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(i1) Bireflgotance (Fige 117, 122 and 126)

Comparing the bireflectance-temperature curves (Fig 117)
at approximately constant pressure levels in the bomb, it appears
that the plasticity of the vitrinite and the temperature range
over which the vitrinite remains almost isotropic increases with
decrease of pressure in the bomb, This longer plascic stage
then probably results in a better ordering of the molecular
structure, which is indicated by the very sharp rise in the
bireflectance with temperature for the carbonised vitrinite at
the lower pressure levelses The size of the mosaic units also
becomes larger the lower is the level of pressure in the bomb
(see seotion on Morphology), which further indicates the relation
that exists between mosaic size, plasticity and the level of
bireflectance, Referring to Part III (Rate of Heating), it was
shown there that the mosaic size becomes larger and the bireflect—
ance becomes higher the faster is the heating rate and the greater
the fluidity. It appears that the same relationship applies here,
but pressure replaces heating rates An examination of optical
properties at an early stage of this programme for this vitrinite
carbonised under pressure at differont heating rates, which were

rather close, did not show great contrast,

In a comparison of the four bireflectance curves (Fig 126)
it is clear that the initial deorease of bireflectance of the
carbonised vitrinites with increase of carbonisation temperature
at pressures ranging from atmospheric to high pressure level is

duec to the onset of plasticity and breakdown of initial ordering
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of molecular structure of the vitrinite (see Taylor 1960; Davis
1965 and Goodarzi and Murchison 1972), The increase of bireflect—
ance of the carbonised residues at different pressure levels should
be due to the progressively better ordering of the molecular struc~
ture brought about by the increasing carbonisation temperature (see
de Vries g% gl 1968; Narshall and Murchison 1971 and Goodarzi

and Murchison 1972). However, it is now generally known that
vitrinites carbonised under pressure develop a higher level of
anisotropy and/or bireflectance than at atmospheric pressure

(see Huck and Patteisky 19643 Chandra 1965 and Melvin 1974).

The change in the slopes of the bireflectance-~temperature
curves indicates the ending of the plastic stage and further
development of anisotropy proceeds in the solid phase, If the
section on Morphology is consulted, the first appearance of the
mosaic coincides with the change in slope of the curves, It also
appears that carbonisation under low pressures (but above atmospheric)
eventually yields residues with a higher degroe of ordering (as
estimated by bireflectance) than either open~boat ocarbonisation or
carbonisation under high pressure, This conclusion agrecs with
the results of Hryckowian g ala (1963) for the bireflectance of
residues of anthracitic vitrinite carbonised below 60000 at pressure
levels of 15000 and 25000 psie The bireflectance is lower than for
vitrinite carbonised at the same temperature level but at pressures
of 5000 and 10000 psi, A direct comparison between the anthracitio
vitrinite and the bituminous vitrinite carbonised under pressure

should not be made, due to the softening of bituminous vitrinite
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during carbonisation under pressure, which partially obliterates
the effect of pressure, If, however, the pressure which causes

a decrease in the bireflectance of anthracitic vitrinite is betwecn
15000 and 20000 psi, then it can be expected that & higher lcvel of
pressure, ee¢gs 45000 psi will be required to inhibit the ordering
of molecular structure and hence reduce the level of bireflectance
in carbonised bituminous vitrinite, Fig 126 also indicates that
increase of pressure supprecsses and shoriens the period of thermal
decomposition of the vitrinite carbonised under pressure and raises
the viscosity of the plastic masse The higher the level of prossure
the shorter the length of the plastic stagee Thus the vitrinite
undergoes similar conditions of carbonisation in some rospects

as it would if it were carbonised at a progreasively slower rate
of heating with progressive increase of pressure levels The results
of Brown and Taylor (1961); Cook gf ale (1972) and the results
presented in Part IIIof this thesis indicate that the faster the
rate of heating the better is the resultant ordsring of the
molecular structure, Hence, the higher bireflectance, due to
enhanced fluidity, possibly explains the lower trend of the
bireflectance curve of the carbonised residues in the high
pressure run (45000 psi) than in the residues carbonised at

atmospherioc pressure.

Having shown that the four bireflectance curves follow an
explainable trend, brought about by their varying levels of fluidity
and reordering of their molecular structures, the bireflectanceo

pattern of tha experiments at variable intermediate pressures can
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be examined (Fig 122). The plastic phase is again considerably
shortened, because the bireflectance of the carbonised vitrinite
remains at a lower level than that for carbonised fresh vitrinite
up to 40000. The first bireflectance jump, between 400O and 45000,
marks the end of the plastic phasc which is also made evident by
partial development of mosaic structures (see 'Morphology' and

Appendix V, Volume IIX),

In comparison with the other bireflectance curves, which
follow an expected pattern and/br better reordering of the
molecular structure, with rising of pressure from atmospheric
to the low pressure range (3000 to 5000 psi), a lower bireflectance
curve for a higher pressure level than atmospheric would be due to
prevention of the ordering of the molecular structure, The
bireflectance data at intermediate pressures do not follow the
consistent pattern of the other bireflectance curves and this
anamolous behavicur at the intermediate pressure level must
probably be explained by the contimially varying pressures with

temperature rise,



(i11) Refractive Index (Fizs 118, 123 and 127)

The behaviour of the refractive index-temperature curves

of vitrinite carbonised under atmospheric pressure were discussed

in an ecarlier section (see Part I )¢ It is now well established

that the trends of these curves for carbonised vitrinites reflect
specific molecular structural changes, eege modification of the

crystallite height (see Goodarzi 1971 and Goodarzi and Murchison

1972)

There are inconsistencies in the refractive index data,
possibly due to the small nmumber of points employed and also to
the fact that a relatively restricted temperature range was used
- a more satisfactory pattern might probably have been apparent
if a range of temperature up to 90000 or higher had becn used,
As it is, the vitrinite carbonised under atmosphéric pressure
shows the most rapid change in 'L,' which represents a number
of phenomena, and it appears that the vitrinite carbonised under
the lowest pressure shows the least rapid change in refractive
indicess It is, however, difficult to separate the curves for
the threc pressurc levels from one anothor, although it does
scam that the refractive index in general for a partiocular

temperature is the higher the greater is the pressurac,
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(iv)  Absorptive Index (Figs 119, 124 and 128)

Little can be said about the trend of the absorptive
index of the carbonised residues at the different levels of
pressure, The continuous increass of absorptive index against
temperature at all pressure levels after 400°C up to 600°C is
as previously attributed to lateral growth of the arvmatioc

lamellae (see Hirsch 1954),
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) Qptical Propertics = prossure curves
(1)  Reflcctivity (Fig 128)

The slight increoase of reflectivity at 350° and 400°C
indicates that increase in aromaticity and growth of aromatic
structure is very small over the pressure range. Tndeed, the
results of Goodarzi (1971) and Goodarzi and Murchison (1972)
indicate that the rate of reflectivit& change before active
deconposition is negligible (see also Davies 1965; de Vries
1968 and Ghosh 1968), The increase of reflectivity at 450°C
for the open-boat carbonisation indicates rise in aromaticity
and increased lateral growth of the crystallites, but the much
reduced reflectivity level with rise of pressure to 3000 psi
shows that active decomposition of the vitrinite is delayed,
presumably because of the effect of pressure, The subsequent
rise in reflectivity with pressure to a similar level as that
for the opcn-boat carbonisation at intermediate and high pressures
indicates that the factor delaying the active decomposition is
removed, The very sharp drop of reflectivity for 3000 psi at
500°C compared with both the reflectivities for the residues
in open-boat carbonisation and carbonisation at 5000 psi also
indicates that the active decomposition of the carbonised
vitrinite is well through at atmospheric pressure and at 5000
psi, but that it has not begun at 3000 psi, This apparently
strange result was, at first, attributed to some inconsistency

in experimental procedurc, However, subsequent carbonisations
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under the samc pressures and temperature conditions showed that
no experimental error was involved and that the much lower level
of refleotivity had purely and simply to be attributed to the
particular pressure level inhibiting the active decomposition
and then maintaining fluidity up to an unexpectedly high
temperature (SOOOC). Leaving aside the residues at 3000 psi
for the curve at SOOOC, the general trends of reflectivity-
pressure curves at higher pressures and at températures ranging
between 500°C and 600°C indicate a lower level of growth and
concentration of aromatic structures with rising pressures,
although quite clearly temperature has & much more pronounced

influence on the growth and concentration than does pressure,
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(i1) Bireflectance (Fiz 129)

The lower levels of bireflectance at 350O and 40000
than for the fresh vitrinite throughout the pressure range
indicate destruction of the initial ordering of the molecular
structure within the crystallites due to softening (see for
example Taylor 1961 and Goodarzi and Murchison 1973). The
initial decrease of bireflectance from its level at atmospheric
pressure to lower levels at 3000 and 5000 psi at 450°C and
3000 psi at 50000 indicates that although reordering of the
molecular structure is well advanced for residues at atmospheric
pressure, the residues at low pressures are still in the pre-
decomposition phase,s Rise of temperature from 450o to 500°C
results in only a shift of the pressure at which the residue
remains in pre-active decomposition to a lower level, Increased
bireflectance with rise of pressure indicates better ordering
of the molecular structure brought about by pressure, The
subsequent fall of bireflectance at high pressures is probably
due to the effect of pressure inhibiting greater reordering of

molecular structure within the orystallites.

The initial rise of bireflectance with increase of pressure
at 550o and 50000 indicates that increase of pressure results in
the better ordering of molecular structure in the solid, which is
more pronounced the higher is the temperature (apparent by the
initial sharp increase of bireflectance). The subsequent fall

of bireflectance after intermediate pressure levels (around 27000 psi)
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is probably due to the inhibiting effect of high pressures
on the ordering of the molecular structure (see discussion
on bireflectance - temperature curves); Presumgbly if the
temperature were further increased, however, ordering would

be further improved.
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(111) Refractive Index (Fiz 130)

The initial drop of refractive index from levels at
atmospheric pressures to those at 3000 psi throughout the
temperature range indicates the inhibiting effect of pressure
on the growth of crystallite height, and is more apparent as
temperature risess At 350°C and 400°C the differcnce in
crystallite height is negligible as might be expected,

However, results of Diamond (1960) show that crystallite

heights of coking coal start to increase after being carbon-

ised above 400°C and further, the results of Goodarzi (1971)

and Goodarzi and Murchison (1972) show an increase in the
refractive index of ocoking coal vitrinite after 400°C.

After a slight rise of pressure, the increase of refractive

index between 3000 and 5000 psi probably indicates slight growth
of crystallite height, but a clear interpretation of the behaviour
of the refractive index curves and/or the growth of crystallite

heights is rather difficult at pressures higher than 5000 psi.
(iv)  Absorptive Index (Fiz 131)

The behaviour of the absorptive index-pressure curve
indicates changes in crystallite diameter,(L,), of the aromatic
structures and similar but less distinctive patterns as for the
reflectivity-pressure curves are evident here, The less consistent
patterns in these data are due to lower accuracy in the determination

of the absorptive index,
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CONCLUSTOR.

The following conolusions can be drawn from the results

presented in this part of the project:

(a)

(v)

Morphological

(1) The mosaic units are the larger the lower the
level of pressure in the bombe In the bomb the re-

solidification point (appearance of mosaic) decreases

with rising pressuree

(i1) The morphological changes which result in formation
of mosaic structure can be observed more clearly at lower

pressuress

(iii)The morphological features of vitrinite carbonised
under pressure resembles those of naturally thermally

metamorphosed coalse

Optical

(1) Reflectivity is the higher the lower is the level of
pressure in the bomb, particularly after carbonisation above

the resolidification temperature,

(i1) Bireflectance, which indicates the ordering of molecular
structure, increases with rise of temperature and pressure
below the resolidification point, but above this point, higher
levels of pressure inhibit the increase of bireflectance and
the relationship is reversed.
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(iii) The refractive index-temperature curves show
that increasing pressure in general inhibits the

growth of height of the aromatic lamellae.



PART VII OPTIC.AL PROPERTIES OF VITRINITES TREATED
4T HIGH TEMPERATURD



A. General Introduction

The work described in this section considers the
optical properties of vitrinite (carbon = 80.0 and 87.9%
daf and 94,2%immf) heat-treated over temperatures ranging
from 1000o to 240000. These experiments arise directly

from earlier work by the Writer (Goodarzi 1971)e

Changes in the molecular structure of carbons heat-
treated above 1000°C have been the subject of many investi-
gations, some of which have been concerned with the variation
of density, elcctrical resistivity, diamagnetic susceptibility,
X-ray diffraction and other physical properties, However,
tc the author's knowledge, there has been no systematic study

of tha optical properties of carbons at such high temperaturc.
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B. Previous related work
1. Introduction

The reaction of carbon to heat treatment is primarily
dependent on the original molecular structure of ocarbon, A
review of the molecular changes occurring during the heat-
treatment of 'soft! (graphitising) and 'hard! (non-graphitising)
oarbon is given by Mrozowski (1956, 1971)e The heat~treatment
of soft carbons up to 80000 results in devolatilisation of the
non~carbon parts of the molecule and the development of an energy
gap - an energy gap is developed due to mobile electrons having
energy falling into bandsg, one empty and one electron ocoupied
(see Coulson 1947)e The 'Carbon molecule' consists of turbo-
stratic orystallites of about 308 diameter, which are built of
condensed but disordered planes of benzene rings stacked parallel,
but equidistant to one another, The orystallites are surrounded
by disordered material, but they grow with inorease of temperature
at the expense of the disordered material, The energy gap
diminishes rapidly with increase of crystallite diameter (La)
up to 1300003 crystallites grow by coalescence with smaller
orystallites up to 2100°C, when the crystallite diamecter is
about 1503. Further increase of temperaturs results in the

development of a three-dimensional graphitic structure,.

Due to strong intermolecular bonding *hard' carbons resist
the increase of temperature up to quite high levels and corystallites

grow at a relatively slower rate than do those of 'soft'! carbons.



The graphitisation of these hard carbons occurs at two
distinotive stagess the first at 1800° - 2100°C, resulting
in partial graphitisation and the seoond at about 280000
when the remainder of the material starts to graphitise

rapidly,

The high-temperature (above 100000) process may be

divided into stages (see Honda 1959).

gemi-graphitisation e ca. 1000°=-1400°C,
graphitisation .o Cae 14000-230000, and
crystallisation oo Che 230000.

()  Seni-grachitisation (cas 1000°C = 1400°C)

This stage is accompanied by decomposition and rearrangement
of the molecular structure, resulting in high yields of hydrogen
(Honda 1956)e  The crystallite diameter (L,) and height (L)
increass throughout this stage (see Blayden gt ala 1944; Franklin
19513 Warren 1956 and Loebner 1956)s The results of Ouchi
(1955) also indicate an increase in (Lc) with rise of temperature,
but show that (La) decreases between 1200° and 1400°C to a
minimum before increasing once again towards the end of this
stage, The decrease in (L,) is due to the destruotion of the
two—-dimensional bonding of the condensed aromatic molecules and
further increase of (La) is related to coalescence of mobile
lamellaee The sharp .decrease in density and electrical

resistivity throughout this stage (see Pinnick 1956), the increase
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in diamagnetic susceptibility (see Honda 1959) and microhardness
to a moximum at 1200°C (see Honda and Sanada 1957), and the
subsequent decrease of microhardness with increase of temperature
is also indicative of the destruction of the intermolecular
bonding, Ouchi (1955) also used smaller temperature intorvals
(100°C) than did Blayden (1944); Franklin (1951)5 Warren (1956)
and Loebner (1956), which may be o possible explanation for the
failure to detect o minimum in (L)) in these other investigations.
The pronounced decrease of celectrical resistivity (see for example
Ouchi 19553 Pinnick 1956 and Loebner 1956) is due, according to
Pinnick (1556), to the devolatilisation of peripheral groupings
which are bonded to tha aromatic structurc by /T electrons, resulting
in pairing of the E' and /1 electrons and the development of an
enorgy gap (see for example Loebner 1956 and Mrozowski 1956 and
1971)s The encrgy gap ducreascs continuously with increase of
crystallite diameter (L,) throughout this stagc. The diamagnetic
susceptibility remains constant or increases slightly (see Ouchi
1955; Honda 1955). According to Ouchi (1955) donsity increases
with rise of temperature, although the results of Franklin (1951)
suggest that the density of hard carbons decreases after 100000.
Microhardness of carbon (coals carbon = 65 to 93% daf) incrcases
up to 120000 and then decreases with rise of temperature, and this
decrcase is less marked for hard carbone, The sharp increase in
micrchardness up to 120000 is related to the development of a
three—dimensional structure consisting of molecules with primary

bonding (see Honda 1956 and Sanada 1957)e



307

(v)  Grophitisation stage (ane 1400° to 2300°¢)

The dimensional growth of orystallites is the primary
process in this stage. The heat-treated residus approaches
approximately the structural level of elementary carbon at
about 1500°C (see Blayden 1969), The crystallite diameter
(La.) and height (Lc) increase ocontinuously throughouv this
stage (see for example Franklin 19513 Ouchi 1955; Warren
1956 and Loebner 1956)s The first steps in the graphitisation
of hard carbon take place in this stage, (see for example
Franklin 19513 Loebner 1956 and Mrozowski 1956 and 1971),
when a partial graphitisation occurs, The electrical resist-—
jivity remains almost constant (see Ouchi 1955; Pinnick 1956 and
Loebner 1956), due to increase in layer diameter (La) and a
oonsequent decrease in pairing of % and /1 electfons, but
towards the end of this stage, at about 220000, the resistivity
of hard carbons falls (see for examploe Loebner 1956). This
decrease is related to the commencement of the second stage of
graphitisation in hard carbon, The energy éap becomes smaller
and approaches that of graphite (Mrozowski 1971), and the dia-
magnetic susceptibility increases (sce Ouchi 19553 Honda 1956
and Murchand 1973), due to the completion of two-dimensional
ordering (Ouchi 1955)s The density, according to Ouchi (1955),
either remains constant in hard carbon, or inocreases slightly
in soft ocarbon, although Franklin (1951) maintains that the
densities of soft and hard carbon increase with rise of temper-

ature in this stage. However, as previously noted, the temperature
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interval used by Franklin is very largse The microhardness of
carbon decreases continuously with increase of temperature up

to 2000°C (see Honda and Sanada 1957)

(¢)  Crystallisation Stage (above 2300°C)

This stage is characterised by the development of three—
dimensional graphite ordering which takes place by slow trans—
formation of turbostratic crystalline ordering (see Loebner 19563
Mrozowski 1971 and Marchand 1973) The (L) and (L)) increase
with rise of temperature (see Franklin 19513 Warren 1956 and
Locbner 1956), but the increase of (L ) appears to be greater
(see Loebner ,1955). Also, the electrical resistivity of soft
carbon falls with increase of temperature throughout this stage
(see Pinnick 1956), According to Marchand (1973) the diamagnetic
susceptibility, which is indicative of two~dimensional aromatic
systems, decreases throughout this stage due to the development

of three~dimensional ordering,
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2 Moxpholozy

The morphology of carbon residues heated to above
1000°C have been studied by optical and electron-scanning

mioroscopical methods by a number of workers,

(a)  Qntical Microgcony

Relatively little systematic study of the changos in
morphology of vitrinites at high temperature has been carried
out in conparison to the many morphological studjocs of carbon~
ised vitrinites during tho carbonisation process. The results
of Alpern and Chauvin (1957) show that vitrinite (V.M. = 3% to
10%) on heating to about 1000°C develops & vosiculted, swollen
and highly reflecting central gzone with a broad, but much less
vesiculated, low-reflecting marginal zonec (soe Plates 7 and 8,
Pe 212). Pre-distillation of particles in the presence of
nitrogen and subsequent combustion at 100000 reduces the amount
of highly reflecting materials in the central zonc, Abramski
and Mackowsky (1961) state that the size of mosaic units in
carbonised coking-coal vitrinite does not change with increase
of temperature up to 1500° to 1700°C (see Plates 66 and 68, pp
3943 396), but examination of the photomicrogrophs produced by
these authors reveals that the high-temperature residues develop
more vacuoles than low~temperature coke, Further,Bfooks and
Taylor (1965) state that the mosaic structure of scmi-ocoke does
not alter, even at a temperature of 2500°C (soe Plate 23 of tho

above paper), but that it shrinks perpendicular to the lamcllace



Marsh gt ale (1971) maintain that the mosaic structure formed on
the carbonisation of gilsonite pitch at about 410°C maintains

its identity and does not change, even on heating to 2800°¢

(sse Plates 3 and 6 pp 2533 254) but observation of Marsh's
photographs suggests that the orientation of the mosaic structure
becomes more regular by 280000. These morphological studies
indicate that the residues of softening vitrinites at high-
temperature maintain rather similar morphological features to
those at carbonisation temperatures, whereas non-softening vitri-
nites develop a distinctive morphological character, which has not
yet been observed in the low-temperature carbonised residues (sec
for example Abramski and Mackowsky 1951; Davis 1955; Marshall

and Murchison 1971 and Goodarzi 1971).

(v)  Electron Microscopy

'Botryodial! structures observed at 410°C by Marsh gf ala
(1971) apparently do not melt or fuse on graphitisation to 280000.
However, the size of the 'botryodial! structural units (apparent
from Plates 9 and 10, p 255) decreases on heating to 280000. The
1hotryodial' structure was related by Marsh (1973) to the mosaic
sizes observed by optical microscopy. Brooks and Taylor (1955)

indicate that mesophase shrinks preferentinlly (perpendicular to
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lamellar), which means there is a change in the shape of the mosaic

units, resulting in the development of micropores, due to shrinkage

of tho mosaic units, either uniformy (Marsh gt ola 1971), or prefer-

entially (Brooks end Taylor 1965)s The results presented inPart

III and IV of this Thesis show changes in the morphology of low=
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temperature carbonised residues of macerals, i.e. increase or
decrease in mosaic size which is accompanied by a rise or fall
of reflectivity and bireflectance, If the same principles can
be applied to vitrinites heat-treated at high temperature, then
a decrease in reflectivity of high~temperature, heat-treated

residues of coking vitrinites might be expected,
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3e Opiiocal Properties

To the author's knowledge there is no systematioc work
available on thc optical properties of high~temperature
vitrinites, i.es carbons in the temperature range between
1000° and 3000°C, However, Abramski and Mackowsky (1961)
believe that the intensity of anisotropy of high-temperature,
coking coal vitrinites at about 1500o to 170000 is higher than
that of the low—temperature residue, The results of Gillot
2t ale (1968) (in photomicrographs) indicates that the reflectivity
of petroleum coke carbonised under vacuum at temperatures ranging
from 1300° to 1500°C with a 'soak period' of 80 to 750 hours
decreases with rise of temperature, The recent work of Khavari
(1975), indicates that the reflectivity, refractive and absorptive
indices of carbonaceous materials, such as gilsonite, grahamite
and impsonite (carbon 84.0 to 88.,0% daf) increase slowly between
1000o and 140000 and then decrease on heat-treatmentkto 250000,
whereas the same optical properties of shungite (carbon = 96,0%
daf) increase slowly between 1000° and 2500°C, Khavari (1975)
relates the decrease of the optical properties of the carbonac-
eous materials examined by her to tension brought about by
the high temperature, However, gilsonite, grahamite and impsonite
develop mosaic structures during ocarbonisation process, whereas

the residue of shungite do not develop such structures,
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4e Summary,

In summary, the effect of semi-graphitisation through to
orystallisation (10000 to 2400 °C) on carbons of different orig'n
appears to be more severe than carbonisation at lower temperatures,
The molecular structure of carbons suffers breakdown in the
reordering of the molecular structure during the carbonisation
process, The secondary reordering of molecular structure, which
commencas at the semi-graphitisation stage (1000o t0 1400 oC),
appears to be more severe in soft carbons than in hard carbons,
because of the loose cross-linking and better reordered structurse
developed - by soft carbons during the carbonisation process, The
transformation from the two-dimensional turbostratic structure
to a three-dimensional graphitic structure is contimuous and takes
place at a much lower temperature, whereas in hard carbons the
transformation is slow and requires a much higher level of thermal
energy because of the strong cross-linking and randomly-ordered
carbonised residues,s The transformation of turbostratic crystallites
to graphitic ordering takes place in two or three stages and
commonly commences at about the end of graphitisation ntage (1400o

40 2300°C)

The above observations are made mainly on the basis of
changes in molecular structure revealed by X-ray diffraction
studies, but this can commonly be observed at least partially in
morphological studies and in the behaviour of some physical

parameters, ©.8e clectrical resistivity, density, hardness, eotc,
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There is a decrease in the size of the mosaic unifs developed

by low-temperature carbonisation of soft carbons, ee.ge coking

coal vitrinite during high-temperature heat-treatment, It

appears that changes in physical parameters can be related

to one another, 3ince optical properties are also physical
properties which reflect changes of moleocular struct.re of
carbons occurring during the carbonisation process, then it

might be expected that the optical properties of high-temperature,
heat-treated carbons will also show changes of molecular structure

taking place during heat-treagtment,



Ce Rasulia, Desoription

1e Iotreduction

The morphological and optical changes of the high-
temperature, heat treated rcsidues of the three vitrinites
(carbon = 80,0 and 87.9% daf and 94.2% dmmf) are described
at temperature levels selected to cover the ranges reported

by Honda (1959) (see pe305)

(i) 1000 to 1400°C .o  semi-graphitisation
(11) 1400 to 2300°C s  grophitisation

(ii1) and above 2300°C .e  orystallisation

2. Morphology

In the present research programme both optiocal and
electron microscopy were used to reveal morphological changes,
The electron microscope cannot show structural differences such
as isotropic and anisotropic components, but it can demonstrate
the surface topography at high magnification, whereas, although
the optical microscope has much lower final resolution than the
'Stereoscan', it can exhibit . eptical structural differences

of various constituents,

(a)  Qntical microscopy (Plates 103 to 115)

The high-temperature, heat-treated residues of low-rank
bituminous vitrinite (carbon = 8040% daf) and anthracitic vitrinite

(carbon = 9442% dmmf) show similar morphological changos, i.ce



development of highly-reflecting isotropic material with high
relief on heating in the semi-graphitisation stage (1000o to
1400°C). This material appears generally at about 1100°C
(Plates 104a end 112b) and its amount inoreases with further
rise of temperature up to 1250O to 130000, when the particles
are covered by a 'shell! of the material (Plates 104~ and 113),
With further rise of temperature towards the end of this stage
(1400°C), the amount of this material decreases and finally
disappears. at 140000. The anthracitic vitrinite develops
perforated edges and vesiculation in the semi~-graphitisation
stage which disappears with rise of temperature toward the
graphitisation stages the intensity of anisotropy increases

with rise of temperature.

The high-rank bituminous vitrinite (carbon = 87,9% daf),
develops a fine-grained to flow-type mosaic texture, the state
of ﬁolished surface deteriorates continuously and the granular
mosaic shrinks with rise of temperature, resulting in a hetero-
geneous surface. The intensity of anisotropy deoreases with

rise of temperature,

(v) Elémtmuxsxxnnuxm;minxnsnanz

Topographical features on the natural and relief-polished
gurfaces of the high-temperature samples are shown in Plates 116

to 126, The magnifications are all below x4000,

The high~temperature residues of the low=rank bituminous

. vitrinite (carbon = 80,0% daf) and the anthracitic vitrinite
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(carbon = 94¢2% Ammf) show non-coherent residues with rise of
temperatures In the semi-graphitisation stage (1000o to 140000),
there are two typical rareas, one with relief (Plates 116 and 125)
the other smooth. The arca with relief is the same as the
high-reflecting isotropic material observed by optical microscopy.
The anthracitic residues show perforated edges (Plate 125b) and
vacuoles (Plates 112b, 113 and 113). These perforated edges

and vacuoles disappear with rise of temperature (Plate 125).

The low-rank bituminous vitrinitic rcsidues at about
180000, show characteristic 'botryodial! structure (Plate 1170) e
The high-rank, bituminous vitrinite (carbon = 87,9% daf ) shows
coherent residues and characteristic 'Botryodial! structure

(Plate 121a)e
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The optical properties of the residues of three vitrinites
(carbon = 80e0%, 87.%% daf and 94.2% dmmf) heat~treated between
400o and 240000 are plotted against temperature in Figs 133 to 138,
Generalised curves of the optical properties against temperature
of the same vitrinites are also shown in Figs 139 to 143, The
optical properties of the residues of vitrinites carbonised between
400o and 95000 are also included én the graphs of the corresponding
residues heat—treated between 1000° and 240000, to 1llustrate the
total change of the optical properties againsgt temperature of the
residues in the range 400o to 240000. Since the changes in the
optical properties of the residues of these vitrinites carbonised
between 400° and 950°C have already been described and discussed
in Part III, only the variation of the optical properties of the
three residues heated between 1000o and 240000 will be discussed
heros, The only variation in the heating conditions of the residues
at high temperature lies in the'soak period! which was one hour
between 400° and 950°C and one mimute between 1000° and 2400°C,
all samples being pre-carbonised to 90000 before further heat-

treatment,
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(b)  Reflectivity (2 and b Figs 133 to 135 and Figs 139; 140)

The reflectivity-temperature curves in air and oil are as
usual desoribed together because of the similarity in their behaviour

with rise of temperature,

The reflectivities curve of the residues of the low=rank
vitrinite (a and b Pig 133) remain relatively constant from 1000°C
up to approximately 150000, after which fhey decrease slowly but
continuously with rise of temperature up to 240000. The reflectivity-
temperature curve of the residues of the coking-coal vitrinite
(a and b Figs 134) increases slightly between 1000° and 1100°¢
and then falls rapidly and continuously with further rise of
temperature to 240000. Finally, the curve of the heat-treated
anthracitic vitrinite (a and b Figs 135) increases between 1000O
and 130000, then falls slightly with rise of temperaturc to about
180000, after which the reflectivity increases slowly but continu-

ously with further heat-treatment up to 240000.



Fig 133 Variation with temperature of air and oil reflectivity,
refractive index and absorptive index in a low-rank
bituminous vitrinite (carbor = 80.0% daf), heated up
to 2400°c.
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Fig 134

Variation with temperature of air and oil reflectivity,
refractive index and absorptive index in a high-rank,
bituminous vitrinite (carbon = 87.9% daf), heated up
to 2400°C.
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Fig 135 Variation with temperature of air and oil reflectivity,
refractive index and absorptive index in an anthracitic
)
vitrinite (carbon = 94.2% dmmf), heated up to 2400 C.
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(¢)  Bixaflectance (Figs 136 fo 138 ond 141)

The bireflectance curve for the low-rank vitrinitic
residues decreases slightly between 1000o and 150000, and
thereafter the bireflectance increases irregularly but slowly

with further increase of temperature up to 240000.

The bireflectance of the residues of the coking coal
vitrinite decreases rapidly but irregularly with rise of
temperature from 1000°C up to 150000, after which the biref-
lectance curve (so far as can be determined) probably maintains
approximately the same level up to 240000. The bireflectance
curve of the heat-treated anthracitic vitrinite increases

continuously with rise of temperature between 1000o and 2400°C.

(@)  Befractive Index (Figs 1333, 134o, 1350, 142)

The refractive-index curve of the residues of the low=
rank vitrinitic residues maintains the same level between 1000°
and 1300°C. Further increase in temperature results in a fall
of refractive index wp to 180000, after which it maintains

approximately the same level up to 240000.

The refractive index of residues of heat-treated, coking
coal vitrinite decreases very sharply with rise of temperature
between 1000o and 240000. Finally the refractive index curves
of the residues of the anthracitic vitrinite rise up to 150000
and then maintain the same level up to 1600°C, after which the
refractive index curve decreases slowly but continuously with

further risc of temperature up to 2400°C.
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(¢)  Absorptive index (Figs 133c, 1344, 135d, 143)

The absorptive index curves of all thres heat-treated
vitrinitic residues show parallel changes to those of the

corresponding reflectivity,



Fig 139 Generalised curves for variation with temperature of
0il reflectivity of three vitrinites, heated up to
2400°C.
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Fig 140 Generalised curves for variation with temperature of
air reflectivity of three vitrinites, heated up to
2400°¢.
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Fig 141 Generalised curves for variation with temperature of
oil bireflectance of three vitrinites, heated up to
2400°C.
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Fig 142 Generalised curves for variation with temperature of
refractive index of three vitrinites, heated up to
2400°c.
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Fig 143 Generalised curves for variation with temperature of
absorptive index of three vitrinites, heated up to
2400°¢.
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Y-Ray diffraction (Plates 127 to 129)

X-Ray powdor photographs of the high-temperature residues

of the threc vitrinites demonstrate the graphitising behaviour

of each vitrinite,

(2)

(v)

(o)

Lou=rank vitrinite (non-graphitisine) (Plate 127)

The photographs show .prograssive sharpening of the (002)
reflection with rising of temperature throughout the high-

temperature phases,

Coki 1 yitrinita ( hitiging) (Plate 128)
The photographs show progressive sharpening in the
(002) reflection throughout the semi-graphisation
and graphitisation phases. In the orystallisation
phase (240000) the residuc displays strong three-

dimensional graphitic (hkl)ordering (Plate 129).

Anthrocitic vitripite (intermedinte) (Platg 129)

The photogrophs show progressivo sharpening in the
(002) reflection with rise of temperature in the
semi-graphitisation and graphitisation phases and
development of three-dimensional grephitioc ordering

(Plate 1280) in the crystallisation phase (2400°C),



Fig 127 X¥~ray diffraction photograph of high temperature
residues of low=rank vitrinite (carbon = 80.0%

daf), showing non-graphitic behaviour

(a) 1100°C semi-graphitised, showing diffused
(002) reflection

(b) 1800°C graphitised, showing sharper (002)
reflection

(c¢) 2400°C crystallised, showing intense (002)
reflection and almost no three-dimensional
(hkl) graphitic ordering

(4) natural graphite
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Plate 128 X=~ray diffraction photograph of high~temperature
residues of highmrank bituminous vitrinite
(carbon = 87¢9% daf) showing graphitising

behaviour

(a) 1100°C semiw=graphitised, showing diffused
(002) reflection

(b) 1800°C graphitised, showing intense (002)
reflection

(c) 2400°C crystallied, showing very sharp
(002) reflection and also (hkl)three—
dimensional graphitic ordering

(d) natural graphite
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Fig 129 X=ray diffraction photograph of high temperature
residues of anthracitic vitrinite (carbon = 94.2%

dmmf ), showing graphitising behaviour

(a) 1100°C semi-graphitised, showing diffused (002)
reflection

(b) 1800°C grephitised, showing intense (002)
reflection

(¢) 2400°C crystallised, showing sharp (002)
reflection and also (hkl) three-dimensional
ordering

(d) natural graphite
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D. Discussion
1e Introduction

The results presemted here are in some respeots unexpected,
because it might be anticipated that the trends of optical |
properties of residues of vitrinite heat-treated at “igh temper-
ature would contimue the trends shown by carbonised residues at
lower temperature, i.c. above 1000°¢ reflectivity, bireflectance,
refractive index and absorptive index would rise continuously
(possibly with some local interruptions) with increase of
temperature, finally approaching the properties of graphite,

This explanation is only partially incorrect (see Figs 133 to 135).
For discussion of the high-temperature work the vitrinites of

different rank can be placed under three headingss-

(a) non-graphitising (hard carbon), which includes

the low-rank vitrinites, does not truly soften
during low~temperature carbonisation, The
aromatic structure of the carbonised residues
are disordered and strongly cross-linked,
remaining disordered on heating up to the

end of the graphitising stage (about 2100°C),
when a partially graphitic structure develops

(see Pranklin 1951; Warren 1956 and Loobner

1956).



(v)
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intermediate carbon, which includes

the anthracitic vitrinite, does not
soften during the early stages of

the carbonisation process (in the
plastic phase), keeping its original
well-ordered but strongly cross-linked
aromatic structures, but with rise of
temperature, the cross-linking starts

to break down at about 2000°C, resulting
in a highly graphitic structure (see

for example Franklin 1951), and

graphitising carbon (soft carbon),
including the coking coal vitrinite,

which softens during the early carbon-
isation process producing a mosaic
structure and a highly ordered molecular
structure with loose cross-linking,
Graphitisation of this carbon is fairly
easy and does not require as high a
temperature as is necessary for hard or
intermediate carbone The mosaic struc=-
ture shrinks preferentially with rise of

temperature,



5. Morpholozy

Developmont >f high-reflecting, isotropic material with
high relicf during the semi-graphitisation phase (1000” to 1400°C)
on the residues of the low-rank bituminous (Plates 104 and 105)
5ni the anthracitic vitrinites (non-graphitising) (Plates 112 znl
113) is probably duc to devolatilisation and the deposition on
the surfacce of particles of pyrolitic carbon, The results of
Alpern and Chauvin (1957) suggest that if non-graphitising vitrinite
is subjécted to predistillation before heating at about 100000, tha
amount of this bright, vesiculated material with relief, cecrecases,
Similar structures also cevelop from non-reactive ¢ mponents (non-
granular) during high~-temperature coking (Plate 13) (Marsh,
private communication 1975) However, the above substances are
present only superficially, bccause their amount greatly diminishes
if the time of polishing is increcased (compare Plate 105a " and
Plate 105b)e °° These bright isotrupic materials arc consideradbly
harder than the less bright, anisotr:pic particles, on which they
are depositede With approach towards the grpahitisation phase
(above 1400°C), this material disappears rapidly, giving further
support to the opinion that the material is duc 1t evolution and
deposition of volatile matter which ceases o9 evolve at about

1500°C (sec Blayden 1969),

The non-graphitising vitrinites, after becoming harder with

rising temperature between 1000° and 125000 (apparent by lensth of
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time required to prepare a suitable polished surface, and which

is probably due to an increase in two~dimensional bonding between
the crystaliites = see Ouchi 1955), become softer with further rise
of temperature, The anthracitic vitrinite becomes softer than does
the low-rank vitrinite, probably bocause anthracitic vitrinite
develops a graphitic structure at higher temperatures, wheroas
low-rank vitrinites does not (see Franklin 1951). At 240000

the anthracitic vitrinite develops almost similar 'macro-properties!

to graphite, isees soft and silky to touch,

The continuous increase in the intensity of anisotropy of
the low-rank bituminous vitrinite towards the end of the semi-
graphitisation phase indicates better crdering of molecular
structure, which is also evident in X-ray diffraction diagrams
(Plate 127), which show a gradual sharpening of the 002 band withl
rise of temperatures At about 240000 the low-rank vitrinite
develops anisotropy that appears similar to that of frosh vitrian;~o€
high~rank anthracite, Development of botryoidal structure in
this vitrinite, evident from 'Stereoscan' micrographs (Plate 117)

probably indicates softening of the low-rank bituminous vitrinite,

The devolatilisation vacuoles in anthracitic vitrinite, which
disappear with rising temperature (see Goodarzi 1971 and results in
Part III of this Thesis), towards the end of the carbonisation
prooess,‘i.e. 900O to 95000, appear once again during the scmi-
graphitisation phase (1000° to 1400°C). Comparison should be

made between Plate 112a at 1OOOOC and Plate 113 at 120000.
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The above phenomena suggest that anthracitic vitrinite undergoes
at a much higher temperature the same mechanism as softening
vitrinite undergoes at an earlier temperature, vize. during the
carbonisation process, development of primary vacuoles (in the
plastic phase) and secondary vacuoles (during resolidification
phase). The development of perforated edges on par*’cles in
the semi-graphitisation phase (Plates 113 and 114) is a further
indication of the formation of hard residues in this temperature
range, However, the devolatilisation vacuoles and perforated
edges in heat-treated anthracitic residues disappear at about
2000°C (Plate 115b) and the residues develop a similar appearance
4o that at 1000°C (Plate 112a), probably due to softening and
exﬁansion of the residues towards the ends of graphitisation-

crystallisation range,

(v)  Softening Vitrinite (Plates 108 to 111 and 119 to 123)

In contrast to the non~softening vitrinites, a softenecd,
coherent structure is evident in this vitrinite, There is no
trace of bright, isotropic material with relief in the residues
of the coking coal vitrinite in the semi-graphitisation stage.
The intensity of the anisotropy of this vitrinite also decreases
continuously with rise of temperature, which is again a contrast
to the residues of low-rank and anthracitic vitrinites, This
behaviour is rather strange, because the X-ray diffraction photo-
graphs show continuous sharpening of the 002 band up to about

180000 (Plate 128b), with the development of three~dimensional
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(k1) graphitic ordering at about 2400°C (Plate 128c), indicating
that an increase in anisotropy should be observable with the optical
microscope, However, considering the surface quality of this
vitrinite, which shows a marked deterioration (compare Plate 108

and Plate 111) with a reduction in the general reflectivity of the
sanples, then a reduction in anisotropy can probably “e expected,
because the mosaic structure (Plates 110 and 111) at 2000°C and
particularly at 2400°C shows marked shrinkage, resulting in the
development of a system of grooves in the material (Plate 111b),
Indecd, the results of Brooks and Taylor (1965) indicate that the
mosaic structure shrinks preferentially on heating up to 250000.
The present results do not agree with the findings of Marsh gi gla
(1971) who state that there is no morphological change between

the mosaic structures formed during the early stages of carbonisa-
tion and at high temperatureses The shrinkage of mosaic structure
will result in scattering of the light and a reduction in reflectivity
observed by optical microscope;. the decrease in intensity of
asnisotropy can partially be due to destruétion of two-dimensional
order within the crystallites and to the development of throe-
dimensicnal graphitic ordering in this vitrinite, Thoe results of
Khavari (1975) show a similar drpp in the bireflectance of gilscnite
and grahamite, which develop mosaic structures during high-temperature

heatings,



(c)  Summary

The continuous incrcase of anisotropy observable through
neBleled

the light microscope of residues of heat-treated low-rank and
anthracitic vitrinites, in contrast tc those from coking coal
vitrinite, can only be due to differences in morphology, viz.
development of a mosaic structure in coking coal and iis
shrinkage with rise of temperature that results in a decrocase
of bireflectance, Non=-softening or low-softening vitrinite
during the semi-graphitisation phase develops an isotropic type
of pyrolitic carbon due to thermal cracking (Marsh 1975,
private communication), although pyrolitic carbons are generally
anisotropic (Plate 130) and it .appears that here there is a
new phenomecnon which has not been reported previously, However,
high-temperature ooke (1200°C) develops such structure (isotropic

and with bright relief), on areas arising from non-softening

inclusions (Plate 131).
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Plate 130 Metallurgical coke, heated at 120000, showing
pyrolitic carbon x200

(a) (i) plane=polarised light
(ii) crossed polars

(b) crossed polars






Plate 131 Metallurgical coke, heated at 1200°C, showing

non=reactive particle x210

(a) particle is almost covered by a shell of
highly reflecting material
(i) plane~polarised light

(ii) crossed polars

(v) particle is partially covered by highly
reflecting material
(i) plane~polarised light

(ii) crossed polars






3. } Optical Properties

(2)  Refloctivity (a ond b Figs 133 to 135 and 139, 140)

The expianation for the fall of the reflectivity curves
with temperature of the heat-treated bituminous vitrinites, in
contrast to the anthracitic vitrinite, might be sougrt in changes
occurring in their molecular structure, changes which may also

have an influence on the character of the polished surfaces,

The reflectivity curves of the two bituminous vitrinites,
both of which soften during carbonisation, fall continuously with
rising temperature above approximately 100000. This reflectivity
drop is very sharp for the coking coal vitrinite which truly
softens and develops a mosaic structure, 1In contrast, the fall
is only slight for the low-rank bituminous vitrinite, which softens
much less and probably only develops a very fine mosaic structure,
that is observable by 'Stereoscan' microscopy (Plates 117a and b),
In the discussion on morphology, attention has already been drawn
to the changes in the appearance of the coking coal vitrinite at
high temperature, namely the development of a rough surface and an
apparent shrinkage of the mosaic units, It appears that the
pronounéed decrease of the reflectivity curve for this vitrinite
is at least partially caused by the non—-coherent surface and the
preferential shrinkage of the mosaic units (Brooks and Taylor (1955)
that results in a partial scattering of light and a decrease in the

level of reflectivity.

This rapid decrease of reflectivity may also be due to
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other changes in the molecular structurc of the heated vitrinite.
The possible relationship between crystallite diamcter (La) and
reflectivity was discusscd in Part III, but it appears that this
relationship does not hold in the high-temperature rcsiducs of
vitrinites of bituminous rank, According to Franklin (1951) and
Loebner (1955), the crystallite diameters increase continuously
(see a sharpening of 100 band) (Plate 127), while reflectivity
falls rapidly, The results of Ouchi (1955), however, indicate
that the crystallite diameters (La) of carbonaceous materials
decrease slightly with rise of teﬁperature between 10000 and
140000, dué to a breakdown in two-dimensional bonding of the
aromatic structure, If Ouchi's findings are truc, then a more
noticeable change in the reflectivity of heat-treated high-rank
than low-rank bituminous vitrinite might be expected, because there
is a less strongly-bonded aromatic étructure in +the high-rank
bituminous vitrinite than in tho low-rank bituminous vitrinite,
which appears to be what happens in the reflectivity-temperature

curve (Figs 138 and 140),

The smaller decreése in tho rcofleotivity of the residues
of the low-rank vitrinite indicates that the molecular structural
changes are not as drastic as in those of the coking coal vitrinite,
presumably because the low-rani vitrinite only becomes partially
plastic and does ﬁot develop a large mosaic structure (ses
' Morphology '), Also the rate of increase in the crystallite
diameter (La) is slower than in the coking coal vitrinite (graph-

jtising)e The continuous rise of the reflectivity curve of the
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anthracitic vitrinite with temperature suggests a progressive
increase in crystallite diameter (La) with risce of temperature
(see Franklin 1951) but still the. level of reflectivity, even

at 2400°C, the 'erystallisation temperaturc' (Honda 1959) is

much lower than that of graphite (see Table 13)s  Thus the

. relatively low level of the reflectivity of heat-treated
anthracitic vitrinite (Figs 133a and b, 137 and 138) is probably
due to surface detcfioration, possibly compounded by the polishing
technique applied., A comparison between the results of McCartney
and Ergun (1959) and Kwiecinska gk als (1975) (see Table 13) shows
the importance of surface preparation in reflectivity measurements

applied to graphites,

TABLE 13

Graphite A air max IR oil mx Kk  Wavelength
Basal Face

Filtered to pass
McCartney and 277 191 2415 0466 only in range 500-
Ergun (1959) 28,0 16,1 570nn maxinum at

550 mn
Kwiecinska et als 31429 1792 2443 0.63 546 nm

(1975)




(v) Bireflectonce (Tigs 136 to 138; 141)

Ths bireflectance-temperature curves of carbonised
vitrinites increase continuously with rise of carbonisation
temperature, the rise being related to greater ordering of
the molecular structure within the crystallites (see Part III
of this Thesis)e As pointed out earlier, the term 'bireflectance!
used here, when a mosaic is present, can only be a generalised
bulk measurement of degree of ordering and probably does not
represent the same type of measurement on coals with a smooth
unstructured surface, The bireflectance-temperature relation—
ship for the heat-treated vitrinites above 1000°C is probably

the easiest to assess,

The slight decrease of bireflectance with temperature
of the low-rank vitrinite (hard carbon) within the semi-graphit-
isation phase (up to about 1400°C) is probably due to partial
destruction of the turbostratic bonding, which is also evidenced
by progressive softening of this vitrinite (hard carbon (see
for example Ouchi 1955 and Honda and Sanada 1957)e The contin-
uous rise of bireflectance between 1400o and 240000 is due to
inoreaéing ordering of the molecular structure withinuthe
crystallites and to the partial development of three-dimensional
graphitic ordering within the crystallites during heating at
graphitising stage and during the crystallisation stage.s Indeed
the morphological observations show development of a strong basic

anisotropy at about 1800°C (see'Morphology!'), which further indicates



an increased degree of ordering of the molecular structure within
the crystallites, Plate 127 shows an X-ray powder photograph of
this vitrinite; the better ordering of molecular structure is

evident in the sharpening of the 002 band with rise of temperature,

The continuous increase of the bireflectance-~temperature
curve of anthracitic vitrinite (intermediate carbon) up to 2400°C
also illustrates progressively bétter ordering of the molecular
structure within the crystallites.s Indeed, the results of Franklin
(1951) show that anthracitic vitrinite at about 2500°C (crystallisa-
tion temperature) develops a better graphitic structure than does
soft carbon (coking coal) due to the initially better ordering of
the molecular structurs of fresh anthracites This better ordering
ig due to rigid crosé—linking between the aromatic lamellae, which
are not able to form into a graphitic structure at temperatures
lower than the 'crystallisation temperature's A greater level
of thermal energy is required to break down these cross-links
and when the transformation from two-dimensional turbostratic to
three-dimensional graphitic structure takes place, it does so
without breakdown of the initial ordering. The present X-ray
diffraction photographs of the heated anthracitic vitrinite also
show a continuous sharpening of the 002 band with rise of temperature

(Plate 129).

The steep fall of the bireflectance-temperature curve of
soft carbon (coking coal vitrinite) with rising temperature is
very unexpected, because X-ray diffraction photographs (Plate 128)

show a progressive increase in the ordering of the molecular

334
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structure within the crystallites (002 band). The two-
dimensional ordering (turbostratic ordering) within the
molecular structure of soft carbons is slowly transormed to
the three-dimensional graphitic ordering. This transformation
is fairly easy for soft carbon compared with the hard or
intermediate carbons, because of the initially loosely-
linked aromatic layers in fresh samples (see for example
Franklin 1951)s This weak cross-linking is destroyed in
the eérly stages of carbonisation, resulting in temporary
loss of molecular .ordering and optical anisotropy (Goodarzi
and Murchison 1972). Then the reordering of the molecular
structure commences, resulting in an enhancement of the two-
dimensional ordering within the crystallites ﬁp to about
100000, geen in the continuous rise of bireflectance (sce
Goodarzi and Murchison 1972 and the results in Part III of

this Thesis),

The fransformation of molecular structure from two-
dimensional ordering to three-dimensional ordering is rather
severe in soft carbons and once again is apparent in the
progressive softening of the residucs (see for example Ouchi
1955). Since the loss of molecular ordering during the early
stages of carbonisation (softening stage) is accompanied by a
decrease of bireflectance, which is observed in the softening
carbons, then a more drastic change in the bshaviour of the
bireflectance may be expected when a more severe reordering

takes place, e.g8s transformation from two to three~dimensional
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ordering, The morphological changes do not appear to be
great enough alone to be the cause of this drastic change,
although their influence cannot bhe ruled out, because surfaces
of soft carbons are difficult to ﬁrepare. The preferential
shrinkage of the mosaic structure (see Brooks and Taylor 1965)
at high temperatures may be another cause of the deorease in
bireflectances The decrease of the bireflectance curve is

thus probably due to a combination of molecular and morphological

deterioration,

In summary, the increase of the bireflectance-temperature
curves of hard and intermediate carbons appears to be due to their
rigid cross-linking, which preserves their two-dimensional or
turbostratic ordering up to very high temperatures (about 200000).
When the transformation from turbostratic to graphitic ordering
occurs, it is accompanied by displacement of whole layer planes,
or even groups of layers, which come into parallelism with the
layer planeses In contrast, the continuous decrease of bireflectance
of soft carbons is probably due to more extensive and severe
molecular changes than in the hard and/or intermediate carbon
and is facilitated by their weakly bonded, highly reordered
(turbostratically) layers,s It is interesting to observe the
changes in the trends of the bireflectance-temperature curves of
hard and soft carbons at about 1500°C (Fig141)., The trends are
in accordance with the statement of Blayden (1969), who indicates
that the thormal reorganisation of carbons commences at about 1500°C,
where in the present study the bireflectance of the heat-treated hard
carbons starts to increase once more and the sharp decrease of the

bireflectance of the soft carbon is at least arrested,



(¢c)  Refrootive Index (Figs 133d, 13%c, 135¢ rnd 1/2)

The behaviour of the refractive index~temperature curves
of carbons during the carbonisation process has been related to
changes in (Lc)’ i.e. changes in crystallite height, improvement
in ordering and packing of aromatic lamellae within crystallites
and of the amount of buckling in the turbostratic crystallites
(see Goodarzi and Murchison 1972, 1973). The results of Franklin
(1951)3 Ouchi (1955); Warren (1956) and Locbnor (1956) show
that the increase of (L,) is greater after carbonisation above
1000°C (see Figs 24 and 25)s Thus, these results indicate that
the refractive index of the heat-treated vitrinites should also
rise with increase of temperature, at least to the level of the
refractive index of graphite, and then remain stable there, But
refractive indices of the residues of all vitrinites decreases
with increase of temperature above 1000°C at some stage, Why is

this? There seem to be two possible principal explanations,

The surfaces of the heat-treated carbons at temperatures
abcve 100000 show a gradual deterioration in surface quality with
the polishing method employeds This deterioration would produce
a drop in reflectivity that would be accompanied by a fall in the
derived paremeter of refractive index, Whether or not the deter—
ioration in surface quality is sufficient to produce the falls in
refractive index observed is conjectural. l further factor may
be the changes in molecular structure occurring when two-dimensional
alters to three-dimensional ordering,. What will happen if the two-

dimensional turbostratic crystallites are replaced by three-dimensional
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graphitic ordering; would the relationship between (Lc)'
refractive index and temperature still apply or not? The
present results suggest that the relationship does not hold

at least when the semi-graphitisation temperature is approached
(1000° to 1400°C) and this is particularly shown by the trend
of the refractive index of the heat-treated soft cart~n which
is a graphitising carbon. Since the turbostratic bonding in
these carbons is weak, with progressive increase of temperature,
the turbostratic ordering transforms to graphitic ordering and
at about 170000 the three-dimensional graphitic relation is
formed (see Loebner 1956)e The sharp decrease of refractive
index from 1000° to about 1800°C of the soft carbon could be
assisted by this structural transformation, Since the changes
from the turbostratic to the graphitic structure takes place at
high temperature (above 2000°C) for hard carbons (low-rank
vitrinite), it is not surprising that the refractive index only
starts to decrease once the temperature of graphitisation is
approached, iece the refractive index remains at a high level

to a higher temperature than with soft carbons,

The trends of the refractive index for the heat-treated
énthracitio vitrinite is interesting becausec it indicates that
(Lc) increases irregularly with rise of temperaturs from SOOOC
to 15000C, probably because the cross~linking between aromatic
lamellae is strong and resists the thermal energy up to about 150000
' (see Franklin 1951), if not to higher temparatures. Then the

cross-linking starts to break down and the transformation of
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turbostratic crystallites to graphitic ordering commencess
the decrease of refractive index at temperatures higher than

160000 can be related to this transformation,
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(a) Absorptive Index (Pigs 133c, 132d. 133d and 144)

As stated earlier, the increase of absorptive index of
naturally cocalified vitrinites and heat-treated vitrinites with
rise of rank is related to increase of layor diomcter (La) and
10 the number of the mobile electrons present. Thus, decrease
of absorptive index should indicate ; fall in the nuauer of the
nobile electrons and a lessening crystallite diamcter (La)‘

The results of Franklin (1951), however, indicate that the
crystallite diameters of carbons increasc with rise of temper-
ature and that the soft carbons, on heating, develop larger
crystallite diameters than hard carbons heat-treated at tho

sane temperature, If the rise in absorptive index is related

to increase in (La)' then a contimuous increase of absorptive

index with temperature should be expected, The present results

are contradictory, at least for the absorptive index curves of
heat-treated, low and high-rank bituminous vitrinites,s A
possible explanation, besides surface effects on reflectivity
determination (see 'Morphology' and Reflectivity of this Part),
could be.the transformation of turbostratic ordering to graphitic
ordering which is greater for soft carbons (coking coal) than for
relatively harder carbons (low-rank bituminous and anthracitic
vitrinite ). The pattern of the absorptive index change would
support this vicw, vize o sharp decrease of the absorptive index
curve for the coking coal vitrinite, a slight decrease for low-
rank bituminous vitrinite and a contimuous rise for the anthracitic
vitrinites It is more likely, however, that the fall in absorptive
index is mainly due to the reduced reflectivity produced by poor

surface quality.



341

joR Conclusion

The following conclusions can be drawn from the behaviour

of the optical properties of vitrinites hecat~treated at temperatures

ranging from 10000 to 2400°C.

1. Morphological

(1)

(i1)

(iii)

(iv)

At temperatures above 100000, the condition
of the mosaic structure of truly softening
vitrinites deteriorates with rise of

temperature,

The less softening and/or non-goftening
vitrinites dewvelop isotropic pyrolitic
carbon during the semi-graphitisation

phasa,

All the vitrinites increase in hardness
and then become softer with risc of

temperature

The number of devolatilisation vacuoles
decroases with rise of temperature beyond
the semi-graphitising phase for

anthracitic vitrinite



342

2. Optical

(1)

(i1)

(iii)

The decrease of the reflectivity and the
abscrptive indices of softening vitrinites
at high temperatures is most likely due to
surface defects brought about because of
deterioration of the mosaic and molecular
structuress The decrease is less in the
low=-rank bituminous vitrinite and an

inoreasc occurs in anthracitic wvitrinite,

Bireflectance is a function of ordering of
molecular structure, but the bireflsctance
of truly softening vitrinite decreases,
whereas the bireflectance of less softening
and non-goftening increases with rise of
tenperature, The bireflectance fall is
again probably due to deterioration of

surface quality.

The trends of the refractive index-temper—
ature curves may show some effect of the
transformation of turbostratic ordering to
graphitic ordering but also must reflect
the influence of surface defects on the

level of reflectivity of the surfaces,



PART VIII CONCLUSION AND PRACTICAL USE OF
PRESENT STUDIES
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Having considered the influence of various factors on the
optical properties of heat-treated macerals, it is now possible
to draw some general conclusions and suggest some practical uses

arising from the work,

In Part III of this Thesis it was demonstrated that with
rising heating rate there is a progressive increase os mosaic
size and bireflectance of vitrinites that could be related to
increased fluiditye A oaking-coal vitrinite (carbon = 85¢4% daf)
carbonised at a fast heating rate produces a strong coke with
similar morphological (mosaic size; opparemt swelling) and optical
properties to those of a coke produced from low-rank coking cozl
(carbon = 8749% daf)e Further, it was clso domonstrated that by
using mosaic size in conjunction with oil bireflectance, it is
probably possible to estimate the rank of the original conl forming
o cokee Alternatively lcnow:.ng the initial ronks, the properties of
a coke moy allow deductions about heating conditions in the coke
ovenss Some vitrinites showing cell structure are reactive during

carbonisation because of the development of mosaic structurce.

The fourth part of the Thesis showed that given a sufficiently
long holding time at temperatures below decomposition temperzture,
vize 150°C and 350°C, vitrinites, other then those of anthracitic
rank, will softenes This is apparent by the increase in the sizo
end number of devolatilisation vacuolese The normal temperature of
formation of mosaic structure (cae 42500) and also the fluidity of

truly softening vitrinite ocan be greatly reduced (cae 350°C) given
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sufficient tine (cce 32 wecks)e This obscrvotion mey be holpful
in estincting the terpercture level cttoined during netanorphisn

of hent~cffccted conls from rocks,

Part V dealt with the cerbonisation of sporinites, o mnoorel
whose opticel properties on carbonisction had not so for been
oxcninede Lowe—renk sporinite develops mosaic struc..re, whereos
the associatcd vitrinito does note This observation moy be
cpplicable in the study of particles of these mocerals in dispersed
sedimentary rocks, because tho residues of sporinite can produce a
mosaic structure ond o higher anisotropy than the vitrinitic
particles of the sane rank which remain almost morphologiccally
unchangede The systematic study of carboniscd sporinites
has given a greater insight into the behaviour of this maceral
during coking processe Further, the systematic study of the
interzction between carbonised sporinites and vitrinites in blends
of the same rank from low- and medium~rank bituminous codls moy be
helpful for petrologists in analysing industrizl cokes, particularly
in recognising the pareirt macerals of coals going to form the

cokce

In Part VI useful correlations between pressurce levels during
corbonisation and the optical properties and nmorphologicel
changes of carbonised rcsidues from a coking~coeal vitrinite wore
nadee These studies moy also be helpful in evalucting the
conditions under which orgmnic matter has been altercd in the

crust, as are the resulis of the previous parts,
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The results of Part VII show that in contrast to what
night reasonably have been expected, optical properties of
biturinous—rank vitrinites hoa;bed at temperaturcs above 1000°C
follow an unexpected trends An cxplanation was sought using
optical and electron-scanning microscopy and Xe~ray diffraction
studies, but the likely explanation lies in an altering molecular
structure and poor surfoce preparation of samples which provably
require a diffeorent typc of surface preparation to overcome
. this problen. The non and/or less reactive vitrinitces develop
a unexpected surface phenomenon which was referred to as
tisotropic pyrolitic carbont, This pheonomenon has not been
reported previously exgept for a brief reference by Alpern and
Chauvin (1958)e  The resulis of this Section suggest at least
that until a more satisfoctory surface—~prepoaration technique is
found, the reclationship beiween optical properties and moleculor
strictural changes in this temperature range will not be casily

establishede

An estimate of the conditions to which naturally heate
affected coals have been subjected is the subject of many
publicationse The increcase in the optical propertieé and the
developuent of higher anisotropy have been assumed to be due to
the influence of pressure (Chandra. 1965) or to pressure and/or
heating rate (Brown and Toylor 1965)e The present results show
that these fectures, vize large mosaics, mmerous equidimensional
vacuoles, high biroflectances, which are observed in thermally

metaorphosed coals, can also be observed in residuecs carbonised
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ot fast rates of heating and/or under hydraulic pressure,
Finally, heating at rclatively low temperaturcs (ca.350°C)
for long periods of time results in tho developnent of mosaic
structures Thus, in the study of factors cousing the thermal
notamorphism of couls, the above three factors should be

carefully considered.

Throughout this programme the oil bireflectance of
rosidues under different carbonisation conditions secms best
to illustrate the molecular changes brought about during
carbonisatione 4 better understanding of the nature of
footors influencing the carbonisation process can probably
be obtained by a combination of o0il bireflectance and
morphological changese It appears that veriations in oil
bireflectance and morphological changes in the chars also
indicate the degree of fluidity of the carbonised residues.
The other optical paranctors, ee.ge reflectivity, refrective
and ebsorptive index, are also indicative of molecular
structural changes, but occasionally they do not detect the
smaller molecular changess This is well demonstrated by a
comparison between 0il bireflectance and the reflectivity-
temperature curves of vitrinite carbonised at a rate of
heating of 1°C/min (Figs 58 and 61) as well as by a comparison
of the oil bireflectance-~tcmperature curves (Fig 104) with the
reflectivity curves (Fig 103) of low~ and medium~rank sporinites

alone and of mixtures of sporinite and vitrinite of corresponding
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ranks, which further indicatos the sensitivity of oil
bireflectances  Further rcfercnce can be made to Part
VII where the bireflectance of low=rank bituminous
vitrinitce heated at high temperature increascs independe
ently of the reflectivitys Finally, the refractive index
curve isTgﬁgg very informctive about the vertical changes
ceysTallile
in thmite heights)and rolated fuctors, but tho
accuracy and length of time rcquirced to obtain satisfactory
data through the refractive indices are a handicap for
speedy determinationse Interpretation of refractive index
data is also really only possible from a refractive index
curve, not from individual data points, which further

hinders rapid practical application of this paramectoere.



PART IX SOME POSSIBLE SUGGESTIONS FOR FUTURE WORK



A,

B.
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Heating Rates

(1)

(i1)

(i11)

(iv)

orini

(i)

(i1)

(i11)

Studies of the possible development of improved
qualities of coke by carbonisation of less

strongly caking coals at fast heating rates,

Use of mosaic size and texture, in addition

to the oil bireflectance, to assess coke

qualitye.

Possible use of optical properties, particularly
0il bireflectance and mosaic texture, in

eetimating hardness of coka,

Study of the possible development of a
mesophase in British bituminous vitrinites

using smaller temperature intervals,

2]

Possible development of better quality coke
by mixture of sporinite. of higher rank

(durainous coal) with weakly caking coal,

Study of the hardness of cokc developed fronm

nixtures of sporinitec and vitrinite,

Reactions between sporinite and inertinite

and optical effects,
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Ce gsure

(1) Study of the optical properties of macerals

under shear pressures when carbonised,

(i1) Morc comprehensive study of the optical
properties of vitrinite carbonised unde+
low hydraulic pressure, using lower pressure
levels and smaller temperature intervals

with and without the presence of water,

De High=tonperatuxe

(1)  Development of a polishing tochnique to
improve surfaces of vitrinites heated to

high temperatures,
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