of pore structures and internal gas pressures [25, 43, 46, 47]. The literature
has also found that there are also changes in the chemical structures of coals which occur
in the plastic layer, i.e., decomposition reactions (primarily weak bond cleavages leading
to the breaking of bridges, the detachment of side chains and the breaking of other
aliphatic structures), the cross-linking reactions (resulting from the formation of stronger
bridge bonds) and the re-polymerisation and ring condensation reactions [18, 19, 45, 92,
136].
It is known that the strengths of cokes are attributed to the formation of their pore
structures [52]. It has also been found that the changes in the structures of pores in the
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plastic layer are strongly influenced by the fluidity of the coal and the release of volatile
matters [130]. In the previous discussion in Chapter 5, the combination of Synchrotron
micro-CT and 3D image analysis software (GeoDict) had revealed that the coalescence
of the pore structures could be strongly attributed to the properties of the coals, such as
their vitrinite content and Gieseler fluidity. On the side of the changes in the chemical
structures, it has been shown that the aromatic structures cross-link back into the
molecular structures due to the transferable radicals in the thermoplastic range during the
coking process [93]. For instance, it has been found that the cross-linking structural
changes in the thermoplastic region significantly influences the tensile strengths of cokes
[14]. The changes in the densities of the cross-linking were believed to be responsible for
the changes in the microporosity in the plastic layers [36], which was correlated to the
release of volatile matters and the gas permeability of the plastic layers. As discussed in
Chapter 6, solid-state 13carbon nuclear magnetic resonance spectroscopy (13C NMR) has
been proved in the literature to be an effective analytical tool for studying the
macromolecular structures of coal and coal macerals [100-107]. It can quantitatively
measure a range of parameters for macromolecular structures, including aliphatic carbons
(bridge bonds, looped structures and side-chains) and aromatic carbons (protonated
aromatic carbons, carbon-bonded aromatic carbons and aromatic ring carbons). However,
there is no quantitative information on the correlations between the physical structures,
e.g., the pore structures, internal gas pressure (IGP) and fluidity, and the chemical
structures, e.g., cross-linking structures and volatile matters, during the coking process.
In this chapter, two Australian coking coals (HC1 and HC4) and their coal blends (HC2
and HC3) were chosen to study the relationship between the physical structures and the
chemical structures in the plastic layers. The plastic layer samples of the Australian
coking coals and their coal blends were carefully investigated using
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13

C NMR

spectroscopy combined with 3D image analysis techniques (a combination of
Synchrotron micro-CT and GeoDict). The purpose of this study was to further understand
how the transformations in the structures of the macropores are correlated to the chemical
structures in the plastic layer during the coking process.

7.2 The relationship between the macroporosity and the chemical structures
in the plastic layer
It is well known that the formation of macropores in the plastic layer during heating was
strongly determined by the swelling pressure of a coal [36, 81, 140]. It was found that the
strength of coke was strongly impacted by their macroporosity. In our previous
publications [1, 25, 141], it has been reported that there were dramatic changes in the
physicochemical structures during the formation of the plastic layer. It is known that the
formation of macropores is strongly attributed to the release of volatile matters. In this
study, the main volatile matters released were methane and tar due to the cross-linking
reactions in the plastic layer. For example, the plastic layer samples obtained from
different locations, i.e., the initial softening layer, the intermediate plastic layer and the
near-resolidified layer, were analysed using the

13

C NMR and 3D image techniques to

elucidate the relationships between the structures of the macropores and the chemical
structures in the plastic layer.
The research attempted to elucidate the correlations between the macroporosity and the
parameters of the chemical structures in the plastic layer. Figure 7.1 shows the
macroporosities of the four coals analysed by GeoDict, which exhibited clear trends in
the parameters of the physical structures compared to the chemical structures, i.e., b+l,
0, ta and far. As shown in Figure 7.1(a), it was found that the changes in the
macroporosity in the plastic layer were strongly correlated (r: 0.72) to the changes in the
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methylene carbons, i.e., bridge bonds and looped structures, which were represented by
b+l in the 13C NMR data. The correlation is evident in Figure 7.1(a), which shows that
the b+l increased nearly linearly with increases in the macroporosity during the formation
of the plastic layer.
It is known that the release of methane is attributed to the elimination of the side-chains
during heating as well. In order to correlate the macroporosity and the chemical structures,
the changes in the macroporosity were used as a function of the transformations in the
methane carbons in the thermoplastic range, as shown in Figure 7.1(b). It is evident that
an increase of macroporosity was accompanied by a decrease of 0 in the plastic layer.
However, the changes in the macroporosity seemed to be not strongly correlated with the
changes in the methane carbons (r: -0.45) during the formation of the plastic layer. The
story appeared to be quite different for the relationship between the macroporosity and
ta, as shown in Figure 7.1(c). The results showed that the decrease in the values of ta
was accompanied by an increase in the macroporosity during the plastic layer stage. The
changes in the macroporosity seemed to be correlated (r: -0.62) with the transformations
in the aromatic structures in the plastic layer. In Chapter 6, far was used to represent the
changes in the degree of aromaticity during the formation of the plastic layer. Figure 7.1(d)
shows the correlations between the macroporosity and the far in the thermoplastic range
during heating. The increase in the macroporosity was accompanied by a slight increase
in the values of far in the thermoplastic range. This result indicated that the changes in the
macroporosity seemed to not be correlated to the transformations in the degree of
aromaticity during the plastic layer stage (r: 0.21).
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Figure 7.1. Correlation of the macroporosity in the plastic layer and: (a) the average
number of bridges and loops per cluster (b+l), (b) the average number of side chains per
cluster (0), (c) the average number of total aromatic carbons per cluster (ta), and (d) the
fraction of aromatic carbons in the skeletal structures per cluster (far).

Figure 7.2 below shows the macroporosities of the different coking coals analysed as a
function of the chemical structures ((a) b+l, (b) 0, (c) ta and (d) far). As shown in Figure
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7.2(a), it was quite interesting to note that the scatters of the different coals showed an
intensive distribution except for the HC1 coking coal which had a low vitrinite content
and low Gieseler fluidity. As in the discussions of the changes in the physical structures
and chemical structures of the HC1 coal during the formation of the plastic layer (see
Chapters 5 and 6), a high degree of cross-linking reactions were achieved by a large
number of the methylene carbons connected to the aromatic carbons. The high degree of
gas diffusion was created by the low amount of weak aliphatic structures, i.e., the
methylene carbons connected to the aliphatic structures. This result led to a high volume
of macroporosity during the plastic layer stage. These factors essentially meant that a high
density of cross-linking for the HC1 coal led to a high macroporosity during the formation
of the plastic layer.
However, Figure 7.2(b) shows the macroporosity versus the 0 for the different coking
coals and blends. It is evident that the methane carbons of the coking coal with higher
fluidity, i.e., HC4, had a marked transformation as the critical release of methane led to a
high volume of macroporosity in the plastic layer during heating. As shown in Figure
7.2(c), the scatters of the different coals showed similar distributions except for the HC4
coking coal which had a high vitrinite content and high Gieseler fluidity. Previous studies
have shown that the gas diffusion during the formation of the plastic layer is strongly
determined by the properties of the coking coals, such as their vitrinite content and
Gieseler fluidity. For this study, the HC4 coking coal only had a small range of changes
in macroporosity during the formation of the plastic layer. In the literature [130, 142], it
has been shown that the vitrinite is rich in aliphatic structures. Moreover, in the
discussions in Chapter 6, it was found that the fluidity of blends is governed by the amount
of weak aliphatic structures in the parent coals. Figure 7.2(d) shows the macroporosity
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analysed as a function of far for the different coal samples. It is quite interesting to note
that the scatters of the different coals were not significantly similar. It is believed that the
nature of the coking coals led to the low correlation between the macroporosity and the
degree of aromaticity during the plastic layer stage. These results essentially meant that
behaviours like the changes in the macropores and the transformations in the chemical
structures in the plastic layer were strongly correlated with the natures of the coking coals.
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Figure 7.2. The macroporosities of the coking coals analysed as a function of the chemical
structures: (a) the average number of bridges and loops per cluster (b+l), (b) the average
number of side chains per cluster (0), (c) the average number of total aromatic carbons
per cluster (ta), and (d) the fraction of aromatic carbons in the skeletal structures per
cluster (far).

Figure 7.3 below shows the correlations between the macroporosity and the parameters
for the chemical structures at the different stages of the plastic layer, i.e., initial softening
layer, intermediate plastic layer and near-resolidified layer. The results are noteworthy in
that the macroporosities of all of the tested samples increased from the initial softening
layer to the intermediate plastic layer, then they all decreased slightly from the
intermediate plastic layer to the resolidified layer. The results were consistent with the
findings in the literature [13, 16, 114]. As shown in Figure 7.3(a), the methylene carbons
also increased across the plastic layer during heating, from the initial softening layer to
the near-resolidified layer. However, the methyl carbons decreased during the plastic
layer stage, as shown in Figure 7.3(b). The aromatic carbons also slightly reduced in the
123

thermoplastic range, as shown in Figure 7.3(c). However, the degree of aromaticity
increased slightly at the same time (see Figure 7.3(d)). It was discussed in Chapter 6 how
the transformations in the chemical structures in the plastic layer involve decomposition
reactions and then cross-linking reactions, which result from the formation of stronger
bridge bonds. These results were consistent with the previous discussions.
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Figure 7.3. The macroporosity versus the chemical structures at different stages: (a) the
average number of bridges and loops per cluster (b+l), (b) the average number of side
chains per cluster (0), (c) the average number of total aromatic carbons per cluster (ta),
and (d) the fractions of aromatic carbons in the skeletal structures per cluster (far).

7.3 The relationship between the number of macropores and the chemical
structures in the plastic layer
Our previous published study [141] has reported that the strength and bubble coalescence
of coke are impacted by the number of macropores formed in the plastic layer. While the
number of isolated macropores is strongly governed by the nature of the coals, i.e., the
inertinite content (unfused aromatic structures). In order to investigate the correlations of
the number of macropores and the chemical structures in different locations in the plastic
layer, measurements were carried out to elucidate the linear correlations between the dn
and the chemical structures, i.e., b+l, 0, ta and far.

126

Figure 7.4 shows the relationships between the number of macropores and the parameters
of the chemical structures, i.e., b+l, 0, ta, and far. It was quite interesting to note that the
changes in the numbers of macropores seemed not to be correlated with the changes in
the aliphatic structures in the thermoplastic range. As shown in Figure 7.4(a), the
decreases in the number of macropores were accompanied by slight increases in the
methylene carbons in the plastic layer. The increase in the methyl carbons led to a slight
increase in the numbers of macropores (see Figure 7.4(b)). To the contrary, it was found
that the changes in the numbers of macropores were significantly correlated to the
transformations in the aromatic carbons in the plastic layer during heating (r: 0.65). As
shown in Figure 7.4(c), the increase in the numbers of macropores was accompanied by
an increase in the aromatic carbons during the plastic layer stage. In the literature [131],
it has been found that there are large amounts of isolated macropores created in the
unfused inertinite (aromatic structures) during the formation of the plastic layer. In this
case, the number of macropores was determined by the average number of aromatic
carbons in the plastic layer during heating. It should be noted in Figure 7.4(d), that the
changes in the numbers of macropores seemed not to be correlated to the changes in the
degree of aromaticity. The results demonstrated a slight increase in the degree of
aromaticity when the numbers of macropores increased in the plastic layer.
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Figure 7.4. Correlations between the numbers of macropores and the chemical structures:
(a) the average number of bridges and loops per cluster (b+l), (b) the average number of
side chains per cluster (0), (c) the average number of total aromatic carbons per cluster
(ta), and (d) the fractions of aromatic carbons in the skeletal structures per cluster (far).

Figure 7.5 below shows the number of macropores analysed as a function of the
parameters of the chemical structures for the different coking coals. It was interesting to
note that the scatter distributions of the numbers of macropores versus the chemical
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structures, i.e., b+l, 0, ta and far, were different for the different coals. It was believed
that the correlations between the changes in the numbers of macropores and the changes
in the chemical structures were significantly influenced by the properties of the parent
coals, i.e., the maximum Gieseler fluidity, mean maximum vitrinite reflectance and
vitrinite content.
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Figure 7.5. The number of macropores analysed as a function of the chemical structures:
(a) the average number of bridges and loops per cluster (b+l), (b) the average number of
side chains per cluster (0), (c) the average number of total aromatic carbons per cluster
(ta), and (d) the fractions of aromatic carbons in the skeletal structures per cluster (far).

As shown in Figure 7.6 below, when all of the coking coal samples were heated in the
plastic layer stage, there was an overall decrease in the numbers of macropores, from the
initial softening layer to the intermediate plastic layer, then a slight increase in the
numbers, from the intermediate plastic layer to the near-resolidified layer. These results
were consistent with findings in the literature [16]. However, it was clear that the
distributions of the numbers of macropores versus the parameters of the chemical
structures, i.e., b+l, 0, ta and far, were unordered from the initial softening layer to the
near-resolidified layer. This meant that the changes in the numbers of macropores was
not correlated with the transformations in the chemical structures in the plastic layer stage.
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The discussions in Chapter 6 confirmed that the number of macropores was strongly
attributed to the isolated macropores. In this instance, the number of macropores was
significantly affected by the nature of the aromatic structures of the parent coals. On top
of the above finding, the results also showed that the changes in the numbers of
macropores were strongly correlated to the transformations in the aromatic carbons in the
plastic layer. It was believed that the release of tar led to a decrease in the numbers of
isolated macropores in the plastic layer. However, as shown in Figures 7.5 and 7.6, the
changes in the numbers of macropores were more determined by the properties of the
coking coals, i.e., their vitrinite content, Gieseler fluidity, and mean maximum vitrinite
reflectance.
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Figure 7.6. The number of macropores at different stages versus the chemical structures:
(a) the average number of bridges and loops per cluster (b+l), (b) the average number of
side chains per cluster (0), (c) the average number of total aromatic carbons per cluster
(ta), and (d) the fractions of aromatic carbons in the skeletal structures per cluster (far).

7.4 The relationships between the physical structures and chemical structures
of the coals in the plastic layer
As shown in Chapter 6, it is known that the changes in the methylene carbons, i.e., bridge
bonds and looped structures, are governed by the cross-linking reactions due to the
transferable radicals and that the cleavage of the methyl carbons led to the elimination of
side chains in the plastic layer during heating. Methane is the volatile product of these
changes in the thermoplastic range during the coking process. It is also known that the
changes in the macroporosity have been used to represent the transformations in the
structures of the macropores during the formation of the plastic layer. Figure 7.7 below
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shows the results for the maximum IGP versus the maximum Gieseler fluidity in the
plastic layer stage for the test coals and blends. It is evident that the increase in the
maximum IGP was accompanied by an increase in the maximum Gieseler fluidity during
the plastic layer stage. This meant that the release of the volatile matters was strongly
correlated with the thermoplasticity of the coals and blends during the coking process.
Early on in the coking process, in the initial softening stage, the dominant primary
pyrolysis reactions are the decomposition of weak aliphatic structures, leading to the
fluidity and the forming of the viscous thermoplasts which trap the primary volatile
matters created during the pyrolysis. During this stage, the gas permeability of the coal
mass becomes very low. Therefore, it has been widely demonstrated that the release of
the volatile matters, including the light gases and tar, leads to an increase of
macroporosity and the formation of the macropores [36, 43, 81, 143, 144]. Following the
initial softening stage, as the temperature of the coal bed increased further, the detachment
of the side chains, mainly methyl function groups, generated an increased amount of
methyl radicals which combined with transferrable hydrogen radicals to release more
methane gas. The release of the methane gas and tar reflected the increased fractions of
the macropores in the intermediate plastic layer during heating. These factors may explain
why the increase in macroporosity was accompanied by decreases in the methyl carbons
and aromatic carbons in the plastic layer. In the literature [145], it has been found that the
fraction of the micropores was determined by the formation of the cross-linking structures.
However, when the temperature was increased in the near-resolidified layer, the
formation of stronger cross-linking structures due to the transferable methylene radicals
seemed to increase the fractions of the macropores. It is believed that the macroporosity
was governed by the cross-linking structures in the plastic layer during the coking process.
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However, the high fractions of macropores measured after the formation of the plastic
layer seemed to decrease the strength of the cokes.
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Figure 7.7. Relationship between maximum IGP and maximum Gieseler fluidity in the
thermoplastic range.

7.5 Chapter summary


The results showed that in the plastic layer during heating there was an overall
increase in macroporosity, which was accompanied by a strong increase in methylene
carbons, a decrease in methyl carbons, and a decrease in the total aromatic carbons. It
was also found that the decrease in the number of macropores was accompanied by a
decrease in the aromatic structures during the plastic layer stage. However, the
changes in the numbers of the macropores were not strongly correlated with changes
in the methylene carbons, methyl carbons and degree of aromaticity in the
thermoplastic range.
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The results showed that the changes in the macroporosity were strongly determined
by the release of the volatile matters, i.e., methane and tar, and the nature of the parent
coals, e.g., weak aliphatic structures, during the plastic layer stage. It was found that
the decrease in the CSR was attributable to the high number of methylene carbons
connected to the aromatic structures after the formation of the plastic layer during
heating.
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Chapter

8.

Conclusions

and

Recommendations
8.1 Conclusions


The plastic layer samples of three single Australian coals and their coal blends
were prepared using a 4 kg laboratory-scale coke oven. The changes in the
thicknesses of their plastic layers and IGPs during coking were analysed through
in-situ measurements. The transformations in the structures of the macropores
were examined through an analysis of plastic layer samples using a combination
of Synchrotron micro-CT and 3D image analysis software (GeoDict). The
changes in the chemical structures of the coals and blends during the plastic layer
were elucidated through an analysis of plastic layer samples using a combination
of

13

C NMR spectroscopy and Synchrotron IR and micro-GC analysis. Finally,

the correlations between the physical structures and chemical structures of the
coals were represented based on an analysis of the plastic layer samples using a
combination of 3D image analytical techniques and 13C NMR spectroscopy.


The thicknesses of the plastic layers were estimated from the measured
temperature profiles and the characteristic Gieseler fluidity temperatures. It was
observed that the thicknesses of the plastic layers of the coal blends were
sandwiched between those of the two single coals. However, the addition of high
vitrinite content coking coal into the coal blends seemed to dramatically improve
the thicknesses of the plastic layers during the coking process. The coking coal
with a low Gieseler fluidity and vitrinite content, i.e., HC1, formed a wider
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impermeable boundary surrounding the plastic region at the centre, through which
the gases barely escaped. This led to the lowest maximum IGPs of the coals and
blends examined in the plastic layer. The addition of the HC4 coal, which had a
high vitrinite content and Gieseler fluidity, in a blend with the HC1 coal seemed
to lead to changes in the maximum IGPs of the coal blends which were similar to
those of the additive (HC4).


The 3D image analysis provided improved insights into the connectivity of the
pore structures in the thermoplastic stage during the heating of the coals and
blends. Based on the 3D image analysis of the plastic layer samples using the
micro-CT images combined with the GeoDict software, the connectivity and
coalescence of the pore structures of the single coals and coal blends have been
studied in the thermoplastic stage. Various 3D structural parameters were used to
investigate the coalescence of the pore structures during the formation of the
plastic layer, such as the total void fraction, numbers of total and isolated voids,
and the distributions of the pore sizes.



The combination of

13

C NMR spectroscopy and Synchrotron IR and micro-GC

analyses proved to be an effective analytical means of investigating the chemical
structures of the coals and blends during the plastic layer stage. The changes in
the aliphatic structures in the plastic layers, represented by structural parameters
including ACH2/ACH3, b, l, +1 and -1, and in the aromatic structures, represented
by the parameters including Aar-H/Aal-H, p, c, ta, and far, were elucidated in
combination with the release profiles of the methane and hydrogen gases.


The results showed that isolated pore structures were formed in the thermoplastic
region during the coking of the HC1 coal, which was likely because of the high
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inertinite content of the HC1 coal. The addition of the HC4 coking coal, with a
high vitrinite content, to the coal blends seemed to have enhanced the coalescence
of the pore structures. With the addition of a 50% proportion of the HC4 coal to
the coal blend, the total numbers of pores were increased during the plastic layer
stage. When the proportion of the HC4 coal in the blend was increased to 75%
(HC3 sample), a greater extent of pore coalescence was observed, leading to more
channel-like pore structures and larger pore sizes in the plastic layer. This implied
that the vitrinite maceral, which would have to enhance the fluidity of the coal
during heating, also enhanced the coalescence of the pores.


The results showed that there was an overall elimination of aliphatic structures
which was accompanied by an increase in the overall aromaticity during the
formation of the plastic layers. The transformations in the chemical structures of
four of the coking coal samples during the formation of their plastic layers
exhibited distinctive behaviours that seemed to have been strongly influenced by
the Gieseler fluidity of the coals. The coal samples with low fluidities, i.e., the
HC2 blend and the HC4 coal, exhibited high degrees of branching and high
aromaticity in plastic layers. To the contrary, the coal samples with high fluidities,
i.e., the HC5 blend and the HC6 coal, exhibited relatively low aromaticity and a
low degree of branching, but they had a high number of bridge bonds and looped
structures in the plastic layers. The instantaneous release of the methane gas was
well reflected in the detachment of the side chains, and it accompanied the
formation of stronger cross-linking structures for all of the coals tested. Compared
to the release profiles of the methane, the hydrogen release profiles appeared at
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much higher temperatures, i.e., in the later stages of the formation of the plastic
layer, primarily due to the ring condensation reactions.


It was found that during heating in the plastic layer, there was an overall increase
in the macroporosity of all of the coal samples, which was accompanied by a
strong increase in the methylene carbons, a decrease in the methyl carbons, and a
decrease in the total aromatic carbons. The decrease in the number of macropores
was accompanied by the decrease of the aromatic structures. However, the
changes in the numbers of the macropores were not strongly correlated with the
changes in the methylene carbons, methyl carbons and the degree of aromaticity
in the thermoplastic range. The results showed that the changes in the
macroporosities of the coals and blends in the plastic layer were strongly
determined by the release of the volatile matters, i.e., methane and tar, and the
nature of the parent coals, e.g., weak aliphatic structures. The decrease in the
CSRs was attributed to the high number of methylene carbons connected to the
aromatic structures after the plastic layer formed.



The results revealed the strong influences of the blending on the transformations
in the physical structures and chemical structures during the plastic layer stage.
The characteristics of the parent coals, such as their average number of methyl
carbons, methylene carbons and aromatic carbons, affected the blending. It was
found that the changes in the physicochemical structures of the coal blends were
determined by the parent coking coal with a high vitrinite content and Gieseler
fluidity in the blends.
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8.2 Recommendations


Validation/Commercialisation of the 4 kg coke oven: The validation of the 4
kg laboratory-scale coke oven rig and the methodology used in the tests needs to
be carried out with a larger range of Australian coking coals. This can be
accomplished through comparative studies that measure the properties of the coke
samples produced in the 4 kg oven with those produced in pilot-scale coke ovens
(such as the 400 kg coke oven at the CSIRO) and those produced from real coke
ovens. The measurements should include the physical and chemical structures, the
CSR and CRI, mechanical strength, etc. Based on this further research, it will be
possible to establish a testing methodology to quantitatively link the
characteristics of the coal properties and the parameters of the plastic layers to the
quality of the cokes. If this is achieved, it may be possible to consider the 4 kg
coke oven as a standard technique for commercial applications. This will ease
coking coal assessment, particularly in the cases where coal blending is required
for coke-making.



Coking coal blends: three Australian coking coals with different vitrinite
contents and Gieseler fluidities were used in a binary blending with different ratios.
The results analysed by the various quantitative analytical techniques have clearly
shown the transformations in the physicochemical structures in the plastic layer
during the coking process. However, due to the limitation in the number of coal
blends studied, the mechanisms responsible for the impacts of the coal blending
on the changes in the structures still need to be clarified. If the plastic layer
samples of blends that use coking coals with a wide range of vitrinite contents,
Gieseler fluidities and rankings were to be analysed using quantified techniques,
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the mechanisms responsible for the impacts of blending on the transformations in
the structures in the plastic layer could be clarified.


The cross-linking structures: the results analysed using 13C NMR spectroscopy
showed clear trends in the changes in the chemical structures of the coals and
blends during the plastic layer stage. There was an overall elimination of aliphatic
structures accompanied by an increase in the overall aromaticity for all of the
coking coals tested. However, the details of the changes in the aromatic structures
and the lengths of the bridge bonds in the cross-linking structures during the
plastic layer formation have still not been elucidated yet. This should be a subject
of future detailed studies on the transformations in the condensed aromatic and
bridge bonds with more advanced analytical techniques, such as in-situ electron
spin resonance (ESR) spectroscopy.



The permeability of coking coal: the changes in the plastic mass between the
thermoplastic layer and its adjacent layers, is attributed to its mobility, and the
swelling is attributed to the IGP. These factors influence the physical and chemical
interactions of a blend’s components during the formation of the plastic layer.
There is still room to enhance our understanding of the mechanisms of mass
transport. The permeability of the plastic layer is one of the most important factors
that determine the relationships between the physical structures and the chemical
structures inside the plastic layer, and any attempts to measure the permeability
of the solidified plastic layer samples at room temperature are not relevant. It
would be valuable to achieve the in-situ measurement of the permeability of the
coal blends while their plastic layers are being formed under practical coking
conditions. In addition, the permeability of the plastic layer is one of the key
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parameters affecting the IGP, which is closely related to the OWP. In this regard,
in-situ measurements of the permeability across the plastic layers will also provide
valuable information to interpret the IGPs of blends.


The formation of carbon structures on the semi-coke side during the coking
of coal blends: the complex chemical reactions involved in the formation of a
blend’s plastic layer, including depolymerisation, hydrogen transfer, cross-linking,
devolatilization, etc., depend on interactions between the blend’s various
components. After this stage (the coke/semi-coke region), other reactions such as
the ring condensations, aromatisation and graphitisation may also have profound
impacts on the structures and quality of the resultant coke. The extent of the
evolution of the carbon structures may greatly influence the strength and reactivity
of a coke, which would directly impact on the price of the coking coal. For
technical marketing purposes, information about the coking behaviours of
Australian coking coal blends, and particularly the development of their carbon
structures in the coke/semi-coke region, is critical for predicting their behaviours
and, ultimately, the qualities of the cokes produced. An integrated study could
provide a methodology of quantitatively linking the characteristic parameters of
the plastic layers of coal blends to the structures and quality of the coke produced.
This will provide an advanced tool to predict the qualities of cokes for the cokemaking industry.
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Appendix I. An example of video animation of the 3D microCT images.

Figure I-1. 3D micro-CT images of HC4 in the resolidified layer during coking.
(Note: Double click on the image to view the video animation of the 3D image.)
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Appendix II. Solid-state 13C NMR spectra (raw data)
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Figure II-1. Raw data: (a) HC1, (b) HC2, (c) HC3, (d) HC4, (e) HC5, (f) HC6, of
Solid-state 13C NMR analysis.
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Appendix III. Light gas yields analysed by a micro-GC (raw
data)
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Figure III-1. Raw data of the changes in the gas yield during heating analysed by
micro-GC: (a) HC1, (b) HC2, (c) HC3, (d) HC4, (d) HC5, (f) HC6.
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Appendix IV. The possible structure units in coal and semicoke
Figures IV-1 to IV-6 list the possible simple structure units given in the literature [122],
and these structure units also represent the possible structure units in coal and semicoke. Figure IV-7 shows the typical structure units of brown coal by the 13C NMR
analysis in the literature [135].

Figure IV-1. 13C chemical shifts of methyl and methylene [122].
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Figure IV-2. 13C chemical shifts of unsaturated alicyclics [122].

Figure IV-3. 13C chemical shifts of saturated alicyclics (δ in ppm) [122].
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Figure IV-4. 13C chemical shifts of aromatic hydrocarbons [122].

155

Figure IV-5. Effect of carbon substituents on 13C NMR chemical shifts of
monosubstituted benzenes (δ in ppm) [122].
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Figure IV-6. Effect of carbon substituents on 13C NMR chemical shifts of
monosubstituted naphthalenes (δ in ppm) [122].

157

(a)

(b)
Figure IV-7. Structural model of lignite (a) and the NMR spectrum of the lignite (b)
[135].
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(a)

(b)
Figure IV-8. Structural model of bituminous coal (a) and the NMR spectrum of the
biutuminous coal (b) [15, 121].
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